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Specialized metabolites as critical determinants of plants adaptation to the environnement

Plant specialized metabolites (PSMs) have long been of interest for humans, even before they were aware of their existence. Plants have been extensively used because of their PSMs throughout the history for medicine, intoxication or as colorants [START_REF] Li | Demystifying traditional herbal medicine with modern approach[END_REF]Osbourn and Lanzotti, 2009;[START_REF] Rätsch | The Encyclopedia of Psychoactive Plants: Ethnopharmacology and Its Applications[END_REF]. The ecological importance of these metabolites for the plant was however long overlooked and they were initially regarded as waste products of metabolism and not necessary for the survival of plants, which also is reflected in their traditional naming as secondary metabolites [START_REF] Pichersky | Convergent Evolution in Plant Specialized Metabolism[END_REF]. This view is in contrast to the early pioneers of plant chemical ecology, which were ignored for almost a century such as Anton Kerner von Marinlaun, Leo Errera and Ernst Stahl who clearly demonstrated the importance of these metabolites in the adaptations to biotic and abiotic stress factors [START_REF] Hartmann | The lost origin of chemical ecology in the late 19th century[END_REF]. The work of Fraenkel [START_REF] Fraenkel | The Raison d'Être of Secondary Plant Substances[END_REF] reclaimed this view and was further supported by entomologist works on plant-insect interaction [START_REF] Ehrlich | Butterflies and Plants: A Study in Coevolution[END_REF]. Nowadays it is well established that PSMs play a vital role in plants adaptations to their ecological niche, where they for example act as protections against UV irradiation [START_REF] Deng | Biosynthesis and Regulation of Phenylpropanoids in Plants[END_REF], as defense against herbivores [START_REF] Fürstenberg-Hägg | Plant Defense against Insect Herbivores[END_REF] or to attract pollinators [START_REF] Pichersky | Convergent Evolution in Plant Specialized Metabolism[END_REF]. Moreover, the distinction between of primary metabolites and specialized metabolites is now more seen as a continuum (Figure 1-1), reflecting their evolutionary origins from primary metabolism. On the one end of the continuum are ubiquitous metabolites such as lipids, amino acids and nucleotides, where on opposite extremity are highly species specific specialized metabolites such as taxol found in pacific yew (Taxus brevifolia) or cocaine found in the coca (Erythroxylum coca) [START_REF] Schenck | Using interdisciplinary, phylogeny-guided approaches to understand the evolution of plant metabolism[END_REF]. For instance, PSMs can be in a lot of cases species specific, but may also vary quantitatively within a species. There are also seasonal variations as well tissue specific accumulations and various stress induced PSMs [START_REF] Ifie | Seasonal variation in Hibiscus sabdariffa (Roselle) calyx phytochemical profile, soluble solids and αglucosidase inhibition[END_REF][START_REF] Li | Information theory tests critical predictions of plant defense theory for specialized metabolism[END_REF][START_REF] Li | Illuminating a plant's tissue-specific metabolic diversity using computational metabolomics and information theory[END_REF]Peters et al., 2018). In this first section, I briefly expose PSM main classes, current views on methods of pathway elucidation and the evolution of PSM pathways with a focus on plant-insect interactions as an emblematic and prolific field of research on PSM ecological functions.

The major biochemical classes of plant specialized metabolites

In 1805 Sertürner isolated pure morphine from the sap of the opium poppy, Papaver somiferum and named the compound after the Greek god of dreams, Morpheus. Sertürner's discovery was a significant achievement in the field of organic chemistry, as it was one of the first examples of a pure compound being isolated which could be attributed as the plant's active ingredient ("prinicipium somniferum"). Sertürner's work laid the foundation for the isolation and characterization of many other natural products in the years that followed, which can be regarded as the advent of the study of PSM chemical diversity [START_REF] Eich | Solanaceae and Convolvulaceae: Secondary Metabolites: Biosynthesis, Chemotaxonomy, Biological and Economic Significance (A Handbook)[END_REF].

There are four major classes of PSMs, terpenoids, phenylpropanoids, alkaloids and peptides which are derived from several pathways of the primary metabolism such as isoprenyl metabolism, phenylpropanoid metabolism, nucleotide and amino acid metabolism [START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF] (Figure 12.

Figure 12The major classes of plant specialized metabolites. From Jacobowitz and Weng, 2020. Some representative structures of each main classes are highlighted for each class and also the core primary metabolism pathways from which they are derived. Terpenoids exemplified here are taxol (Paclitaxel) found in Taxus brevifolia and artemisinin found in Artemisia annua. The alkaloid caffeine is found in several plant species but, most well known probably from coffee plant Coffea arabica and tea plant Camelia sinensis. Glucobrassicin a alkaloid like glucosinolate is found in almost all Brassicaceae species. Morphine another alkaloid is produced by the poppy species Papaver somniferum. Peptides are also derived from amino acid metabolism like alkaloids but have a very different biosynthesis, here lyciumin A is depicted found in chinese goji berry plant (Lycium chinense). Podophyllotoxin is derived from phenylpropanoid metabolism and found in root or rhizomes of Podophyllum species. Another phenylpropanoid depicted in here is epigallocatechin gallate which is found in many plant species. Alkaloids are the largest group of nitrogen containing PSMs with about 21000 structures described so far. In general alkaloids are considered to be costly for the plant as usually nitrogen is a growth limiting factor [START_REF] Wink | Ecological Roles of Alkaloids[END_REF]. They are found frequently in Angiosperms, but are less common in Gymnosperms, mosses and algae [START_REF] Wink | Ecological Roles of Alkaloids[END_REF]. The main classes are benzylisochinoline, tetrahydroisoquinolines, Amaryllidaceae, monoterpene indole, acridone quinoline, piperideine, tropane, quinolizidine, pyrrolizidine, purine and Nicotiana alkaloids which will be further discussed in Chapter 1.2.7 [START_REF] Lichman | The scaffold-forming steps of plant alkaloid biosynthesis[END_REF]. The first three classes are derived from tyrosine followed by tryptophan derived indole alkaloids and two anthranilate derived alkaloid classes, the rest are derived from polyamines except purine alkaloids which stem from nucleotide metabolism. Very often they are defensive metabolites which interact with the nervous system of the herbivore such as in purine alkaloids, the most well know being caffeine from the genus Coffea (coffee), isoquinoline alkaloids such as morphine from the genus Papaver (poppy) or quinolizidine alkaloids like lupinine which are well studied in Lupinus (lupins). Other functions of these metabolites may include antibacterial, antifungal or antiviral activities and in several cases they show multifunctionality. [START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF][START_REF] Lichman | The scaffold-forming steps of plant alkaloid biosynthesis[END_REF][START_REF] Wink | Ecological Roles of Alkaloids[END_REF]. 1.1.1.2 Terpenoids Terpenoids are considered to be the largest compounds class of PSMs. Although they are found in all living organisms, plants are especially diverse in regards to terpenoid production even if one disregards the ones that are not considered to be specialized metabolites. Terpenoids are modular and build up from the connection of several isoprene (C5) units to form subclasses of monoterpenes (C10), sesquiterpenes (C15) , diterpenes (C20), and triterpenes (C30) and further classes [START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF][START_REF] Pichersky | Why do plants produce so many terpenoid compounds?[END_REF]. It is estimated that their chemical diversity may encompass more than 100,000 as there are already more than 12,000 known diterpenes alone [START_REF] Bergman | Medically Useful Plant Terpenoids: Biosynthesis, Occurrence, and Mechanism of Action[END_REF]. These compounds play an important role in the defense against herbivores or pathogens or they may function as attractants for beneficial organisms such as pollinators or mycorrhiza partners. Some well-known examples are the monoterpene menthol found in several plant species, the diterpenoid artemisinin known from Artemisia annua, or cardenolides (triterpenes) such as calactin and calatropin from Asclepias spp. (milkweeds) [START_REF] Pichersky | Why do plants produce so many terpenoid compounds?[END_REF][START_REF] Tu | The discovery of artemisinin (qinghaosu) and gifts from Chinese medicine[END_REF][START_REF] Züst | Toxicity of Milkweed Leaves and Latex: Chromatographic Quantification Versus Biological Activity of Cardenolides in 16 Asclepias Species[END_REF]. 1.1.1.3 Phenylpropanoids Phenylpropanoids are another very diverse set of PSMs. They are derived from the amino acid phenylalanine or sometimes from tyrosine and are divided into five groups, flavonoids, monolignols, phenolic acids, stilbenes and coumarins. Flavonoids, monolignols and phenolic acids are the most typical phenylpropanoids found in almost all land plants [START_REF] Deng | Biosynthesis and Regulation of Phenylpropanoids in Plants[END_REF][START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF]. Flavonoids are especially diverse with more than 8,000 structures know so far [START_REF] Terahara | Flavonoids in Foods[END_REF], they are formed by iteratively adding malonyl-CoA units to the hydroxycinnamic acid backbone. There are also several phenylpropanoids derived polymers that are produced by plants like lignin or condensed tannins. In general, numerous compounds of this class are supposed to be involved in UV protection and some are important as building blocks of plant cell walls. Other functions may involve herbivore or pathogen protection and floral pigmentation to attract pollinators [START_REF] Deng | Biosynthesis and Regulation of Phenylpropanoids in Plants[END_REF]. Well know members of this group are the flavonoids based on quercetin or kaempferol found in various plants species many of them are used in nutrition and are of great interest for their health benefits [START_REF] Ballard | Chapter 10 -Health Benefits of Flavonoids[END_REF][START_REF] Terahara | Flavonoids in Foods[END_REF]. The most common monolignols are para-coumaroyl, coniferyl-and sinapyl alcohol which are the building blocks for lignin. Lignin is a major innovation of vascular plants [START_REF] Weng | The evolutionary paths towards complexity: a metabolic perspective[END_REF] and is present in all of them, therefore it can be considered as on the less species specific side of the continuum of PSM. One of the prominent phenolic acids is cinnamic acid, which is as its aldehyde and its ester key component for the aroma of cinnamon [START_REF] Jayaprakasha | Chemistry, Biogenesis, and Biological Activities of Cinnamomum zeylanicum[END_REF]. 1.1.1.4 Others Peptides are PSMs which like proteins are made up from linked amino acids, but they are modified after translation in distinct ways and although they are nitrogen containing, they are not attributed to alkaloids by convention. There are several other PSM classes like fatty acid derived PSMs which include oxylipins, the polymeric layers that have protective and water retaining functions like cutin, suberin or sporopollenin. The latter compound classes show again a widespread distribution as these compounds evolved during the colonialization of land and can therefore be considered as specialized metabolites of land plants [START_REF] Weng | The evolutionary paths towards complexity: a metabolic perspective[END_REF]. Another class of PSMs that are sulfur as well as nitrogen containing are glucosinolates, also known as mustard oils glucosides. These are most well-known from Brassica spp. which comprise several important vegetables such as cabbage and broccoli in which they act as defensive compounds against herbivores [START_REF] Halkier | BIOLOGY AND BIOCHEMISTRY OF GLUCOSINOLATES[END_REF][START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF].
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Current approaches to metabolic pathway elucidation and metabolic engineering

Metabolic pathway elucidation is a multidisciplinary task that may involve phylo/genomics, metabolomics, transcriptomics, proteomics, organic synthetic chemistry, metabolic engineering and biochemistry. Current approaches are summarized in [START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF]. The elucidation of these pathways is of great economic importance and each fully characterized pathway opens the way to the sustainable production of large amounts of these frequently scarce natural products. A typical example of pathway elucidation is shown in Figure 123, where one may start with acquiring a comparative transcriptomics dataset covering several plant tissues and eventually related species. For example some biosynthetic genes involved in the production salvinorin A, a compound abundant in exudates have been identified from a comparative transcriptomics approach by acquiring a trichome specific transcriptome [START_REF] Pelot | Biosynthesis of the psychotropic plant diterpene salvinorin A: Discovery and characterization of the Salvia divinorum clerodienyl diphosphate synthase[END_REF]. If metabolite tissue specifity is not known, a comparative metabolomics dataset could be acquired before transcriptomics, for samples of several different tissues to determine sites of low and high metabolite accumulation. Then one may start building phylogenetic trees based on related protein candidates that show high expression patterns and could be correlated with high metabolite accumulation in the tissue. Ideally a candidate gene is highly expressed/ high metabolite accumulation in a tissue of a species whereas in another related species or tissue it is hardly expressed or is even completely lacking gene expression and shows low metabolite accumulation (Figure 123). In addition, for large enzyme families phylogenetic trees may give clues about possible reaction mechanism [START_REF] Torrens-Spence | Complete Pathway Elucidation and Heterologous Reconstitution of Rhodiola Salidroside Biosynthesis[END_REF]. After this there are further options, if one does not find a suitable candidate or too many it is possible to create a protein extract, perform chromatographic separation and test the resulting fractions for activity, which in turn can then be identified by proteomic mass spectrometry (Chen et al., 2018). Several candidate genes can be screened by virus induced gene silencing (VIGS) if compatible with the plant species of interest, to check if silencing reduces metabolite accumulation [START_REF] Galis | The Use of VIGS Technology to Study Plant-Herbivore Interactions[END_REF]. If there are few candidates an expression in a heterologous host such as E. coli, yeast or insect cells followed by chromatographic purification may be a method of choice to confirm activity by enzyme assays. If heterologous expression is problematic the reconstitution of activity in model plants such an N. benthamiana may be appropriate [START_REF] Sainsbury | pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants[END_REF]. [START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF]. A comparative transcriptomics approach may yield differentially expressed genes, which are correlated with high metabolite accumulation. The gene may also be found only in species that produce the compound. In addition the virus induced gene silencing dcreases metabolite accumulation in the plant. The extracted protein fraction that shows activity was identified by proteomics and is identical to the gene caniddate. Futhermore production of the enzyme in the heterologous host, followed by purification and enzyme assasys is typically employed to confirm its enzymatic activity. Reconstitution of the pathway in Nicotiana benthamiana can be further used to demonstrate the expected activity.

Recent advances in the elucidation of numerous biosynthetic pathways and in synthetic biology gave rise to the production of several PSMs in heterologous hosts. For example the pathway for tropane alkaloid biosynthesis has been fully reconstituted in yeast with 34 genome edits as well as the pathway for the production of monoterpene indole alkaloids with 56 genome edits and the introduction of 34 genes from plants [START_REF] Courdavault | Metabolic engineering for plant natural products biosynthesis: new procedures, concrete achievements and remaining limits[END_REF][START_REF] Zhang | A microbial supply chain for production of the anti-cancer drug vinblastine[END_REF]. But the production in heterologous hosts can have many hindrances and is often hampered by achieving only low titers of the desired natural products as well as in only few cases is profitable.

Consequently, engineering of native host or non-native plant host can be sometimes more beneficial.

Plant cells have sophisticated compartmentalization of biosynthetic pathways and even have specialized cell types only focused on the production of PSMs [START_REF] Sirirungruang | Plant-based engineering for production of highvalued natural products[END_REF].

One such cell type is present in glandular trichomes, which are found on the surfaces of about 30% of all plants species (Fahn, 2000). Glandular trichomes usually are multicellular and built up from basal, stalk and apical cells which produce high levels of PSMs [START_REF] Schuurink | Glandular trichomes: micro-organs with model status?[END_REF]. This makes them especially interesting for metabolic and engineering into natural cell factories. With choosing the right trichomes specific promotors expression of heterologous genes can be regulated and off target reactions minimized (Huchelmann et al., 2017). This has recently been demonstrated in tomato and tobacco plants, for which researchers were able to produce pyrethrins and triterpenes in glandular trichomes (Gossart et al., 2023;[START_REF] Wang | Engineering of tomato type VI glandular trichomes for trans-chrysanthemic acid biosynthesis, the acid moiety of natural pyrethrin insecticides[END_REF].

Evolution of specialized metabolite biosynthesis

It is estimated that the plant chemodiversity could be as large as 1 million structurally diverse metabolites, with single species possibly containing more than 5000 metabolites [START_REF] Alseekh | Metabolomics 20 years on: what have we learned and what hurdles remain?[END_REF]. The genomic perspective on this astonishing diversity is that it has mostly been shaped by the recruitment of enzymes from the primary metabolism, which underwent gene duplication or functional reconfigurations by natural selection or genetic drift [START_REF] Moghe | Something Old, Something New: Conserved Enzymes and the Evolution of Novelty in Plant Specialized Metabolism1[END_REF]. At the macroevolutionary level, an important transition for which metabolic innovations have played a key role is that of the conquest of land by plants. For this evolutionary transition, gene bursts at the level of super-families of enzymes, for example that of cytochrome P450s, UDP-glycosyltransferases, 2-oxoglutarate-depended dioxygenases or BAHD acyltransferases, is clearly noticeable when comparing genomics data from algae to land plants. This increased gene repertoire associated to metabolism has been linked to some of the key innovations necessary for land colonialization, in particular adaptations to higher UV exposure and drought periods for which core phenylpropanoids, the cutin and sporopollenin biopolymers and the phytohormone abscisic acid represent key adaptations in land plants. Vascular tissues that are linked to lignin biosynthetic capacity. As another example of evolutionary transition associated with important PSM innovations, the emergence of true leaves and trichomes in Euphyllophytes led to the evolution of trichome-enriched defensive PSMs or the emergence of seed plants has been paralleled with innovations in terms of condensed tannin biosynthesis. Finally, the appearance of flowering plants led to a great diversity of volatile, color and taste compounds that play important roles in co-evolution with animals. In addition, the evolution of certain pathways is lineage specific, leading to root nodule formation in legumes for nitrogen fixation through the secretion of specialized isoflavonoids (Figure 1234) [START_REF] Weng | The evolutionary paths towards complexity: a metabolic perspective[END_REF]. [START_REF] Weng | The evolutionary paths towards complexity: a metabolic perspective[END_REF]. Early adaptations of PSM made the transition from water to land possible, with the co-evolution of herbivores defensive compound increased and later on with the appearance of flowers and fruits this co-evolutionary process further complexified metabolic diversity of plants to attract pollinators of animals for seed dispersal. This metabolic diversity also led to the appearance of several linage specific PSMs. Some of the most well-studied mechanisms of neo/subfunctionalization in the context of PSM pathway evolution are summarized in Figure 12345. For instance, a duplicated gene may evolve a novel pattern of transcriptional regulation (in of tissue-level or stress-dependent expression) compared to its paralog, such as exemplified in the gene QPT (Quinolate Phosoribosyl=Transferase) an important enzyme in nicotine biosynthesis (Figure 1-5A). For this example, the duplicated QPT copy developed an expression pattern more specific to roots and acquired jasmonate inducibility [START_REF] Shoji | Recruitment of a duplicated primary metabolism gene into the nicotine biosynthesis regulon in tobacco: Regulation of tobacco QPT genes[END_REF]. The evolution of the nicotine biosynthetic pathway will be discussed in more detail in Chapter 1.2.7. Another mechanism contributing to PSM diversification are shifts in biosynthetic enzyme promiscuity, which may lead to drastic functional divergence when the initial enzymatic function. An example for this evolutionary mechanism could be that characterized for the acylsucrose fructofuranosidase 1 (ASFF1), which belongs to the GH32 (glycoside hydrolase) family. Various members of this family catalyze reactions where fructose is released or transferred [START_REF] Lammens | Structural insights into glycoside hydrolase family 32 and 68 enzymes: functional implications[END_REF]. ASFF1 has been found to be essential in the production of acyl glucoses in wild tomato Solanum penellii, by cleaving P-type acyl sucroses in glandular trichomes [START_REF] Leong | Evolution of metabolic novelty: A trichome-expressed invertase creates specialized metabolic diversity in wild tomato[END_REF]. In the case of Figure 1-5C a monofunctional enzyme from the primary metabolism evolves into a multifunctional enzyme, leading to several possible products. This has been demonstrated for several oxidosqualene cyclase genes, key enzymes in the biosynthesis of triterpenoids [START_REF] Phillips | Biosynthetic diversity in plant triterpene cyclization[END_REF]. Another observed scenario can occur without promiscuity and only minimal changes in amino acid sequence leading to new enzyme function (Figure 1-5D). For example, the ancestor enzyme SPDS (spermidine synthase), converts putrescine into spermidine, from which was aquired a PMT (putrescine N-methyltransferase) activity, to convert putrescine into Nmethylputrescine for the production of nicotine and tropane alkaloids. Although these two enzymes have a similar amino acid sequence, they have different donor molecules and are expressed differently in the plant, with PMT only found in roots and SPDS present in multiple plant tissues. A single amino acid change in SPDS can alter its function to resemble that of PMT [START_REF] Moghe | Something Old, Something New: Conserved Enzymes and the Evolution of Novelty in Plant Specialized Metabolism1[END_REF]. In addition, if the feedback inhibition that several enzymes in amino acid biosynthesis possess is lost it may lead to enhanced production of certain PSMs ( Figure 1-5E). This was observed in acridone alkaloid biosynthesis, where one copy of the subunit of anthranilate synthase lost its inhibition by tryptophan, which in turn lead to higher alkaloid production that is even inducible upon fungal infection [START_REF] Bohlmann | Anthranilate Synthase from Ruta graveolens (Duplicated ASα-Genes Encode Tryptophan-Sensitive and Tryptophan-Insensitive Isoenzymes Specific to Amino Acid and Alkaloid Biosynthesis)[END_REF]. It is also possible that an enzyme complex which channels several reactions lost its interaction trough duplication and divergence, then new intermediate products can become available for PSM production (Figure 1-5F). In the Poaceae, this has been demonstrated for benzoxazinoid biosynthesis which involves enzymes evolved from the tryptophan synthase complex [START_REF] Dutartre | Phylogenomics of the benzoxazinoid biosynthetic pathway of Poaceae: gene duplications and origin of the Bx cluster[END_REF]. The last scenario described herein relies on the conservation of protein structure /folds over sequence similarity (Figure 1-5G). Serine carboxypeptidase like (SPCL) genes are derived from the serine carboxypeptidase (SPL) family and share about 30-40% sequence similarity.

Even though SPCL's (peptide cleavage) catalyze very different reactions compared to SPL's (transesterification), SPCL have conserved the typical α/β hydrolase fold from SPL's [START_REF] Moghe | Something Old, Something New: Conserved Enzymes and the Evolution of Novelty in Plant Specialized Metabolism1[END_REF]. Several mechanisms have been reported that can play a role in the sub-and neofunctionalizations of enzymes that have been recruited from the primary metabolic pathways to create the chemodiversity of PSMs that is observed in different species.

The significance of specialized metabolites in plant-herbivore interactions

One of the first scientists that investigated the effects of PSMs as defensive compounds against herbivory was Ernst Stahl, which performed numerous sophisticated feeding experiments with several slug species [START_REF] Stahl | Pflanzen und Schnecken: eine biologische Studie über die Schutzmittel der Pflanzen gegen Schneckenfrass[END_REF]. Fraenkel, when formulating his views on "The Raison d'être of plant secondary compounds" revived this early work, which was also revisited by pioneers of the co-evolutionary arms race between plants and herbivores [START_REF] Fraenkel | The Raison d'Être of Secondary Plant Substances[END_REF][START_REF] Hartmann | The lost origin of chemical ecology in the late 19th century[END_REF].

Numerous PSMs have been clearly demonstrated to be effective defenses against herbivory, for example nicotine, cardenolides or pyrrolizidine alkaloids (Schaller, 2008;[START_REF] Stahl | Pflanzen und Schnecken: eine biologische Studie über die Schutzmittel der Pflanzen gegen Schneckenfrass[END_REF][START_REF] Züst | Toxicity of Milkweed Leaves and Latex: Chromatographic Quantification Versus Biological Activity of Cardenolides in 16 Asclepias Species[END_REF]. Due to co-evolutionary processes with their host plants, many insects have acquired strategies to cope with these defenses, which is materialized by cases of resistance or specialization to a specific PSM class and which can go as far as the sequestration of these PSMs to acquire defense against predators. These adapted insects are commonly referred to as specialists as they are adapted to feed on narrow set of host species. By contrast, generalist insects can tolerate a wide variety of plants species as foods source, but also adapted to specific defensive PSMs. These categories have recently been challenged and insect feeding host range should be more considered as a continuum. The key message is that, in most cases adaptation to a given plant species as a host will frequently depend on the ability of the insect to detoxify or sequester a given set of PSMs [START_REF] Fürstenberg-Hägg | Plant Defense against Insect Herbivores[END_REF].

Plants have evolved numerous strategies to cope with insect herbivory, they can be categorized into constitutive defenses and induced defenses, which may further be distinguished into direct and indirect defenses. Induced defense always involves some kind of perception mechanism, plants have evolved the ability to distinguish between mechanical damages such as wind or hail and the feeding of insects or even oviposition. Plants are able to recognize insects by their oral secretions or from oviposition fluids. Oral secretions of lepidopteran larvae usually contain fatty acid-amino acid conjugates, e.g. volicitin [START_REF] Turlings | Volicitin, An Elicitor of Maize Volatiles in Oral Secretion of Spodoptera Exigua: Isolation and Bioactivity[END_REF] which are recognized by plants.

These recognitions in turn then trigger complex signaling pathways and the production of several wound signal molecules (e.g. jasmonic acid, salicylic acid, ethylene) in the plant which in turn lead to induced defense reactions. One such reaction may be the increased production of certain PSMs as a direct defense or the release of volatiles to attract predatory insects as indirect defense. There are several other means of indirect defenses for example extrafloral nectaries, food bodies or nesting sites, all to attract beneficial/ protective insects.

More direct and constitutive defenses are morphological structures found on/in plants such as trichomes, hairs, waxes and crystals, but may also include specialized structures such as resin ducts, laticifers and glandular trichomes, which often accumulate large amounts of PSMs [START_REF] Fürstenberg-Hägg | Plant Defense against Insect Herbivores[END_REF].

In general, metabolization of PSM by insects is grouped into three main phases. Phase I is seen as a process of making metabolites more water-soluble through oxidation, reduction or hydrolysis, which commonly involves cytochrome P450 enzymes. In phase II an addition of hydrophilic groups is observed, which is performed by methylation, glycosylation, acetylation, sulfation or conjugation with amino acids or glutathione. The phase III is considered as the excretion or transportation of the conjugates [START_REF] Doogue | The ABCD of clinical pharmacokinetics[END_REF][START_REF] Jeckel | Metabolization and sequestration of plant specialized metabolites in insect herbivores: Current and emerging approaches[END_REF].

To study the effects of PSMs on insect herbivores one can employ the concept of ADME which is derived from the study or drug metabolism in pharmaceutical research (Figure 123456). To acquire such a profile, one should start in exploring how the absorption of the metabolite of interest is happening in the insect, e.g. can it cross the first barrier (peritrophic envelope) and be taken up through the gut epithelium into the hemocoel. Then, one should investigate how the metabolite is distributed across the various bodily tissues and further metabolized (Phase I-II).

The last step is the excretion of the metabolite, usually trough the malpighian tubes, where a reabsorption can also be taken place in sequestering insects [START_REF] Doogue | The ABCD of clinical pharmacokinetics[END_REF][START_REF] Jeckel | Metabolization and sequestration of plant specialized metabolites in insect herbivores: Current and emerging approaches[END_REF]. 

Solanaceae as a case study to explore evolutionary diversification and defensive functions of specialized metabolites

Already in 1543, Leonard Fuchs depicted in very much details eight famous species of the nightshades (Solanaceae) family in his New Kreüterbuch on colored woodcuts [START_REF] Eich | Solanaceae and Convolvulaceae: Secondary Metabolites: Biosynthesis, Chemotaxonomy, Biological and Economic Significance (A Handbook)[END_REF]. The family is found on almost all continents with the majority of the species found in central and south America. About 2700 species have been described so far with habitats ranging from deserts to tropical rainforests, with the genus Solanum contributing almost half of the total species. Species of this family have long been of interest for humans as part of diet e.g. tomato (Solanum lycopersicum), potato (Solanum tuberosum), eggplant (Solanum melongena), peppers (Capsicum anuum) or as medicine or intoxicants e.g. tobacco (Nicotiana spp), mandrake (Mandragora officinarum), henbane (Hyoscyamus niger), deadly nightshade (Atropa belladonna). More recently, this family has emerged as a model system to study biodiversity, evolution, genomics and metabolism ; and a wealth of genomics resources has become available to do so e.g. Solanaceae resource (https://solanaceaesource.myspecies.info/) and the Sol genomics network (https://solgenomics.net/) (Fiesel et al., 2022;PBI Solanum Project, 2023). In this chapter several prominent classes of Solanaceae specialized metabolites (Figure 1234567) will be discussed and aspects of biosynthesis, evolution and chemical ecology will be highlighted for selected examples. This section aims to give an overview on how multidisciplinary research has been applied in this family for the study of PSMs. 

Steroidal glycoalkaloids

The Solanaceae produce several PSMs that can be specific to a genus or a section (Figure 1234567).

One class that is well described for the genus Solanum are steroidal glycoalkaloids (SGA), they can be problematic in some food crops, for example in potato where the concentration may increase due to light exposure, injury or storage (Fiesel et al., 2022;[START_REF] Friedman | Potato Glycoalkaloids and Metabolites: Roles in the Plant and in the Diet[END_REF]. They exhibit toxic effects at higher concentrations by inhibiting cholinesterase or the disruption of cell membranes [START_REF] Roddick | Membrane disruption and enzyme inhibition by naturally-occurring and modified chacotriose-containing Solanum steroidal glycoalkaloids[END_REF]. SGAs are derived from sterol biosynthesis and involve several glycoalkaloid metabolism genes (GAME) that appear in gene clusters, followed by further modifications such as glycosylation, acetylation, hydroxylation or unsaturation. They are grouped into four classes comprising the spirosolane class, such as tomatidine or hydroxytomatine found in tomato, the solanidane class found in potato e.g. alpha solamarine, the alpha solanine or solasodine class found in eggplant (alpha solasonine, alpha solamargine) and the class of leptines (Fiesel et al., 2022). Another sterol derived compound class commonly found in nightshades are withanolides, they are based on an ergostane skeleton which is oxidized to a delta or gamma lactone. They were first described in Withania somnifera and have shown great interest in drug development because of their antitumor, antistress, antifeedant, cytotoxic, immunosuppressive antimicrobial or anti-inflammatory activities [START_REF] Chen | Natural withanolides: an overview[END_REF].

17-hydroxygeranyllinalool diterpenes

Terpenoids are generally regarded widespread within the Solanaceae (Fiesel et al., 2022), but this appears not to be the case for 17-hydroxygeranyllinalool diterpene glycosides (HGL-DTGs) such as nicotianosides and lyciumosides. HGL-DTGs are defensive PSMs that are well studied in Nicotiana attentuata for their inducibility, in addition after screening of 35 solanaceous species they were found to be restricted to Nicotiana, Capsicum and Lycium species (Heiling et al., 2016).

O-acyl sugars

O-acyl sugars are PSMs that mainly appear as sticky exudates which are produced by glandular trichomes on plant surfaces, some of them are also found in roots and fruit pericarp. They are based on a sugar core (sucrose, glucose, inositol) that is esterified with various fatty acyl chains.

These compounds are defensive against microbes and insects and have been demonstrated to deter whitefly oviposition and aphid settling as well as inhibits their growth (Feng et al., 2022;Goffreda et al., 1989;Leckie et al., 2016). In addition they may possess anti-fungal activity and are vital in the defense of native tobacco plants against the tobacco hornworm, as they attract predators when metabolized are ingestion by hornworms (Luu et al., 2017;Weinhold and Baldwin, 2011).

Capsaicinoids

Capsaicinoids are responsible for the pungency of chili peppers and are specific to the genus Capsicum, where they are produced in ripening fruit placental tissue. This spiciness is facilitated by an interaction with the vanilloid receptor family (TRPV1), which is not perceived by birds and therefore opens doors for a selective mechanism of seed dispersal. Capsicum spp. are of great interested for its use as spices, apart from this their active ingredients have shown interesting medicinal properties such as anti-inflammatory, anti-cancer, antidiabetic, antioxidant, pain relief, anti-obesity and anti-microbial, anti-fungal activity [START_REF] Duranova | Chili peppers (Capsicum spp.): the spice not only for cuisine purposes: an update on current knowledge[END_REF].

Capsaicin is the most prominent member and is based as the others on vanilloyl amine linked with an amide bond to a fatty acyl chain.

Function of BAHD acyltransferases for Solanaceae PSMs

Both acyl-sugars and capsaicinoids involve BAHD acyl-transferases for their biosynthesis (Milde et al., 2022;Moghe et al., 2023). BAHD's are named after the first biochemically characterized enzymes (BEAT, AHCT, HCBT, DAT) and catalyze ester or amide bond formation for a great variety of substrates. Two of these enzymes are acetyl transferases, benzylalcohol O-acetyltransferase (BEAT) producing floral volatiles [START_REF] Dudareva | Acetyl-CoA:benzylalcohol acetyltransferase -an enzyme involved in floral scent production in Clarkia breweri[END_REF] and deacetylvindoline 4-o-acetyltransferase (DAT) catalyzing the final step in the biosynthesis of the alkaloid vindoline (St-Pierre et al., 1998). Anthocyanin O-hydroxycinnamoyltransferase (AHCT) [START_REF] Fujiwara | Anthocyanin 5-Aromatic Acyltransferase from Gentiana Triflora[END_REF] and N-hydroxycinnamoyl/benzoyltransferase (HCBT) [START_REF] Yang | Characterization and heterologous expression of hydroxycinnamoyl/benzoyl-CoA:anthranilate Nhydroxycinnamoyl/benzoyltransferase from elicited cell cultures of carnation, Dianthus caryophyllus[END_REF] are benzoyl/hydroxycinnamoyl CoA acyltransferases that form anthramides and decorated anthocyanins. Noteworthy is also that HCBT was the first BAHD know to catalyze amide bond formation [START_REF] D'auria | Acyltransferases in plants: a good time to be BAHD[END_REF]. BAHD's are mostly found in plants where they played an important role in the terrestrialization. They are grouped into 8 clades which are nicely reviewed in Moghe et al., 2023 and characterized by the typical motif HXXXD (PF02458) which is related to their active site. It is not clear from which family they evolved, some protein families, such as nonribosomal peptide synthetases (NRPSs), glycerolipid acyltransferases, choline/carnitine acyltransferases (CATs), chloramphenicol acetyltransferases, and dihydrolipoamide acyltransferases, have motifs similar to that of BAHDs. CATs are mostly found in nonplant eukaryotes and are involved in the biosynthesis of amino acids and their derivatives by transferring various acyl chains, such as acetyl, octanoyl, and palmitoyl, to substrates hydroxyl group. Fungal alcohol acyltransferases (fAATs) contain a domain with the HXXXD motif and are involved in the production of volatile esters, producing fruity aromas. These observations suggest that BAHDs are ancestrally related to fAATs and/or NRPSs and may have originated from fusion between NRPS and CAT proteins or fusions between fAATs/CATs or fAATs/NRPSs (Moghe et al., 2023).

Only clade 3 will be further discussed here as it contains acyl-sugar acyltransferases and PUN1 the amide bond forming acyl transferase for capsaicin biosynthesis [START_REF] D'auria | Acyltransferases in plants: a good time to be BAHD[END_REF]Milde et al., 2022;Moghe et al., 2023). Several acylsucrose acyltransferase enzymes (ASTA) are contained within this clade, they catalyze the transfer of fatty acyl chain of varying length and branching to different positions of the sucrose. Interestingly a single amino acid change (Tyr/Cys 41 ) in ASAT3 can affect the ability to incorporate longer chain CoA such as nC12 (Schilmiller et al., 2015). In addition, most of them are specific to transfer only to the glucose moiety yielding P-type (pyranose) acyl-sugars as opposed to F-type (furanose) acyl-sugars. P-type acyl sugars can be further metabolized by invertase enzymes such as ASFF1 (acyl-sugar fructofuranosidase). Which in turn can be further acylated by acyl glucose acyltransferases such as AGAT1 [START_REF] Lou | It happened again: Convergent evolution of acylglucose specialized metabolism in black nightshade and wild tomato[END_REF]. The high degree of promiscuity of these BAHDs leads to an astonishing structural diversity of up several hundred different structures. Within this clade several enzymes are involved in alkaloid biosynthesis, for example cocaine synthase which performs the last step in the formation of cocaine and cinnamoylcocaine by using benzoyl/cinnamoyl-CoA in Erythroxylum coca (Schmidt et al., 2015). Another one is the vinorine synthase which was the first BAHD whose crystal structure was elucidated, it is involved in the biosynthesis of ajmalan, a monoterpene indol alkaloid from Rauwolfia serpentina (Ma et al., 2005). Involved in the same class of alkaloids is deacetylvindoline 4-o-acetyltransferase (DAT) from Catharanthus roseus (St-Pierre et al., 1998), both perform a transfer of an acetyl group. DH29 and CV86 from Nicotiana attenuata also are found in this clade they play an important role in defensive phenolamide accumulation and have been shown to be hydroxycinnamoyl-CoA:polyamine transferases [START_REF] Onkokesung | MYB8 Controls Inducible Phenolamide Levels by Activating Three Novel Hydroxycinnamoyl-Coenzyme A:Polyamine Transferases in Nicotiana attenuata[END_REF].

Tropane alkaloids as an example of convergent evolution of metabolic pathways

Most well-known is the Solanaceae family probably for its toxic tropane alkaloids, such as scopolamine and hyoscyamine, found in mandrake, deadly nightshade, henbane and thornapples (Datura spp.) which possess anticholinergic, anesthetic effects and may induce hallucinations (Fiesel et al., 2022;[START_REF] Tian | Catalytic innovation underlies independent recruitment of polyketide synthases in cocaine and hyoscyamine biosynthesis[END_REF]. The biosynthesis of the latter tropane alkaloids has been fully elucidated after decades of research [START_REF] Qiu | Functional genomics analysis reveals two novel genes required for littorine biosynthesis[END_REF]. This class of alkaloids are a striking example of the convergent evolution of metabolic pathways, in the Solanaceae tropinone reductase I (TRI) a member of the of the short-chain dehydrogenase/reductase (SDR) enzyme family and littorine synthase of the SCPL family are responsible for subsequent reduction and esterification. In contrast in the Erythroxylaceae, methylecgonone reductase (MecgoR) from the aldo-keto reductase family and cocaine synthase (a BAHD) perform similar reactions (Figure 12345678) [START_REF] Tian | Catalytic innovation underlies independent recruitment of polyketide synthases in cocaine and hyoscyamine biosynthesis[END_REF]. 

Nicotiana alkaloid diversity and their role in the plant-insect arms race

The genus Nicotiana L. was named after the French diplomat Jean Nicot who first brought tobacco seeds from Portugal to France in the 16 th century. It has 13 recognized sections with a total of 80 Species. Nicotiana is native to the north and south of America, but also diverse in Australia, in Africa only one species is known so far. They appear in various morphological forms such as small herbs to shrubs up to small trees, which often are viscid-glandular and rarely glabrous [START_REF] Knapp | Nomenclatural changes and a new sectional classification in Nicotiana (Solanaceae)[END_REF]POWO, 2022). Nowadays members of this genus can be found almost all around the world due to human cultivation for medicinal, intoxicant or ornamental properties. The most commonly known species are Nicotiana tabacum and N. rustica, which are traditionally grown for tobacco products, N. benthamiana, less known by lay people is a popular model organism in molecular biology. The phytochemistry of Nicotiana has been intensely studied, probably the most prominent alkaloid of this species is nicotine, which is accompanied by nornicotine and other such as anatabine or anabasine. Other or aromatic compounds, flavonoids, volatiles, sesquiterpenoids, diterpene alcohols, sugar esters and hydroxygeranyllinalool diterpene glycosides (HGL-DTGs) [START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF].

Allopolyploidization is the process of hybridization followed by whole genome duplication.

Polyploidization is very common in Nicotiana with more than half of the species being allotetraploid and it was a key driver in the evolution of flower shapes in the genus (McCarthy et al., 2016). It has also been demonstrated that polyploidization has led to increased nicotine content in the allotetraploid Nicotiana rustica [START_REF] Sierro | The impact of genome evolution on the allotetraploid Nicotiana rustica -an intriguing story of enhanced alkaloid production[END_REF]. Whole genome duplication has been reported to be an important factor in the diversification of these secondary metabolites.

It was involved in the foundation of glucosinolate diversity in the Brassicaceae, the morphine biosynthetic pathways in poppy (Papaver somniferum), oil biosynthesis in wild olive (Olea europea) nicotine biosynthesis in wild tobacco [START_REF] Xu | Wild tobacco genomes reveal the evolution of nicotine biosynthesis[END_REF].

Nicotine is the signature alkaloid of the genus Nicotiana and it is a potent defensive neurotoxin.

It's biosynthesis is well studied, but understanding the final steps remain a challenge that is only slowly resolved [START_REF] Vollheyde | An improved Nicotiana benthamiana bioproduction chassis provides novel insights into nicotine biosynthesis[END_REF]. The evolution of the biosynthesis of nicotine was shaped by a whole genome triplication event at the advent of the Solanaceae family followed by activation of several transposable elements. This event led to the evolution of the production Nmethyl-delta-1-pyrrolinium required for tropane and Nicotiana alkaloid biosynthesis. This crucial pathway has evolved from the polyamine primary metabolism, where several duplications are shared between Solanum, Petunia and Nicotiana. The pyridine ring is derived from the nicotinamide adenine dinucleotide (NAD) pathway which shows Nicotiana specific gene duplications. The fusion of the pyrrolidine and pyridine ring is thought to be catalyzed by berberine bridge like (BBL) and isoflavone reductase-like protein (A622, A622L) enzymes which underwent neofunctionalization as they share root tissue specific expression with other enzymes responsible for nicotine biosynthesis [START_REF] Kajikawa | Vacuole-Localized Berberine Bridge Enzyme-Like Proteins Are Required for a Late Step of Nicotine Biosynthesis in Tobacco1[END_REF][START_REF] Kajikawa | A PIP-family protein is required for biosynthesis of tobacco alkaloids[END_REF][START_REF] Xu | Wild tobacco genomes reveal the evolution of nicotine biosynthesis[END_REF]. The biosynthesis of nicotine is based on enzymes that have been recuited from two pathways of the primary metabolism. First from the polyamine pathway which delivers the N-methylpyrrolidine ring, this duplication event is also common in other species of the Solanaceae where it is used in the biosythesis of tropane alkaloids. The second pathway that underwent Nicotiana specific duplications is the NAD pathway, to deliver the pyridine ring, which is the fused with the pyrrolidine ring most likely by berberine bridge like enzymes and A622.

The chemical ecology of Nicotiana PSMs has been studied intensely, probably the most for nicotine. Nicotine is an inducible defense against herbivores. It acts on the acetylcholine receptors of animals and therefore exhibits its toxic effects on their nervous system. The most studied insect for the effects of nicotine is the tobacco hornworm (Manduca sexta), which has acquired resistance to this alkaloid and can therefore tolerate much higher doses than other insects, although it grows faster on nicotine deficient tobacco plants [START_REF] Stahl | Pflanzen und Schnecken: eine biologische Studie über die Schutzmittel der Pflanzen gegen Schneckenfrass[END_REF]. But also the tobacco budworm (Heliothis virescens) has adapted to feed on tobacco plants and similar to the tobacco hornworm inhibits it's parasites by ingested nicotine [START_REF] Gunasena | Effects of Nicotine on Growth, Development, and Survival of the Tobacco Budworm (Lepidoptera: Noctuidae) and the Parasitoid Campoletis sonorensis (Hymenoptera: Ichneumonidae)[END_REF].

Nicotine is also found in nectar of flowers in highly variable concentrations where it has been shown to modify foraging behavior of humming birds which leads to increased outcrossing. The nicotine in the nectar may also act as a deterrent for nectar robbers or thieves [START_REF] Kessler | Unpredictability of nectar nicotine promotes outcrossing by hummingbirds in Nicotiana attenuata[END_REF].

Nicotine can further be metabolized by nicotine demethylase (a cytochrome P450 from the 82 subfamily) into nornicotine [START_REF] Cai | Enantioselective Demethylation of Nicotine as a Mechanism for Variable Nornicotine Composition in Tobacco Leaf[END_REF], which opens further metabolization into N-acylnornicotines (NANN) . Long chain (> C10) NANNs are a key defensive innovation in the allopolyploid Nicotiana section Repandae. This Section is about 4.5 myr old and has N.

sylvestris as its closest maternal and N. obtusifolia as closest paternal progenitor. Nicotiana repanda grows in Texas, Mexico and Cuba, while N. stocktonii and N. nesophila are endemic to the Revillagigedo Islands, 350 km south-south-west of Baja California. Nicotiana nudicaulis which is morphologically distinct to the latter three is distributed in north-eastern Mexcio (Clarkson et al., 2005). NANNs are superior toxins which are highly effective against and evade the resistance acquired for nicotine by the tobacco hornworm Manduca sexta. They are reported in three members of the Section N. repanda, N. nesophila, N. stocktonii (Laue et al., 2000;Severson et al., 1988). Compared with nicotine/nornicotine that are not appreciably secreted, hydrophobic NANNs are abundantly exuded from the trichome glands to coat the entire leaf surface. Old literature indicate anecdotal evidence (Djordjevic et al., 1990;Sisson and Severson, 1990) for low amounts of short (-formyl, -acetyl) and middle (C4-C8) chain length NANNs present in other Nicotiana species (Outchkourov et al., 2014), suggesting nornicotine acylation, albeit with shorter chain acyl groups, could be a more common trait in the Nicotiana genus.

In this thesis, we investigated, using state of the art metabolomics methods, the chemical diversity of NANNs within the genus Nicotiana to explore whether the NANN biosynthetic capacity is an innovation derived from the Repandae allopolyploidization event ( Chapter 2). In addition, building on these results, we investigated using comparative transcriptomics, phylogenomics and classical molecular biology as well as biochemistry methods the biosynthetic pathway of these compounds (Chapter 3). Finally, we studied using insect feeding bioassays and metabolomics how these NANNs act as superior toxins when compared to regular Nicotiana alkaloids (Chapter 3).

Novel computational approaches for PSMs metabolomics

One of the first publications describing chromatography was in 1906, by the Russian botanist Mikhail Tswett, where he used a column packed with calcium carbonate to separate the pigments of a plant extract [START_REF] Ettre | Tswett and the discovery of chromatography II: Completion of the development of chromatography (1903-1910)[END_REF]. It took until the 1960s for the first authors to mention the possibility of using very small particle sizes and high pressure, which gradually with the introduction of reversed phase materials was leading to high performance liquid chromatography (HPLC) as we know it today [START_REF] Karger | HPLC: Early and Recent Perspectives[END_REF]. Mass spectrometry was already invented in 1898 when J.J. Thomson measured the mass-to-charge ratio of electrons and was soon coupled to gas chromatography with the first GC-MS instrument being developed by R.S. [START_REF] Gohlke | Annotating metabolite mass spectra with domain-inspired chemical formula transformers[END_REF]F.W. McLafferty in 1956 (Gohlke and[START_REF] Gohlke | Annotating metabolite mass spectra with domain-inspired chemical formula transformers[END_REF]. Liquid chromatography was first coupled to mass spectrometry in 1974, but in took the invention of electrospray ionization in 1989 by Fenn et al. to really develop into the LC-MS technology largely used today [START_REF] Arpino | Liquid chromatography-mass spectrometry. II-continuous monitoring[END_REF][START_REF] Fenn | Electrospray Ionization for Mass Spectrometry of Large Biomolecules[END_REF]. Another important development was that high resolution mass spectrometers were becoming more widely available i.e., instruments with a resolving power higher than 10.000, such as Time of flight (TOF) and Fourier transform based instruments like orbitrap and ion cyclotron resonance [START_REF] Marshall | High-Resolution Mass Spectrometers[END_REF][START_REF] Xian | High Resolution Mass Spectrometry[END_REF].

Initially analytical methods had relatively low throughput and were performed in a targeted manner focusing on specific compound classes, or rather exploratory. This gradually changed when one of the first untargeted LC-MS based studies involving tandem mass spectrometry (LC-MS/MS) was published in 1994 [START_REF] Lerner | Cerebrodiene: a brain lipid isolated from sleep-deprived cats[END_REF]. Soon the term metabolomics was termed [START_REF] Oliver | Systematic functional analysis of the yeast genome[END_REF] which is now defined as the comprehensive quantitative analysis of all metabolites of a given biological sample [START_REF] Nicholson | Global systems biology, personalized medicine and molecular epidemiology[END_REF]. In these days the computational methods to analyze these kinds of data were insufficient and slowly had to develop over the years that followed [START_REF] Giera | Metabolite discovery: Biochemistry's scientific driver[END_REF]. Nowadays LC-MS/MS experiments are performed routinely at large scale by two main acquisition algorithms DDA (data dependent acquisition)

and DIA (data independent acquisition), where the first one selects the most abundant ions for fragmentation and keeps precursor ion fragment relationship, whereas the second one does not keep this relation, but acquires fragmentation of all peaks, has higher sensitivity and less bias (Li and Gaquerel, 2021). This data is generally first preprocessed from instrument vendor format into open-source formats like mzML and mzXML, then processed with different programs such as Mzmine [START_REF] Pluskal | MZmine 2: modular framework for processing, visualizing, and analyzing mass spectrometry-based molecular profile data[END_REF][START_REF] Schmid | Integrative analysis of multimodal mass spectrometry data in MZmine 3[END_REF], OpenMS [START_REF] Röst | OpenMS: a flexible open-source software platform for mass spectrometry data analysis[END_REF], XCMS [START_REF] Smith | XCMS: Processing Mass Spectrometry Data for Metabolite Profiling Using Nonlinear Peak Alignment, Matching, and Identification[END_REF] and MS-DIAL [START_REF] Tsugawa | MS-DIAL: data-independent MS/MS deconvolution for comprehensive metabolome analysis[END_REF] to obtain featurized data most commonly in .mgf format which contains spectral data and .csv format which contains quantitative data from peak integrations. With the increased use of large-scale data acquisition methods, the need to involve sophisticated computational methods to analyze and interpret these becomes more urgent.

The first attempts to apply computational methods to interpret mass spectrometry data was in 1965 with the start of the DENDRAL project, where they tried to apply artificial intelligence to help in structure elucidation (Buchanan and Feigenbaum, 1978). Since this time many more programs were developed, especially in the recent years (Beniddir et al., 2021), which can be broadly categorized into tools/algorithms for grouping of spectra and tools for annotation/ structure prediction (Table 1-1). One of the most widely used tools is SIRIUS, which can calculate molecular formulas for precursors as well as for fragment ions (Dührkop et al., 2019).

Integrated into this platform is CSI:FingerID (Dührkop et al., 2015) for fingerprint generation followed by annotation and CANOPUS (Dührkop et al., 2021) which can derive class based annotations directly from mass spectra using the Classyfire chemical ontology (Djoumbou Feunang et al., 2016). Traditionally molecular formula finding is a top down task, but recently BUDDY an alternative bottom up approach was published for molecular formula annotation which is also able to include radicals and outperforms SIRIUS (Xing et al., 2022). One innovation in the field was the launch of global natural products social networking (GNPS)

webservice for sharing, clustering, annotating and reusing mass spectral datasets (Wang et al., 2016). Feature based molecular networking applies cosine similarity scoring to cluster together similar MS2 spectra in a dataset (Nothias et al., 2020). Other methods to cluster similar spectra are Spec2Vec (Huber et al., 2021a), MS2deepscore (Huber et al., 2021b) and the modified cosine score which are all implemented in the matchms python package (Huber et al., 2020). The latter package can also be used for spectral library matching, but also GNPS and MS2query can be used for this purpose [START_REF] Jonge | MS2Query: Reliable and Scalable MS2 Mass Spectral-based Analogue Search[END_REF]. Another machine learning approach to group spectra is based on the latent dirichlet allocation derived from topic modelling of natural language processing, which implemented in MS2LDA (Wandy et al., 2018). The groupings from MS2LDA and molecular networking as well as GNPS annotations can be integrated with the MolNetEnhancer tool (Ernst et al., 2019). Common modifications that happen trough metabolic pathways can be made visible through MetWork, but is limited to about 4500 features [START_REF] Beauxis | MetWork: a web server for natural products anticipation[END_REF]. Interesting spectra can also be further explored for substructures using MESSAR (Liu et al., 2020) or MS2LDA (Wandy et al., 2018). The annotation rate of metabolomics experiments can further be enhanced by in-silico fragmentation methods such as CFM-ID (Wang et al., 2021), Moldiscovery [START_REF] Cao | MolDiscovery: learning mass spectrometry fragmentation of small molecules[END_REF], Metfrag (Ruttkies et al., 2016),

MassFormer [START_REF] Young | MassFormer: Tandem Mass Spectrum Prediction with Graph Transformers[END_REF], and QCxMS (Koopman and Grimme, 2021). A new deep neural network approach to annotation, Metabolite Inference with Spectrum Transformers (MIST), was recently proposed by [START_REF] Goldman | Annotating metabolite mass spectra with domain-inspired chemical formula transformers[END_REF], using molecular formula annotations created by SIRIUS (but should in theory also work with other software such as BUDDY) to create spectral fingerprints like CSI:FingerID, but clearly outperforms the latter. These fingerprints are then used to retrieve candidates from structural databases as done in SIRIUS, but with higher accuracy. These fingerprints can also be used to cluster similar spectra and create molecular networks. Finally structures of MS2 spectra can be directly predicted with MSnovelist (Stravs et al., 2022) or Spec2mol (Litsa et al., 2021).

Recent publications that aim at investigating PSMs by metabolomics try to apply several of these tools mentioned above. [START_REF] Kang | Comprehensive mass spectrometry-guided phenotyping of plant specialized metabolites reveals metabolic diversity in the cosmopolitan plant family Rhamnaceae[END_REF] studied the chemodiversity of the Rhamnaceae using MS2LDA and molecular networking. Similarly, the chemical diversity of the Malpighiaceae was studied using molecular networking and CANOPUS class based annotations [START_REF] Mannochio-Russo | Untargeted Metabolomics Sheds Light on the Diversity of Major Classes of Secondary Metabolites in the Malpighiaceae Botanical Family[END_REF]. Another interesting large scale study was performed by (Defossez et al., 2021),

where they analyzed 416 plant species along an altitudinal gradient using molecular networking and in-silico fragmentation methods paired with sophisticated statistical methods. Despite the plethora of available tools, the remaining challenge is the reliable annotation of unknown features in such experiments and now even more with their increasing number the integration of all the information's generated by all those tools. As part of this thesis, we aimed at developing more efficient computational means of integrating the outputs of these numerous tools and thereby the application to accelerate the study of the chemodiversity of PSM ( Chapter 2). In addition, Chapter 4 tackles one of the major obstacles in metabolomics, metabolite de novo annotation. 

Objectives and main chapters

My doctoral research has focused on the study of PSM diversification in Solanaceae using computational metabolomics as a guiding approach. The case study to this research has been NANNs which are poorly described alkaloids in the Nicotiana sect. Repandae. The fact that these are present in three of the four species of section and theoretically not in other species and are highly toxic to the tobacco hornworm led us to think that these could represent an allopolyploid-derived gain of function defense in the arms race of Nicotiana species with lepidopteran insects. This case study hence provides an interesting framework to study how key defensive micro innovations emerge. In particular, the main objectives related to this case were to explore the chemodiversity and phylogenetic distribution of NANNs (Chapter 
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Teaser: Computational metabolomics delineates main trends in the diversification of specialized metabolism in the genus Nicotiana

Introduction

Plant metabolic profiles represent complex traits that reflect both evolutionary and temporally dynamic adaptations to specific ecological niches. Compared with their counterparts integrated into broadly conserved central C metabolism pathways, specialized metabolites (SMs) contribute to the largest fraction of intra/inter-specific variations in plant metabolic profiles. This plant chemodiversity is predicted to account for somewhere on the order of one hundred thousand to one million chemically unique structures, with an estimated range of five thousand to fifteen thousand structures per plant species [START_REF] Maeda | Evolutionary History of Plant Metabolism[END_REF]. Many of these SMs act as chemical shields or as attractants in plant biotic interactions. In this respect, a relatively recent paradigm shift as part of ecological hypotheses such as the synergy ( 2) and interaction diversity hypotheses (3), has been to consider SM structural diversity, and not solely the summation of individual metabolites, as a critical determinant of plants' ecological interactions. The latter perspective also revives the interest in the exploration of SM diversity with modern analytical approaches and the use of adequate statistical descriptors (4).

In analogy to phylogenomics approaches that have flourished as a result of both the increasing release of annotated genomes and of established comparative bioinformatics pipelines to analyze these data, recent years have indeed seen a resurgence of plant family-/genus-specific comparative metabolomics analyses to guide functional biochemical studies. For instance, comparative metabolomics within the Rhamnaceae revealed that only the Ziziphoid clade of this family possesses a functional triterpenoid biosynthetic pathway, whereas the Rhamnoid clade predominantly developed diversity in flavonoid glycosides (5). In a previous study, we implemented a metabolomics-centered fragmentation rule-based pipeline to annotate the diversity of 17-hydroxygeranyl linalool (17-HGL) diterpene glycosides within the Solanaceae family and revealed intense chemotypic structural variations combined with a patchy distribution of this compound class as it appeared restricted to the Capsicum, Lycium and Nicotiana genera ( 6). The latter "phylometabolomics" information facilitated gene candidate selection for functional biochemical studies in the 17-HGL diterpene glycoside pathway [START_REF] Heiling | Using the knowns to discover the unknowns: MS-based dereplication uncovers structural diversity in 17hydroxygeranyllinalool diterpene glycoside production in the Solanaceae[END_REF]. Similarly, comparative metabolomics across multiple Solanaceae species was instrumental in guiding coexpression studies for gene discovery for the steroidal glycoalkaloid pathway emblematic of the Solanum genus [START_REF] Itkin | Biosynthesis of Antinutritional Alkaloids in Solanaceous Crops Is Mediated by Clustered Genes[END_REF].

Besides inter-specific variations in SMs, another important dimension, unfortunately rarely integrated into taxonomic-scale metabolomics studies, is the tissue/organ specialization of most SM pathways. Exploring these tissue/organ-level variations and their statistical correlation with gene expression data can be extremely powerful in the process of SM biosynthetic gene discovery [START_REF] Li | Illuminating a plant's tissue-specific metabolic diversity using computational metabolomics and information theory[END_REF]. Analyzing tissue-specific metabolomes is also critical to test ecological theories of plant investments into metabolic defenses such as the optimal defense theory which predicts greater metabolic defense accumulation in developmental stages/tissues with higher organismiclevel fitness contribution and/or greater predation rates (9). Trichomes, in particular glandular ones covering most aerial plant tissues, are notorious for their capacity to synthesize high amounts of very specific SMs [START_REF] Schuurink | Glandular trichomes: micro-organs with model status?[END_REF]. Trichome SMs can be either stored within trichome cells and glands or actively secreted, such as for Solanaceae-specific poly-acylated sugars, also referred to as O-acyl sugars and whose biochemistry has been thoroughly investigated in recent years [START_REF] Moghe | Evolutionary routes to biochemical innovation revealed by integrative analysis of a plant-defense related specialized metabolic pathway[END_REF].

Calyces formed by the floral sepals and which protect maturating reproductive organs are typically rich in SMs whose biosynthesis can be dependent on trichomes present on these tissues [START_REF] Servettaz | Micromorphological and Phytochemical Research on Teucrium scorodonia and Teucrium siculum from the Italian Flora[END_REF][START_REF] Sun | Isolation and characterization of cytotoxic withanolides from the calyx of Physalis alkekengi L. var franchetii[END_REF][START_REF] Livingston | Cannabis glandular trichomes alter morphology and metabolite content during flower maturation[END_REF]. SM profiles of roots, while much less systematically explored than shoot-based ones, can be as structurally diverse as trichome-specific ones [START_REF] Korenblum | Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling[END_REF] and have recently become of major focus for our understanding of SM ecological functions for plant-soil microorganisms' interactions [START_REF] Huang | A specialized metabolic network selectively modulates Arabidopsis root microbiota[END_REF].

Most recent advances in computational metabolomics provide a long-awaited framework to systematically explore the above-described importance of the species x tissue SM variations ( 4).

These novel capacities to explore plant chemical spaces are further propelled by platforms such as, the MassIVE database (https://massive.ucsd.edu/) reaching 12000 metabolomics datasets in 2022. Despite the increasing amount of data that can be generated from modern MS instruments, the average annotation rate of most MS metabolomics studies remains at the order of a few percent of deconvoluted MS/MS features [START_REF] Aksenov | Global chemical analysis of biology by mass spectrometry[END_REF]. The number of computational tools to address this challenge of transforming spectral information into chemical knowledge is hence rapidly increasing and can be divided into two main approaches. One set of approaches relies on MS/MS spectral grouping, as embodied by the game-changing development of molecular networking and of the repertoire of network annotation/mining tools embedded within the Global Natural Products Social Molecular Networking (GNPS) ecosystem [START_REF] Nothias | Feature-based molecular networking in the GNPS analysis environment[END_REF]19). A second set of approaches relies on in silico fragmentation and (sub)structure prediction from mass spectra. Classification of spectra within ontologies of molecular families can notably be achieved by CANOPUS, a deep neural network method which is able to predict 2497 compound classes [START_REF] Dührkop | Systematic classification of unknown metabolites using high-resolution fragmentation mass spectra[END_REF] and which is embedded with the elemental formula prediction and structure annotation pipeline from SIRIUS [START_REF] Dührkop | SIRIUS 4: a rapid tool for turning tandem mass spectra into metabolite structure information[END_REF]. Alternatively, the MS2LDA method allows to extract information derived from shared substructures from spectral data via a Latent Dirichlet Allocation algorithm borrowed from topic modelling [START_REF] Wandy | 2lda.org: web-based topic modelling for substructure discovery in mass spectrometry[END_REF]. Recently developed or significantly upgraded computational tools such as CFM-ID [START_REF] Wang | CFM-ID 4.0: More Accurate ESI-MS/MS Spectral Prediction and Compound Identification[END_REF], molDiscovery [START_REF] Cao | MolDiscovery: learning mass spectrometry fragmentation of small molecules[END_REF], Metfrag [START_REF] Ruttkies | MetFrag relaunched: incorporating strategies beyond in silico fragmentation[END_REF] or QCxMS [START_REF] Koopman | From QCEIMS to QCxMS: A Tool to Routinely Calculate CID Mass Spectra Using Molecular Dynamics[END_REF] provide algorithmic means to predict MS/MS spectra from structures. However, systematically prioritizing and/or merging the highest confidence predictions from each of these tools remains a challenge that is rarely tackled in most MS metabolomic studies.

The genus Nicotiana L. combines several appealing features to study SM pathway diversification. This genus, comprising 13 well phylogenetically-resolved sections for a total of at least 80 species, is appearing in various morphological forms such as small herbs to shrubs up to small trees, which often are viscid-glandular and rarely glabrous [START_REF] Knapp | Nomenclatural changes and a new sectional classification in Nicotiana (Solanaceae)[END_REF][START_REF] Powo | Plants of the World Online. Facilitated by the Royal Botanic Gardens[END_REF]. Among the most studied species in this genus are Nicotiana tabacum and N. rustica, which are traditionally grown for tobacco products; N. glauca, which has been a focus of biofuel research studies [START_REF] Usade | The genome and metabolome of the tobacco tree, Nicotiana glauca: a potential renewable feedstock for the bioeconomy[END_REF] and N.

benthamiana, a very popular model organism in molecular biology [START_REF] Pombo | Nicotiana benthamiana, A Popular Model for Genome Evolution and Plant-Pathogen Interactions[END_REF]. The intense research on Nicotiana species is further reflected into the very large set of reference transcriptome and genome resources publicly available for species of this genus [START_REF] Foerster | Tobacco Resources in the Sol Genomics Network and Nicotiana Metabolic Databases[END_REF]. As recently reviewed [START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF], the phytochemistry of several species of this genus, in particular that of the coyote tobacco

Nicotiana attenuata, a flagship model organism for the chemical ecology of plant-insect interactions [START_REF] Navarro-Quezada | Nicotiana attenuata Genome Reveals Genes in the Molecular Machinery Behind Remarkable Adaptive Phenotypic Plasticity[END_REF], has been extensively studied with notable focus on alkaloids, mono/sesquiterpene volatiles, O-acyl sugars or 17-HGL diterpene glycosides. Finally, half of the species of the Nicotiana genus are allopolyploids of different ages and for some of them, the closest extant diploid progenitors have been mapped, thereby providing a phylogenetics framework to study allopolyploidy-mediated contributions to phenotypic trait evolution [START_REF] Mccarthy | Transgressive phenotypes and generalist pollination in the floral evolution of Nicotiana polyploids[END_REF].

Among the Nicotiana SM innovations thought to have been shaped by recent allopolyploidization events are N-acyl-nornicotines (NANNs), derived from the N-acylation of nornicotine with long chain fatty acyl chains and which have been described as specific to allopolyploid species of the section Repandae [START_REF] Severson | Identification of tobacco hornworm antibiosis factor from cuticulae of Repandae section of Nicotiana species[END_REF]. This Nicotiana section is about 4.5 million years old and has N. sylvestris as its closest diploid maternal and N. obtusifolia as closest paternal progenitor. The 17 NANN structures originally described in the Repandae species N. repanda, N. nesophila, N. stocktonii [START_REF] Laue | Fast track to the trichome: induction of N-acyl nornicotines precedes nicotine induction in Nicotiana repanda[END_REF][START_REF] Severson | Chemistry and Biological Activity of Acylnornicotines from Nicotiana repanda[END_REF], but not in N. nudicaulis, likely act as gain-offunction anti-herbivory defenses. Indeed, compared with the Nicotiana widespread nicotine and nornicotine non-acylated alkaloids, NANNs are highly effective against and evade the resistance acquired for nicotine/nornicotine by the tobacco hornworm Manduca sexta, a native herbivore [START_REF] Huesing | A new form of antibiosis in Nicotiana[END_REF]. However, the evolution of this defensive trait is largely underexplored and detailed investigations on the NANN structural diversity within the genus Nicotiana are missing.

Here, we implemented a comprehensive computational MS metabolomics workflow to explore SM chemodiversity in various tissues of 20 species representative of the main phylogenetic sections within the Nicotiana genus. By employing a multi-inference deep annotation approach that ultimately connects information theory statistics, chemical class mapping and substructure inferences, we provide an unprecedented cartography of SM tissue-level distribution in this genus. The results of this study provide access to novel SM annotations and tissue x species distribution data to guide future biochemical studies and notably shed light on the unsuspected structural diversity and evolutionary trajectory of the NANNs defensive pathway within the Nicotiana genus.

Results

Tissue-level metabolomics data capture phylogenetically-relevant Nicotiana SM diversity

In order to comprehensively explore tissue-level SM diversification in the Nicotiana genus, we profiled the metabolome of leaves elicited or not with methyljasmonate, concentrated leaf surface exudates, complete root and of calyces (Figure 2-1B) of 20 species covering all of the main sections of this genus as well as diploid and allotetraploid states (Figure 2-1A and Table S 2-1). Besides phylogenetic position, species selection further took into consideration the availability of transcriptomics/genomics data as a platform for future functional studies [START_REF] Foerster | Tobacco Resources in the Sol Genomics Network and Nicotiana Metabolic Databases[END_REF].

Sampled tissues were selected based on previous studies of our group [START_REF] Li | Illuminating a plant's tissue-specific metabolic diversity using computational metabolomics and information theory[END_REF] indicating the high degree of tissue-level specialization in SM distribution and conversely the importance of concatenating multi-tissue profiles to increase SM coverage. Additionally, we aimed via this pluri-tissue approach to explore tissue-level shifts in SM class prevalence across the focal species as a mechanism of organismic-level chemodiversification. Noteworthy, amounts of leaf exudate material collected greatly differed among the focal species, with Nicotiana setchellii (2.7 mg of exudate per g leaf fresh weight) and Nicotiana glutinosa (2.5 mg/g) producing the largest amounts of dried exudates collected from leaf washes (Figure S 2-1 andTable S 2-1). All methanolic extracts were analyzed using a previously established UPLC-ESI+QTOFMS method with optimized settings for massive MS/MS data collection [START_REF] Heiling | Using the knowns to discover the unknowns: MS-based dereplication uncovers structural diversity in 17hydroxygeranyllinalool diterpene glycoside production in the Solanaceae[END_REF]. 17901 metabolite-derived MS/MS spectra (hereafter referred to as features) were, after a data redundancy and contaminant check using a custom script, deconvoluted and considered for Feature-based Molecular Networking (FBMN) processing with settings that were optimized to handle the species x tissueexacerbated metabolic diversity in the dataset. The resulting species x tissue MS/MS feature To contrast patterns of feature diversity across species, we calculated, for each of the tissue types, α-diversity scores based on the Shannon Entropy (H) from Information Theory ( 8 Additionally, while we initially assumed that the metabolic profiles of the exudates collected from uninduced leaves would be restricted to a few prevalent SMs (thereby resulting into in low α -diversity scores for this sample type), the relatively high α -diversity scores detected in most species were consistent with a far greater chemical diversity in those extracts. In clear contrast, Repandae species, with the exception of N. nudicaulis and the hybrid N. sylvestris x N. repanda, exhibited much lower α -diversity scores (H ranging from 3.5 to 3.7 compared with the average H value of 8.5 for the rest of the species) that were in line with the previously reported overdominance of NANNs within their exudates [START_REF] Severson | Chemistry and Biological Activity of Acylnornicotines from Nicotiana repanda[END_REF]. When feasible based on the species sampling, we also compared the α-diversity scores of allotetraploid species to those of closest diploid progenitors. Independently of the tissue type considered, we did not observe evidence of clear metabolic additivity in allotetraploid species, which would translate into higher α-diversity scores as compared to those of closest diploid progenitors (Figure 2-2A). To analyze the relatedness of species' metabolomes, we further computed inter-species metabolic distances based the molecular networking information and used the resulting distance matrices for constructing "phylometabolomics" trees. Several studies had previously attempted to construct such "phylometabolomics" trees but from single-tissue metabolome data. Here, we constructed trees both from the tissue-level (Figure S 2-4) and combined tissue data (Figure

2-2B).

The resulting "all tissues" phylometabolomics tree captured patterns of metabolomerelatedness that were frequently in accordance with the species' tree section-level grouping and relatedness (Figure 2-2B). Among other interesting insights, Repandae species' metabolomes, with the exception of that of N. nudicaulis, appeared much closely-related at the "all tissues" metabolome level to that the Sylvestres section from which their maternal progenitor had been associated with, then to the Trigonophyllae section (paternal progenitor section) (Figure 2-2B, Table S 2-2).

Creating a cartography of Nicotiana SM class diversification

After highlighting counter-species chemodiversity variations, we then systematically characterized onto which SM classes they mapped. In analogy to gene family inference and survey across focal species as a first step in phylogenomics, we first employed the CANOPUS tool for ad hoc systematic compound class and chemical ontology predictions. To combine FBMN and CANOPUS information, we implemented a frequency-based molecular networkbased propagation of CANOPUS (NP-CANOPUS) predictions, resulting into class predictions for 86.5 % of the total features within the 1586 networks retrieved by FBMN. CANOPUS "super-class" and "most specific class" intensity distributions integrating all tissue samples of given species were encapsulated as treemaps and mapped onto the species tree to provide a bird's eye view on class expansions and shrinkages (Figure 2-3B). For the sake of simplicity, only a few of the main tendencies are reported below; close-up views on particular "metabolic tiles" and tissue-specific treemaps are accessible in Data S1. Most clearly apparent was the highest proportion of "lipids and lipid-like molecules" in all species, with a significant fraction of these lipids being, in many species, contributed by the saccharolipid sub-class commonly referred to as O-acyl sugars in the Solanaceae. Browsing these treemaps supported the presence of high amounts of predicted diterpenes in N. tabacum, N. sylvestris and the cross between N. repanda x N. sylvestris -the latter hybrid having been initially incorporated to test progenitor chemical trait dominance. Among other trends, this analysis also pinpointed on N. setchellii exhibiting the most diverse and abundant set of "phenylpropanoid derivatives" from predicted 3-O-methylated flavonoids (connected to network #361), simple hydroxycinnamic acids (network #990), up to coumarin glycosides (network #532). Noteworthy, the performance of CANOPUS predictions was nonetheless hampered for SMs that contained substructures from independent biosynthetic origins, thereby resulting into heterogeneous CANOPUS ontologies. For instance, the large "amino acids and derivatives" tile within the N. glauca treemap was mostly associated with network #468, but the features embedded in this network were manually curated as Nhydroxycinnamoyl-spermidine conjugates which are commonly encountered in leaves of Solanaceae species as antiherbivore defenses [START_REF] Onkokesung | MYB8 Controls Inducible Phenolamide Levels by Activating Three Novel Hydroxycinnamoyl-Coenzyme A:Polyamine Transferases in Nicotiana attenuata[END_REF]. Also highlighting this limitation was that the high-level of NANNs which are emblematic of the Repandae section, was not as easily noticeable on the corresponding treemaps. Previously characterized NANNs were indeed split into several classes as "organoheterocyclic compounds", "benzenoids" and "organic nitrogen compounds" (Data S1). Deep metabolome annotation empowered by a multi-inference approach incorporating a 1 million natural product in silico spectral database and consensus substructure computations

The previous analysis indicated a critical need not only for broadly increasing feature annotations beyond CANOPUS class predictions but also for gaining structural insights into core (sub)structures underlying molecular networks' topology. As outlined in a recent review [START_REF] Beniddir | Advances in decomposing complex metabolite mixtures using substructure-and network-based computational metabolomics approaches[END_REF],

substructure annotation provides information on functional groups, building blocks, or scaffolds from the analysis of purified SMs) and the GNPS library, the resulting hits being referred respectively to as annotation levels 1 to 2 according to the Metabolomics Standard Initiative nomenclature [START_REF] Sumner | Proposed minimum reporting standards for chemical analysis[END_REF]. Interrogation of these two experimental spectral databases provided hits for 4% of the MS/MS features (Figure 2-3A). Level 3 of the annotation nomenclature regrouped class-based annotations mostly derived from manual inspection of network-level hits (5%). To circumvent limitations in the chemical space covered by these two experimental databases, spectral interrogations were conducted in parallel against in silico-predicted MS/MS spectral libraries using both molDiscovery which predicts MS spectra of small molecules on-the-fly and scores their probabilistic modeling [START_REF] Cao | MolDiscovery: learning mass spectrometry fragmentation of small molecules[END_REF], and a combination of CFM-ID and MatchMS. To further expand the power of this approach beyond the chemical space of the molDiscovery builtin library, we computed MS/MS spectra for the 429 natural products reported in a recent

Nicotiana phytochemistry review [START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF] and, more importantly, we undertook the development of an in silico spectral library for about 1.1 million natural products (1M-DB).

A comprehensive description of the creation of the 1M-DB in silico spectral library and of its architecture is reported as Supplementary Text (see also and S4).

Exploring the chemical substructure basis of Nicotiana section and species-level SM specialization

Next, we navigated the SM cartography to further dig into the inter-species chemodiversity variations that were detected from the species-level α-diversity (Figure 2-2) and CANOPUS treemap analyses (Figure 2-3). To rigorously infer statistical associations between species and particular CANOPUS "super-class" / "most specific class" predictions, we employed non-metric multidimensional scaling (NMDS). NMDS is a powerful ordination technique in information visualization that is frequently employed in ecology to spatially represent interconnections among species or communities based on a series of univariate descriptors [START_REF] Buttigieg | A guide to statistical analysis in microbial ecology: a community-focused, living review of multivariate data analyses[END_REF]. The strength of this statistical approach is that it allows to efficiently collapse the information from multiple A detailed interpretation of these species/section metabolic specificities requires a simplified access to the underlying MS/MS fragmentation schemes. The latter can typically be approached through MS2LDA, an unsupervised method to extract common patterns of mass fragments and neutral losses, referred to as mass motifs, from collections of fragmentation spectra [START_REF] Wandy | 2lda.org: web-based topic modelling for substructure discovery in mass spectrometry[END_REF]. From 

N-acylnornicotines (NANNs) as case-study for structural diversity expansion in

Repandae allopolyploids

In the following, we exemplify using the case-study of NANNs, how the Nicotiana genus SM cartography and connected annotation resources can be exploited to gain novel (bio)chemical and evolutionary insights into specific SMs. NANNs have been described as leaf exudate allopolyploidy-mediated innovations specific to the Repandae section [START_REF] Severson | Identification of tobacco hornworm antibiosis factor from cuticulae of Repandae section of Nicotiana species[END_REF]. In our data-platform, 

NANNs evolutionary diversification predates Repandae polyploidy formation

Our data strongly challenged the previous view that NANN biosynthetic capacity strictly arose as part of the allopolyploidy event at the base of the Repandae and that as such NANNs could be considered as a transgressive metabolic trait to this section. Indeed, 

Discussion

Lineage-specific reconfigurations in rapidly evolving sectors of a plant specialized metabolism can be transparent at the genomics/transcriptomics levels for which most evolutionary studies on adaptative traits are conducted. This stresses the obvious fact that the power of genomics-driven evolutionary inferences on plant SM pathways critically relies on the chemical classification of metabolites part of these metabolic sectors as well as on the phylogenetics contextualization of this information. To tackle this issue, the open-source computational metabolomics approaches presented here are propelled by a broadly transposable multi-inference annotation approach that maximizes the coverage of substructure predictions, thereby resulting into an unprecedented cartography of SM diversity in the Nicotiana genus linking species-level SM prevalence to particular substructures. With this workflow, we notably shed light on the structural diversity and phylogenetics distribution of NANNs, a gain-of-function defensive innovation previously thought to have evolved with Repandae allopolyploids speciation [START_REF] Huesing | A new form of antibiosis in Nicotiana[END_REF].

A major challenge in MS metabolomics remains to reach broad structural annotation ("deep metabolome annotation") and substructure discovery beyond chemical class predictions and the dereplication of previously identified SMs, which is the most frequent outcome of molecular networking-based data exploration. In particular, with the use of heterogeneous computational annotation tools and that of querying highly diverse experimental and in silico MS/MS database comes the inherent difficulty of systemically prioritizing and/or merging the minimal set of most reliable annotations collected from these inferences. MolNetEnhancer has been developed to more efficiently combine outputs from molecular networking, MS2LDA as well as in silico and chemical classification tools [START_REF] Ernst | MolNetEnhancer: Enhanced Molecular Networks by Integrating Metabolome Mining and Annotation Tools[END_REF]. However, substructure discovery from MolNetEnhancer outputs is strongly hampered by the scarcity of annotated motifs in the Mass2Motifs database embedded into MS2LDA, many of which additionally translating from relatively unspecific fragmentations (e.g. water, methyl, hexose losses). Only 24 of the 76 mass motifs retained for further analysis had partial annotation hints in the MS2LDA Mass2Motifs database (Data S5).

To significantly improve substructure discovery and annotation, we implemented two complementary approaches. On the one hand, we propagated CANOPUS predictions at mass motif level (MP-CANOPUS) by computing frequencies in "super-class/sub-class/most specific class", and combined this information with mass motif co-regulation analysis (Figure 2345). The second approach implemented for substructure analysis involved advanced maximum common substructure calculations to integrate annotations from multiple tools on a network (NCS) or motif level (MCS). Overall, we obtained 349 NCS or 303 MCS predictions for the whole dataset (Data S3 and S6). Maximum common substructure computation for substructure prediction had been employed in one of our previous studies to cluster candidate structures obtained by the MetFrag searches among co-regulated herbivory-induced metabolites [START_REF] Gaquerel | Computational annotation of plant metabolomics profiles via a novel network-assisted approach[END_REF] and is also one of the processing steps within the Network Annotation Propagation tool of the GNPS web-platform [START_REF] Li | Predicting Network Activity from High Throughput Metabolomics[END_REF]. Altogether, we advocate that the NCS/MCS approach implemented here has three main advantages: (i) it is an efficient mean of summarizing common substructure within the diversity of outputs from database queries as SMILES strings, (ii) it can used as input to reveal substructures statistically associated with intense chemodiversification in a given species, and

(iii) it provides structural guidance during the manual interpretation of mass motifs or molecular network. In this respect, our study led to the curation of 76 mass motifs (Data S5). Such an effort is important to empower supervised search of mass motifs which is already possible in MS2LDA and which will be greatly facilitated with the recent release of the MS2QUERY tool [START_REF] De Jonge | MS2Query: Reliable and Scalable MS2 Mass Spectralbased Analogue Search[END_REF].

A very important delivery of our work is the development and public sharing of the 1M-DB which is, to the best of our knowledge, the largest in silico spectral database. This approach resulted into 5-fold more hits (annotation of 57% of the total features), than experimental spectral database interrogation alone. Data of the 1M-DB can currently be accessed and interrogated from the GNPS platform. The size of this data-set can represent a challenge for MatchMS-based queries, which can nonetheless be locally implemented with reasonable computing capacity with the parallelized script (Code Availability and Description) provided with our study. It is therefore foreseeable that the efficiency of the interrogation of the 1M-DB will strongly benefit from up-to-date optimization of MatchMS parallelization as part of future version releases. Multiple tools have been developed in recent years to produce hypothetical MS/MS spectra [START_REF] Wang | CFM-ID 4.0: More Accurate ESI-MS/MS Spectral Prediction and Compound Identification[END_REF][START_REF] Cao | MolDiscovery: learning mass spectrometry fragmentation of small molecules[END_REF][START_REF] Ruttkies | MetFrag relaunched: incorporating strategies beyond in silico fragmentation[END_REF][START_REF] Koopman | From QCEIMS to QCxMS: A Tool to Routinely Calculate CID Mass Spectra Using Molecular Dynamics[END_REF][START_REF] Young | MassFormer: Tandem Mass Spectrum Prediction with Graph Transformers[END_REF]. A more recent development in this area is that of QCxMS which provides, in our experience, very high-quality spectra. This program is currently too much computationally demanding and could not be transposed to the scale of this study, besides the computation of MS/MS predictions for the 429 structures of the Jassbi database and using a limited number of fragmentation trajectories (Zenodo link, https://doi.org/10.5281/zenodo.6536010). One promising direction for improving the confidence of such in silico fragmentation-based annotation is exemplified by the recently developed COSMIC workflow that incorporates a confidence score consisting of kernel density P-value estimation from a decoy library and a support vector machine algorithm [START_REF] Hoffmann | High-confidence structural annotation of metabolites absent from spectral libraries[END_REF]. With the increasing quality of MS/MS predictions, one interesting perspective could be to extract mass motifs from them and thus directly infer fragment substructures produced from known structure in silico decomposition.

In terms of structural information, the SM metabolic cartography generated in this study goes far beyond to a recently published chemotypic classification of the Nicotiana genus which mostly consisted in the dereplication of primary metabolites such as steroids and only a few SMs [START_REF] Drapal | The chemotype core collection of genus Nicotiana[END_REF].

In our opinion, this data platform and our SM cartography provide complementary views on the metabolic diversity of this genus. Noteworthy, the aforementioned study did solely focus on leaf metabolomes, while ours and previous studies ( 8) unambiguously indicated the importance of "screening" multiple tissues to capture a broader SM diversity picture. In this respect, we demonstrated that expanding the analysis at the multi-tissue level (by combing tissue-level molecular network information) resulted into a "phylometabolomics" tree that captured shared SM biosynthetic potential among closely-related species with more resolution (Figure 2-2).

Beyond simple presence/absence of SM classes which has been a traditional focus of chemotaxonomic studies, the fact that structural diversity can nowadays be more efficiently accessed with computational MS metabolomics opens novel research avenues for understanding the evolution of SM, as implemented in a recent survey of the SM synapomorphies and homoplasies in the Malpighiaceae family [START_REF] Mannochio-Russo | Untargeted Metabolomics Sheds Light on the Diversity of Major Classes of Secondary Metabolites in the Malpighiaceae Botanical Family[END_REF]. Information theory Shannon statistics transposed to MS feature analysis or individual metabolites can also provide an efficient means of contrasting metabolic diversity among the metabolic profiles to examine evolutionary ecology theories and contextualize those at relevant taxonomic scales [START_REF] Li | Information theory tests critical predictions of plant defense theory for specialized metabolism[END_REF]. By employing α-diversity analysis, we confirmed that roots exhibit, under our analytical conditions, the most specific metabolomes, a pattern which had been previously detected in a study focusing on N. attenuata as the sole model species [START_REF] Li | Illuminating a plant's tissue-specific metabolic diversity using computational metabolomics and information theory[END_REF]. α-Diversity scores further varied in-between species, thereby indicating variations in constitutive SM biosynthetic capacities and/or constitutive vs stressinduced investments into SM production. In this respect, we further observed that these interspecies variations in MeJA inducibility were negatively correlated with α-diversity scores constitutive leaf metabolome. This trend is reminiscent of the inter-species patterns detected from the comparative analysis of early herbivory-induced transcriptomes for 6 Nicotiana species [START_REF] Zhou | Evolution of herbivore-induced early defense signaling was shaped by genome-wide duplications in Nicotiana[END_REF], and may reflect physiological trade-offs between constitutive vs inducible metabolic diversity maintenance.

Many interesting novel biochemical insights worth to be pursuing by gene function studies, were extracted from the SM cartography produced from this study. Our analysis notably detected the presence of mono-O-acylglycerols (classified under the CANOPUS most specific class 1monoacylglycerols) specifically on the leaf surfaces of the section Suaveolentes and at lower abundances in the Rusticae. Besides its well-known housekeeping function in the synthesis of diand tri-O-acylglycerols via the action of GPAT enzymes [START_REF] Murata | Glycerol-3-phosphate acyltransferase in plants[END_REF], the latter compound class has been poorly investigated regarding its presence on plant aerial surfaces. Main reports on the possible defense-related functions of this compound class derive from studies on their presence as abundant surface metabolites on the calyx of several Scrophulariaceae species [START_REF] Asai | Acylglycerols (=Glycerides) from the Glandular Trichome Exudate on the Leaves of Paulownia tomentosa[END_REF], and from a unique report for the Nicotiana genus describing these compounds as efficient chemical glues against small insects on the leaf surfaces of N. benthamiana [START_REF] Matsuzaki | Novel Glycerolipids and Glycolipids from the Surface Lipids of Nicotiana benthamiana[END_REF]. The prevalence of this compound class in the Suaveolentes section, in particular in N. benthamiana, could point to an interesting case-study to functionally examine the biochemistry and evolution of this pathway and compare it with that of the thoroughly investigated and structurally reminiscent O-acyl sugars [START_REF] Moghe | Evolutionary routes to biochemical innovation revealed by integrative analysis of a plant-defense related specialized metabolic pathway[END_REF]. Our analysis also revealed subtle tissue-level chemotypic variations within O-acyl sugars networks. Apart from confirming previously detected strong cross-species variations in structural diversity, inspections of these networks also indicated that some of these O-acylsugars are present at low levels in roots . This could further illuminate recent work on the predicted role of these SMs in plant-soil microbiome interactions [START_REF] Korenblum | Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling[END_REF]. In addition, we describe the occurrence of acylglucoses and how this compound class is represented and interconnected with all our computational metabolomics concepts (Figure 2-9A-D). These compounds are present at high levels in the section of the Suaveolentes and Rusticae (Figure 2-9A, B, D), which seem not to co-occur with other high acyl-sugar producing species. These compounds have been previously reported from N. benthamiana and N. miersii [START_REF] Matsuzaki | Novel Glycerolipids and Glycolipids from the Surface Lipids of Nicotiana benthamiana[END_REF][START_REF] Matsuzaki | Isolation and Characterization of Tetra-and Triacylglucose from the Surface Lipids of Nicotiana miersii[END_REF], but are most well-known from wild tomato Solanum pennellii, where the biosynthesis has been linked to a invertase enzyme [START_REF] Leong | Evolution of metabolic novelty: A trichome-expressed invertase creates specialized metabolic diversity in wild tomato[END_REF]. These compounds have also been described from other Solanaceae species within Datura and Solanum, for Solanum nigrum the convergent evolution of the biosynthetic pathway has been demonstrated [START_REF] Lou | It happened again: Convergent evolution of acylglucose specialized metabolism in black nightshade and wild tomato[END_REF]. It would be of great interest to study the origins of this compound class in Nicotiana, as the distinctive distribution points to limited invertase activity in most of the investigated species. Our SM cartography also provided a far greater species x tissue resolution on terpene-related classes' distribution compared to tendencies previously sketched in Nicotiana studies that targeted trichome-based cembrene diterpene [START_REF] Ennajdaoui | Trichome specific expression of the tobacco (Nicotiana sylvestris) cembratrien-ol synthase genes is controlled by both activating and repressing cis-regions[END_REF] and 17-HGL-DTG [START_REF] Heiling | Using the knowns to discover the unknowns: MS-based dereplication uncovers structural diversity in 17hydroxygeranyllinalool diterpene glycoside production in the Solanaceae[END_REF]. Our study revealed for these two classes of diterpenes, pronounced expansions of structural diversity and significant associations with the Nicotiana, Sylvestres, Undulatae, Tomentosae, Trigonophyllae (17-HGL-DTG) sections that include species in which emblematic structures of these compound classes had been originally detected ( 6). An unexpected result was the detection, at large levels in N. plumbaginifolia and to a minor extent in N. glutinosa, of steroidal glycoalkaloids, emblematic of the Solanum genus and whose presence is considered as erratic in other Solanaceae genera. Within the structurally rich network of steroidal glycoalkaloids identified in our study, the dereplication of solaplumbin m/z 722.4479,

([M+H] + , C39H64NO11
) is supported by old phytochemistry reports [START_REF] Singh | Solaplumbin, a new anticancer glycoside from Nicotiana plumbaginifolia[END_REF]. Such unexplored patchy distribution of steroidal glycoalkaloids within the Solanaceae provides exciting foundations for future evolutionary biochemistry studies. The fact that α-diversity scores, independently of the tissue type, were not reflecting direct metabolic additivity in allotetraploid species. This, along with unique metabolic characteristics as compared to their closest extent diploid progenitors, could be reminiscent of patterns observed when inspecting complex reconfigurations of floral morphological and associated metabolic traits in Nicotiana allotetraploids [START_REF] Mccarthy | Transgressive phenotypes and generalist pollination in the floral evolution of Nicotiana polyploids[END_REF]. Due to their previously reported absence in Repandae containing NANNs in their leaf laminas. These data provide rigorous support to old literature that reports anecdotal evidence [START_REF] Sisson | Alkaloid Composition of the Nicotiana Species[END_REF][START_REF] Djordjevic | Accumulation and distribution of acylated nornicotine derivatives in flue-cured tobacco alkaloid isolines[END_REF] for low amounts of short (-formyl, -acetyl) and middle (C4-C8) chain length NANNs present in other Nicotiana species [START_REF] Outchkourov | Control of anthocyanin and non-flavonoid compounds by anthocyaninregulating MYB and bHLH transcription factors in Nicotiana benthamiana leaves[END_REF]. Interestingly, N.

obtusifolia, considered as a closest extant female progenitor to Repandae, is one of the Nicotiana species that accumulates the largest nornicotine-to-nicotine ratio in its leaves [START_REF] Kaminski | Alkaloid chemophenetics and transcriptomics of the Nicotiana genus[END_REF]. Another interesting observation to pursue is that N. sylvestris, the closest extant male progenitor to Repandae, is thought to have contributed to several allopolyploidization events in the genus Nicotiana, many of which being able to accumulate greater NANN amounts than the other species tested in this study. As such, our data suggest a more complex than previously thought evolution of the NANN pathway. A direct perspective will be the identification of the canonical NANN biosynthetic N-acyltransferase(s) which is predicted to be abundant in Repandae trichomes from our data and from previous phytochemical analyses on crude trichome fractions [START_REF] Severson | Identification of tobacco hornworm antibiosis factor from cuticulae of Repandae section of Nicotiana species[END_REF][START_REF] Laue | Fast track to the trichome: induction of N-acyl nornicotines precedes nicotine induction in Nicotiana repanda[END_REF][START_REF] Severson | Chemistry and Biological Activity of Acylnornicotines from Nicotiana repanda[END_REF][START_REF] Zador | The Biosynthesis of a Novel Nicotine Alkaloid in the Trichomes of Nicotiana stocktonii[END_REF]. Our tissue cartography finally revealed a largely unexplored repertoire of NANNs in the roots of all examined species. These data and ASR analyses are in favor of shorter chain NANN production in roots being a most ancestral trait in this metabolic class. In the context of future biochemical investigations, the latter interpretation would be consistent with the fact that the accumulation of canonical NANNs onto aerial surfaces involves trichome-based N-acyltransferase enzymes with greater affinity for long chain fatty acyl-CoA as compared to those present in roots.

In conclusion, the fully open data and broad range of data integration approaches and provided here present an unprecedented resource to revive SM analysis in the Nicotiana genus and contribute to the establishment of phylometabolomics as an instrumental bottom-up approach to guide future evolutionary biochemistry studies.

Material and Methods

Plant material, growth conditions and treatment

Nicotiana species with their origin and associated accession numbers are summarized in Table S 2-1. Seeds of all Nicotiana species were directly germinated on soil, with the exception of N.

attenuata, for which smoke-induced seed germination was established as described previously (Krügel et al., 2002). For all species, glasshouse growth conditions were as described previously (Krügel et al., 2002). Six-to-eight weeks old elongated plants were used for all metabolomics

analyses. In order to analyze the regulatory function of jasmonate signaling on metabolomicsinferred specialized metabolism classes, petioles of 2 elongated plants were treated with either 20 µL lanolin paste containing 150 µg methyl jasmonate (Lan + MeJA) or with 20 µL pure lanolin (Lan) according to Heiling et al. (2021). Leaf samples were harvested 72 h after treatment, flashfrozen in liquid nitrogen, and stored at -80°C until use.

Metabolite extraction procedures for UPLC-QTOF MS

Leaf, root and calyx metabolites were extracted for UPLC-QTOF MS analysis as previously described (Heiling et al., 2017). Briefly, for leaf samples, 12 discs per plant (~ 100 mg freshweight tissue) were flash-frozen in liquid nitrogen immediately after harvest and stored at -80°C until use. The latter frozen leaf samples were ground in a Tissue Lyzer II for 3 min at 30 Hz and metabolites extracted by addition of 1 mL of 80 % methanol, 1 h of shaking at 1000 rpm at 4°C

and further kept with a gentle agitation overnight at 4°C. Samples were finally centrifuged for 10 min at 14000 g and the resulting supernatants transferred into glass vials. Root samples referred to the complete root system of about-8 weeks old plants. After soil removal, roots were rinsed in water, gently dried with paper towels and flash-frozen in liquid nitrogen. Root samples were homogenized in a Tissue Lyzer II for 4 min at 30 Hz. Metabolite extraction was conducted as above described from 200 to 400 mg root material (primary, secondary and tertiary roots).

Flower calyces were collected from about 8 weeks old plants and processed for metabolite extraction using above leaf metabolite extraction conditions. To obtain leaf exudates enriched into semi-polar to apolar surface metabolites, fully elongated leaves were briefly rinsed with acetonitrile. These exudates were filtered on filter paper and completely dried under reduced pressure. Dried residues were then re-dissolved in methanol and total metabolite concentration was adjusted to 1 mg.mL -1 , except for Nicotiana repanda, N. stocktonii and N. nesophila exudates which were diluted to 0.001 mg.mL -1 and 0.1 mg.mL -1 (see Table S 2-1) in order to avoid detector saturation, due to the high levels of NANNs in these samples. Peaks areas were corrected by corresponding dilution factors.

UPLC-QTOF MS chromatographic conditions

Methanolic extracts were analyzed using ultra-high pressure liquid chromatography coupled to high-resolution mass spectrometry on an UltiMate 3000 system (Thermo) coupled to an Impact II (Bruker) quadrupole time-of-flight (QTOF) spectrometer. Chromatographic separation was performed on an Acquity UPLC ® BEH C18 column (2.1x100mm, 1.7µm, Waters) equipped with an Acquity UPLC ® BEH C18 pre-column (2.1x5mm, 1.7µm, Waters) and using a gradient of solvents A (water, 0.1% acetonitrile, 0.05% formic acid) and B (acetonitrile, 0.05% formic acid). Chromatography was carried out at 35°C with a flux of 0.4 mL.min -1 , starting with 10% B for 3 min, and reaching successively 20% B at 12 min, 35% B at 17 min, 40% B at 23 min, 45%

B at 25 min, 50% B at 30 min, and 95% B at 40 min, holding 95% for 5 min and coming back to the initial condition of 10 % B in 3 min. These chromatographic conditions (total running time of 48 min) were previously optimized for the comparative metabolomics of methanolic extracts of Solanaceae species in one of our previous studies (Heiling et al., 2016). Samples were kept at 4°C during the sequence of injections and 5µL per sample were injected in full-loop mode with a washing step after sample injection involving 150µL of the wash solution (water:methanol, 80:20, v:v).

Conditions for DDA MS/MS data collection during UPLC-QTOF MS analysis

The Impact II QTOF instrument was equipped with an electrospray ionization source and operated in positive ionization mode on a 50-to-1500 Da mass range with a spectra rate of 5 Hz and by further using the AutoMS/MS fragmentation mode. The end plate offset was set at 500 V, capillary voltage at 4500 V, nebulizer at 2 Bar, dry gas at 10 L.min-1 and dry temperature at 200°C. The transfer time was set at 60-70 µs and MS/MS collision energy at 80-120% with a timing of 50-50% for both parameters. The MS/MS cycle time was set to 2 seconds, absolute threshold to 31 cts and active exclusion was used with an exclusion threshold at 3 spectra, release after 1 min and an ion was reconsidered as precursor for the fragmentation if the ratio current intensity/previous intensity was higher than 5. MS/MS collision energy was set according to the mass from 25 V for a mass of 100 Da to 50V for a mass of 1 500 Da. The MS/MS spectra acquisition rate was further optimized, from 3 Hz to 7 Hz, according to the intensity of the observed mass. A calibration segment was included at the beginning of the runs allowing the injection of a calibration solution from 0.05 to 0.25 min. The calibration solution used was a fresh mix of 50 mL isopropanol:water (50:50, v:v), 500 µL NaOH 1M, 75 µL acetic acid and 25 µL formic acid. The spectrometer was calibrated on the [M+H] + form of reference ions (57 masses from m/z 22.9892 to m/z 990.9196) in high precision calibration mode with a standard deviation below 1 ppm before injections, and re-calibration of each raw data was performed after injection using the calibration segment.

Ultra-high resolution MS imaging data acquisition and processing

Freshly collected rosette leaves of N. nesophila were embedded into M-1 embedding matrix (Thermo Scientific) and frozen before cutting. Cuts were done on a transverse plane at 25µm thickness and -15°C using a cryotome FSE. Sections were deposited on indium-tin-oxide coated slides and sprayed with a-cyano-4-hydroxycinnamic acid (HCCA) matrix at 10mg/mL in 70% ACN, 0.1% trifluoroacetic acid using the HTX M5 sprayer. Nozzle temperature was set at 75°C, flow rate at 0.120mL/min, velocity at 1200 mm/min, pressure at 10 psi, gas flow rate at 3 L/min and nozzle height at 40mm. Four passes were applied with a track spacing of 3mm and a HH pattern.

Samples were analyzed with a Burker SolariX 7T Fourier transform ion cyclotron mass spectrometer at resolving power R=120,000 at m/z = 400. Acquisition was performed in positive ion mode on a 100-500 m/z mass range, with an accumulation of 0.020 s, the transfer optics time of flight set at 0.600 ms, frequency at 6 Hz and RF amplitude at 350 Vpp. The MALDI plate offset was set at 100 V, deflector plate at 200 V, laser power was set at 20%, laser shots at 100 and frequency at 1000 Hz with a small laser focus. The instrument was calibrated by multipoint correction using the peaks of the HCCA matrix (m/z = 379.0924, 399.0377, 401.0744, 417.0483). The regions of interest were determined in FlexImaging with a raster width of 50µm.

Images of the ions of interest +/-3 ppm were displayed in MSiReader v1.03 [START_REF] Bokhart | MSiReader v1.0: Evolving Open-Source Mass Spectrometry Imaging Software for Targeted and Untargeted Analyses[END_REF]. The data was submitted to metaspace and is available at https://metaspace2020.eu/project/nicotiana_msi-2022

Feature-based molecular networking of UPLC-QTOF MS data

Raw data were converted to the .mzML format using MSConvert (Version 3.0.21112-b41ef0ad4, [START_REF] Chambers | A crossplatform toolkit for mass spectrometry and proteomics[END_REF]. The resulting data files were then processed with the Batch Mode (See Code availability, Script S10) of MZMine 2.53 [START_REF] Pluskal | MZmine 2: modular framework for processing, visualizing, and analyzing mass spectrometry-based molecular profile data[END_REF] and exported for Feature-based molecular networking (FBMN) analysis in the GNPS environment (Nothias et al., 2020;Wang et al., 2016) and for spectral analyses in Sirius. The resulting .mgf and .csv files were further filtered to exclude redundant none-biologically informative MS/MS features using newly developed Python Scripts S11 and S12 (see Code availability). The m/z signals that appear more than 5 times (± 3ppm) with a retention time coefficient of variation greater then 10 % were discarded. This filtering step excluded 11580 features (out of a total of 29481 retrieved from the MZMine-based processing), a vast majority of those corresponded to redundant features detected at high-level in solvent blanks. Finally, FBMN was performed using the modified cosine as spectral similarity metric and with standard settings (Version release_28.2, except lower precursor and fragment tolerance of 0.005 Da). Output of the FBMN analysis is available on GNPS at the following link: https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=cf822b6c7c914206941bb0b6007e7eb0

MS/MS elemental formula and compound class predictions with Sirius

Sirius (Version 4.8.2) was used to predict elemental formulas for MS/MS precursors as well as for the deep neural network-based compound class prediction as part of the CANOPUS pipeline [START_REF] Dührkop | Systematic classification of unknown metabolites using high-resolution fragmentation mass spectra[END_REF][START_REF] Dührkop | SIRIUS 4: a rapid tool for turning tandem mass spectra into metabolite structure information[END_REF]. Sirius commands are summarized as part of Script S13 (see Code availability).

Elemental formulas by Sirius were further processed with Scripts S14 and S15 (see Code availability) to restore Feature IDs and calculate the degree of unsaturation of these formulas. A main strength of CANOPUS-based class prediction is that does not involve the interrogations of spectral libraries with fragmentation spectra, thereby allowing class prediction of MS/MS features for which no database hit is retrieved and circumventing the possible issue of error propagation when false class prediction is obtained by FBMN network-level propagation from feature-derived database hits. MS/MS feature-level ontologies were retrieved from CANOPUS predictions as well as FBMN network-propagated superclass, subclass and most specific class ontologies. The latter ontology propagation was implemented using Script S19.

Mass motif inference by MS2LDA

Mass motifs were inferred using standard settings of MS2LDA (Version release_23. A total of 609 motifs were assigned including already existing motifs from motifdb. To explore mass motifs assignments on a species level, a binary mass motif matrix for all tissues was created by setting features above peak area of 10.000 to the value of 1 and those below to 0 (Script S17). The resulting matrix was combined and presence was summed per tissue and then set again into a binary matrix. Following this binary transposition of motif distributions, feature presence per motif was determined per species, resulting in a motif count table (Script S18). This set of mass motif counts (after filtering and manual curation 76 motifs), was then normalized by motif id and clustered by hierarchical clustering using the Ward clustering method implemented in MetaboAnalyst (71).

MS/MS annotation based on spectral database interrogations

We implemented a 3-pronged approach to annotate MS/MS from the interrogation of experimental and in silico fragmentation databases, similar as proposed in [START_REF] Sumner | Proposed minimum reporting standards for chemical analysis[END_REF].

Level 1 in our priority assignment of annotations corresponded to hits retrieved from experimental spectral databases and or NMR structural confirmation. Highest priority within level 1 of annotated spectra (level 1a) was given to hits confirmed by NMR in this work. Level 1b annotations correspond to hits from spectral alignments (and correspondence of precursor m/z values) using a local MatchMS (score above 0.65 and more than 6 matching peaks) implementation (Script S8, see Code availability) with the modified cosine score, from an in house high-resolution experimental MS/MS spectra database of Nicotiana attenuata specialized metabolites and/or manual inspection of spectra. Level 2 corresponded in our annotation approach to hits retrieved, with the cosine score from high-resolution MS/MS spectra of the GNPS database. Level 3 annotations were considered for hits from alignments with in silico MS/MS spectra or in the case of network propagation of hits from the experimental databases, both after manual inspection. Jobs for the recently developed molDiscovery approach (Version 1.0.0, [START_REF] Cao | MolDiscovery: learning mass spectrometry fragmentation of small molecules[END_REF] were submitted through GNPS with both the molDiscovery built-in library and the Jassbi compound database created as part of this study. The Jassbi compound database (429 structures) was compiled from structures extracted from a recent Nicotiana phytochemistry review [START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF]. In silico MS/MS spectra for the Jassbi compound database were also produced with the fragmentation tool CFM-predict 4.0 (23) (Script S5, see Code availability) database searching was performed with MatchMS (72) (Script S9).

Consensus substructure and molecular network chemical classes

We implemented a new algorithmic approach to deal with the high number of annotations retrieved from the various in silico MS/MS spectral databases. To this end, we used annotations retrieved form Sirius (confidence score above 0.65), 1M-DB searched with modified cosine (score above 0.5 and 5 matching peaks), 1M-DB searched with spec2vec (score above 0.5),

Jassbi-CFM (score above 0.5 and 5 matching peaks) and Jassbi-molDiscovery. These annotations were retrieved at the molecular network or at the MS2LDA mass motif level in order to calculate consensus substructures for a given network (NCS) or mass motif (MCS).

Main steps involved in consensus substructure calculations involved the following commands (Script S16, S19, see Code Availability and Description): (1) fragment structures, (2) get the most common fragments, (3) select the top 50 and only keep the ones with more than 12 atoms, (4) cluster by structural similarity, (5) sort by cluster size, ( 6) calculate the maximum common substructure within the cluster, ( 7) retrieve the top 4 results.

To harness the vast amount of structural information classified by molecular networking, we selected the top 252 networks sorted by only picking networks containing more than 10 nodes.

The peak areas within these networks were summed with Script S24. Peak areas were normalized (Excel's STANDARDIZE function) by cluster id and the maximum on tissue level per species was kept. The propagated CANOPUS classes were grouped their peak areas summed (Script S28) and the resulting data was used to create per species treemaps in Excel. A summary of the Top252 molecular networks, their calculated consensus substructures and their propagated CANOPUS classes can be found in Data S3. Additionally, Data S4 and S7 allow to navigate this multi-level information at mass motif and network levels.

Computing MS/MS-informed phylometabolomics species trees

To create MS/MS similarity-based species, referred to in the text as phylometabolomic trees, we used the data compiled as mentioned above (Script S24) (Figure 2 

Ancestral state reconstruction for the relative occurrence of N-acylnornicotines

We adapted the concept of ancestral state reconstruction (ASR) classically employed for the evolutionary analysis of quantitative phenotypic traits for the exploration of NANNs' relative occurrence. To this end, we first constructed a phylogenetic tree of the focal Nicotiana species based sequences of the matK gene obtained from a previous study [START_REF] Clarkson | Phylogenetic relationships in Nicotiana (Solanaceae) inferred from multiple plastid DNA regions[END_REF], the sequence of N.

maritma was used to account for N. wuttkei position within the species tree due to unavailable genome data for the latter species. [START_REF] Laskowska | Preliminary study of the newly discovered tobacco species Nicotiana wuttkei Clarkson et Symon[END_REF] previously suggested the very close relationship between the latter two species as well as reported their successful hybridization in the wild. Nicotiana setchelli matK gene sequence was obtained from the assembly of transcriptomics data publicly available for NCBI SRA accession SRR2106530. The species tree was constructed using NGPhylogeny.fr (75) with default one click options and the PhyML Maximum Likelihood method. For ASR, feature intensities accounting for the species and tissue-wide NANN diversity were retrieved using the above-described mass motif characterization approach. ASR was performed with the MBASR package [START_REF] Heritage | MBASR: Workflow-simplified ancestral state reconstruction of discrete traits with MrBayes in the R environment[END_REF] Script S25) on peak areas of the root that have been transformed into a ordered trait of 5 categories ( 

Supplemental material 2.6.1 Purification and NMR-based structural elucidation of N-acyl-nornicotines

N. nesophila leaves (354.95 g FW) were briefly rinsed with acetonitrile, the collected solvent (hereafter referred to as leaf exudate) was filtered and then concentrated under reduced pressure.

The dried leaf exudate (184.4 mg) was re-dissolved in a small volume of solvent 1and loaded onto a column with 10g silica gel 60 (40-63 μm). The flash column was eluted with a gradient of and 347.2687 (C21H34N2O2, +1.7 ppm). All compounds appeared as colorless oils, and seem to be present as their stereoisomers. Absolute configurations were not determined as part of this structure elucidation effort.

NMR Spectra ( 1 H, 13 C) were performed at 298 K. 1H (500 MHz or 300 MHz) and 13 C (125 MHz) NMR chemical shifts are reported relative to residual protiated solvent. NMR are presented as follows: chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet, br = broad), coupling constant J (Hz) and integration.

C14-iso-3-hydroxy-N-acyl-nornicotine (#1) 9, 148.3, 147.2, 138.4, 133.6, 123.9, 67.9, 58.7, 47.8, 41.1, 39.2, 36.6, 36.5, 33.9, 30.1, 29.8, 29.7, 28.1, 27.5, 25.7, 23.9, 22.8 (x2). 9, 148.4, 147.3, 138.2, 133.5, 123.9, 68.0, 58.7, 47.8, 41.1, 36.6, 36.2, 34.0, 32.1, 29.8, 29.8, 29.7, 29.5, 25.7, 23.9, 22.8, 21.7, 14.3. 13 C NMR (126 MHz, CDCl3) δ = 171.9, 148. 4, 147.3, 138.2, 133.5, 123.9, 67.9, 58.7, 47.7, 41.1, 36.7, 36.6, 34.5, 33.9, 30.1, 29.8, 29.6, 25.7, 23.9, 21.7, 19.4, 11.6. 13 C NMR (126 MHz, CDCl3) δ = 171. 9, 149.6, 147.5, 138.8, 132.9, 124.1, 68.0, 58.8, 47.8, 41.1, 36.8, 36.6, 36.3, 34.5, 34.0, 30.1, 29.8, 29.6, 27.2, 25.7, 23.9, 21.7, 19.4, 11.6. 6, 148.3, 147.3, 138.2, 132.9, 123.6, 68.0, 58.7, 47.8, 41.1, 39.2, 36.3, 32.0, 29.8, 29.5, 27.5, 25.7, 23.9, 22.8, 21.7, 14.3. 13 C NMR (126 MHz, CDCl3) δ = 171.9, 149. 2, 147.6, 138.4, 133.6, 123.9, 68.0, 58.7, 47.8, 41.1, 39.2, 36.6, 33.9, 30.0, 29.7, 28.1, 27.5, 25.7, 23.9, 22.8 (x2). S 2-1) from the focal species was transposed as relative scaling into an ordered trait (total exudate states colored from white to dark red) and used as input for ancestral state reconstruction using the MBASR software with default settings. The species tree was constructed from matK gene sequence as described in [START_REF] Chong | Using MetaboAnalyst 4.0 for Comprehensive and Integrative Metabolomics Data Analysis[END_REF]. (A) Network consensus substructure analysis for selected network for which in silico MS/MS annotations were collected (see Data S1 for NCS of the top252 networks) and which corresponded to CANOPUS predictions specifically associated with certain species (Data S2). Top4 NCS are provided as well as comments on manual annotation, species association. NCS for two networks exemplified in Figure 5 are further presented. (B) Molecular networks for networks #262, #468 and #222, corresponding respectively to labdane diterpenes, hydroxycinnamoyl-spermidines and sucrose-based O-acyl sugars. Representative high confidence annotation metabolites are presented. Note that O-acyl sugars, only the sucrose core structure is presented. R1-to-R5 moities refer to H or branch or straight short-to-medium fatty acyl chains as described in (76). Node colors denote for the species-overall feature relative abundance in the analyzed tissues. Complete data are accessible in Data S3 and S4. L.H. performed production of recombinant proteins. L.M. assisted in molecular cloning as well as performed qPCR data acquisition. E.M. supervised all these steps, assisted in editing and writing as well as figure design and qPCR data analysis.
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Introduction

Glandular trichomes are hair-like structures covering the aerial parts of about 30 % of all vascular plant species (Fahn, 2000) and which very often function as a first line of defense against herbivores [START_REF] Fordyce | The role of plant trichomes and caterpillar group size on growth and defence of the pipevine swallowtail Battus philenor[END_REF]. These trichomes are natural metabolic factories that can produce and secrete a large diversity and amount of plant specialized metabolites (PSM), such as terpenes, methylketones, flavonoids and O-acyl sugars (Huchelmann et al., 2017). The latter group act as defensive sticky exudates produced by the leaf and stem surfaces of many Solanaceae species, but compounds of this class have more recently been also described in low amounts in roots and on the pericarp of fruits (Fiesel et al., 2022). In general, while only a few of studies has addressed the ecological function of trichome-derived PSM using rigorous biosynthetic gene function manipulations, chemical ecology research suggest that these frequently exhibit defensive properties against both microbes and insects. Certain trichomeexudated PSMs can for instance discourage the laying of eggs by whiteflies and prevent aphids from settling, as well as hindering their growth (Feng et al., 2022;Goffreda et al., 1989;Leckie et al., 2016). Another example of a sophisticated anti-herbivore defense based on trichome exudates is that of the above-mentioned O-acyl sugars of wild tobacco species. Natural historydriven research on the ecological functions of these poly-esterified sugar derivatives demonstrated that, when ingested by lepidopteran larvae such as those of the specialist Manduca sexta, the product of their hydrolysis tag larvae with a distinct odor that lure predators, which provide an indirect defense for the plant (Weinhold and Baldwin, 2011). As for virtually every PSMs, the evolution of trichome exudates has hence likely been shaped by their multifunctionality. For instance, O-acyl sugars, besides being crucial for the protecting of tobacco plants from different native insects, also exhibit anti-fungal effects (Luu et al., 2017), root microbiome modulation functions [START_REF] Korenblum | Rhizosphere microbiome mediates systemic root metabolite exudation by root-to-root signaling[END_REF] and could possibly be inter-plant allelopathic mechanisms based on reports of their anti-germinative effects [START_REF] Matsuzaki | Germination and Growth Inhibition of Surface Lipids from Nicotiana Species and Identification of Sucrose Esters[END_REF]. Herbivorous insects are not inert to plant defenses, and frequently evolve biochemical (in the form of efficient detoxification and/or excretion strategies) and behavioral counteradaptations to most prominent plant defense compounds. These counter-adaptations impose an additional selection pressure to plants, thereby engaging host plants and native insect herbivores into an escalating arms race [START_REF] Edger | The butterfly plant arms-race escalated by gene and genome duplications[END_REF]. An interesting framework to explore such concepts is the Nicotiana genus for which a large body chemical ecology studies has been conducted. In this genus, half of the species are allopolyploids, suggesting that allopolyploidization has been a key motor for speciation and phenotypic innovations for this genus [START_REF] Koukalova | Fall and rise of satellite repeats in allopolyploids of Nicotiana over c. 5 million years[END_REF]. The alkaloid nicotine is a lineage-specific defensive innovation to this genus and its evolution has linked to the whole genome triplication at the base of Solanaceae and Nicotiana-specific duplication. While this neurotoxin provides a strong defense against most herbivores, certain, and most notably the tobacco hornworm, have evolved tolerance to this defense, likely through efficient nicotine excretion (Kumar et al., 2014).

Nicotine can be demethylated via cytochrome P450 of the sub-family 82E [START_REF] Siminszky | Conversion of nicotine to nornicotine in Nicotiana tabacum is mediated by CYP82E4, a cytochrome P450 monooxygenase[END_REF], the intensity of the latter conversion being highly variable within the genus and its metabolic and ecological contributing having been poorly investigated. Interestingly, alkaloid profiles of allopolyploids Nicotiana species of the Section Repandae are dominated by long chain (> C10) N-acyl-nornicotines (NANNs). The Section is about 4.5 myr old and has N.

sylvestris as its closest maternal and N. obtusifolia as closest paternal progenitor (Clarkson et al., 2005). NANNs were predicted to be superior toxins as they are highly effective against and evade the resistance acquired for nicotine by the tobacco hornworm. As such, these alkaloids offer an ideal model to study how novel gain-of-function defense might evolve. NANNs were reported in three members of the Section N. repanda, N. nesophila, N. stocktonii (Laue et al., 2000;Severson et al., 1988). Compared with nicotine/nornicotine that are not appreciably secreted, hydrophobic NANNs are abundantly exuded from the trichome glands to coat the entire leaf surface. Additionally, old literature indicates anecdotal evidence (Djordjevic et al., 1990;Sisson and Severson, 1990) for low amounts of short (-formyl, -acetyl) and middle (C4-C8) chain length NANNs present in other Nicotiana species (Outchkourov et al., 2014), suggesting nornicotine acylation could be a more common trait in the Nicotiana genus. This view has recently been confirmed showing a much greater NANN diversity than previously thought and presence of them in all of the 20 species investigated, although at several magnitudes lower than in the Repandae section (Elser et al., 2022).

The identity of the enzymatic conjugation required for NANN biosynthesis is unknown, but has been demonstrated to happen in glandular trichomes [START_REF] Zador | The Biosynthesis of a Novel Nicotine Alkaloid in the Trichomes of Nicotiana stocktonii[END_REF]. This fatty acid-based acylation is reminiscent of that of O-acyl sugars, formed by esterification with different fatty acyl chains of a sugar core consisting of sucrose, glucose, or inositol (Fiesel et al., 2022). In the genus Solanum, several BAHD acyl-transferases have been identified that catalyze these reactions [START_REF] Fan | In vitro reconstruction and analysis of evolutionary variation of the tomato acylsucrose metabolic network[END_REF]Schilmiller et al., 2015[START_REF] Schilmiller | Identification of a BAHD acetyltransferase that produces protective acyl sugars in tomato trichomes[END_REF]. Also some acyl-sugar acyltransferases from the genus Nicotiana have been recently identified [START_REF] Chang | Characterization of trichome-specific BAHD acyltransferases involved in acylsugar biosynthesis in Nicotiana tabacum[END_REF]Feng et al., 2022;Schenck et al., 2022). Characteristic to these enzymes is their substrate promiscuity typically accepting varying chain lengths and branchings of fatty acyl CoAs. In addition, PUN1 situated in the same clade of BAHDs (clade 3), which has long been proposed to perform the acyltransfer reaction involved in capsaicin biosynthesis, has recently been characterized (Milde et al., 2022;Moghe et al., 2023;[START_REF] Stewart | The Pun1 gene for pungency in pepper encodes a putative acyltransferase[END_REF]. Within BAHD clade 3, several enzymes are involved in alkaloid biosynthesis, for example the cocaine synthase which performs the last step in the formation of cocaine and cinnamoylcocaine by using benzoyl/cinnamoyl-CoA in Erythroxylum coca (Schmidt et al., 2015). Another characterized alkaloid-metabolizing protein in this clade is the vinorine synthase, the first BAHD whose crystal structure was elucidated, and which is involved in the biosynthesis of ajmalan, a monoterpene indole alkaloid from Rauwolfia serpentina (Ma et al., 2005). Involved in the metabolism of the same class of alkaloids is the deacetylvindoline 4-o-acetyltransferase (DAT) from Catharanthus roseus (St-Pierre et al., 1998), both (this one and the latter) perform a transfer of an acetyl group.

Building on our previous chemodiversity analysis of NANNs in the Nicotiana genus (Elser et al., 2022), we aimed, in this study, at characterizing the evolutionary biochemistry and defensive functions of NANNs. To this end, we rigorously quantified NANN tissue-specific distribution and biochemically characterized orthologs of NAT1 from the BAHD family, which we identified in a comparative transcriptomics screen as coding for the key NANN biosynthetic enzymes. In addition, we explore how these NANN biosynthetic genes have been shaped during evolution and how the resulting abundant trichome-based production of NANN compounds has been turned into a superior defense against insects.

Material and methods

Plant material

Nicotiana species used in this study with their origin and associated accession numbers are mentioned within the corresponding experimental section. Seeds of all these species were directly germinated on soil, with the exception of N. attenuata, for which smoke-induced seed germination was established as described previously (Krügel et al., 2002). For all species, glasshouse growth conditions were as described previously (Krügel et al., 2002). Plant treatments, tissue harvested and developmental stages considered are detailed below in the context of the different experiments conducted. sections. These leaf exudates were obtained by briefly rinsing with acetonitrile fully elongated leaves. These exudates were filtered on filter paper and completely dried under reduced pressure.

Dereplication analysis of N-acylnoricotine by UPLC-qTOFMS in the

Dried residues were then re-dissolved in methanol and total metabolite concentration was adjusted to 1 mg.mL -1 , except for Nicotiana repanda, N. stocktonii and N. nesophila exudates which were diluted to 0.001 mg.mL -1 and 0.1 mg.mL -1 in order to avoid detector saturation, due to the high levels of NANNs in these samples. Peaks areas were corrected by corresponding dilution factors. This sample collections was part of a large species-level sample collection employed to investigate specialized metabolism diversification in the Nicotiana genus (Elser et al., 2022). Briefly, exudates and other tissue extracts were analyzed using ultra-high pressure liquid chromatography coupled to high-resolution mass spectrometry on an UltiMate 3000 system (Thermo) coupled to an Impact II (Bruker) quadrupole time-of-flight (QTOF) spectrometer using conditions reported in one of our previous comparative metabolomics studies (Heiling et al., 2016). The MS/MS data-set obtained by deconvolution of these raw data and analyzed in a non-targeted manner by computational approaches in our previous study (Elser et al., 2022; Chapter 2 of the thesis manuscript), was revisited to conduct analytical dereplication of NANNs based on the diagnostic fragment at m/z 149.107, for the nornicotine backbone, Sirius-based (Version 4.8.2) elemental formula predictions and NMR and MS/MS annotation insights gained from this previous study (Elser et al., 2022).

Quantification of N-acylnornicotines by UPLC-triple quadrupole mass spectrometry

To explore NANN ontogenic accumulation gradients, four 8-week-old elongated plants of Nicotiana repanda (IPK, NIC5), were sampled. We considered leaves of different developmental ages: "young leaves", referring to youngest fully-expanded stem leaves; "middle-age leaves", slightly older stem leaves and "old leaves" rosette leaves about to senesce. For each leaf type, 12 discs per plant (~ 100mg fresh-weight tissue) were flash-frozen in liquid nitrogen immediately after harvest and stored at -80°C until use. The latter frozen leaf samples were ground in a Tissue

Lyzer II for 2.5 min at 30 Hz and metabolites extracted by addition of acetonitrile spiked with 5 μM C9-nornicotine internal standard (adjusted to 1 mL / 100mg FW) followed by 1 h of shaking at 1000 rpm at 4°C and further kept with a gentle agitation overnight at 4°C. Samples were finally centrifuged for 1 min at 14000 g and the resulting supernatants transferred into 96 well plates. Root samples referred to the complete root system plants. After soil removal, roots were rinsed in water, gently dried with paper towels and flash-frozen in liquid nitrogen. Root and stem samples were homogenized in a mortar. Flowers (completely mature flower at anthesis), calyces (dissected from previously mentioned flowers) and stems (young, upper main stem part; old, basal main stem part above the root-to-shoot junction), roots were processed for metabolite extraction using above leaf metabolite extraction conditions.

The above-mentioned C9-nornicotine (N-nonanoyl-nornicotine) internal standard was synthesized following the procedure established by Severson et al. (1988). Briefly, nornicotine (25 mg) was dissolved in 500 μL of pyridine and 500 μL CHCl3. The mixture was set on ice and 60 μL of nonanoylchloride was added. The reaction was incubated for 15 minutes at 42 °C and then poured into a separatory funnel filled with a saturated solution of Na2CO3. The solution was washed three times with H2O against CHCl3. The CHCl3 phase was collected concentrated under reduced pressure and then further purified on silica. For quantification, metabolite extracts were first diluted 100 times in 50 % acetonitrile and analyzed using ultra-high pressure liquid chromatography coupled to mass spectrometry on an UltiMate 3000 system (Thermo) coupled to an EVOQ elite (Bruker) triple quadrupole mass spectrometer with multiple reaction monitoring conditions set as described in Table S 3-1. Chromatographic separation was performed on an CORTECS UPLC ® C18 column (2.1x150mm, 1.6µm, Waters) equipped with an CORTECS UPLC ® C18 column (2.1x150mm, 1.6µm, Waters) and using a gradient of solvents A (water, 0.

1% formic acid) and B (acetonitrile, 0.1% formic acid). Chromatography was carried out at 35°C with a flux of 0.32 mL.min -1 , starting with 5% B reaching successively 95% B at 13 min, hold till 14 min, coming back to the initial condition of 5 % B in 1 min and equilibrate until minute 17. Samples were kept at 4°C during the sequence of injections and 5 µL per sample were injected in full-loop mode with a washing step after sample injection involving 150 µL of the wash solution (water:methanol, 80:20, v:v). NANN quantities expressed in μg/g tissue fresh weight (see table supporting material) was normalized by the internal standard to account for matrix effects and volume errors during extraction procedure and were then quantified by a 12point calibration curve of C9-nornicotine. S 3-3) specific for each Gibson assembly, as designed with the help of NEBuilder tool. Gibson final assembly was performed with the HiFi DNA Assembly Master Mix according to manual (E2621L) into the destination pMAL-c5x vector. The E. coli TOP10 strain was transformed and positive clones were selected on LB-agar media with ampicillin (50 mg/L) media.

Molecular

The E. coli ArcticExpress (DE3) strain was transformed with the pMAL-c5x vector to produce MBP tagged recombinant proteins. The culture medium (LB with Carbencilline 0.05 mg/L, Gentamycine 0.01mg/L and one drop of antifoaming agent) was inoculated with a pre-culture of OD600 1.85 to reach an OD600 of about 0.1. The latter culture was then incubated for 4 hours at 37°C and 250 rpm. After this the temperature was decreased for one hour to 12 °C followed by induction with 0.5 mM IPTG and then harvested the next day in morning at an OD600 of about 2.

The culture was centrifuged at 5000g (4 °C) for 15 minutes and the supernatant discarded and then redissolved in Tris pH 8 50 mM, NaCl 300 mM and 5 % Glycerol (OD600 20). A protease inhibitor and 0.1% Triton X100 was added followed by two times cell lysis on a microfluidizer.

The lysate was centrifuged at 15000g (4 °C) for 20 minutes and filtered (0.22 µm). The latter lysate was run on a MBPTrap HP 1mL (MH1009) column (solvent A [Tris pH8 50 mM, NaCl 300 mM, 5% glycerol], then elution with solvent B [Tris pH 8 50 mM, NaCl 300 mM, 5% glycerol, Maltose 10 mM]) following gel filtration on a Superdex 200 16/60 column. For information, precise details are provided below for the production of N. repanda NAT1 proteins.

Briefly, the yield from 3L culture was at 0.230 mg/mL which was further concentrated (Amicon ultra 30kDa Merck-millipore at 4500g, 4 °C) to finally yield 1750 µL of MBP tagged protein at Computing Center of the University of Strasbourg. We overlayed all those models with vinorine synthase and ligands from Protein Data Bank IDs: 2E1T, 2XR7, 4G22, 4KE4, 4KEC, 5FAL 5FAN, 5KJT, 5KJU, 5KJW, 6LPV, 6MK2 using PyMOL (Version 2.4.2 Schrödinger) to identify residues for that might be responsible for efficient long chain acylation of nornicotine. Alphafold was then also used to create models for docking for N. sylvestris NAT1, mutated N. sylvestris NAT1 and pre NAT1 derived from gene fusion. The docking was performed with PyRx (Version 0.8) for C14-iso -CoA, C14-iso-OH-CoA and nC8-CoA with default settings.

Progenitor species mapping of Repandae NAT1

To determine the parental origins of the Repandae NAT1, we mapped N. repanda and N. 

Transient silencing of NAT1 by virus-induced gene silencing

Vector construction, plant growth, and inoculation conditions for VIGS were as described by Saedler and Baldwin (Saedler and Baldwin, 2004). Briefly, a 255 bp fragment of N. repanda NAT1 was amplified by PCR using primer pairs as listed in Table S 3-3. The amplified fragment was cloned in the vector pTV00 (Ratcliff et al., 2001). Agrobacterium tumefaciens strain GV3101 was then transformed by electroporation with the resulting plasmid. We used the empty pTV00 vector as a negative control in all experiments. Four leaves of 24-to 27-day-old N. 

Quantitative Realtime PCR (qRT-PCR)

Phenol-Chloroform-Trizol extraction [START_REF] Rio | Purification of RNA using TRIzol (TRI reagent)[END_REF] was used to extract RNA, after DNase treatment the total RNA normalized to 150 ng, followed by cDNA synthesis, which was achieved with Invitrogen SuperScript IV Reverse Transcriptase (Protocol Pub. No.

MAN0013443 Rev.A.0) and 1 µL of this reaction was used for qPCR for 45 cycles (95°C 10s, 60°C, 15s, 72°C, 15s) on a Roche LightCycler 480 III using ELF1 and Actin for normalization (For Primers see Table S 3-3).

RNAseq-based transcriptomics of Repandae species and closest-diploid progenitors

For NANN biosynthetic gene discovery, we initially employed a comparative RNAseq profiling strategy. Sample collection derives from three biological replicates defined as three independent plants. The youngest-fully expanded leaf treated or not for 1 day with methyljasmonate contained into a lanolin paste of rosette stage N. repanda (IPK, NIC5), N. nesophila (Nijmegen, 96475009), N. nudicaulis (USDA, PI 555540), N. sylvestris (IPK, NIC37) and N. obtusifolia (ITP, MPI-ICE) plants were harvested. The complete root of untreated plants was further alignment is supplementary. The transcripts were then assembled and counted using Cufflinks v2.2.1.2 [START_REF] Trapnell | Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation[END_REF] and the sequences extracted with BEDtools [START_REF] Quinlan | BEDTools: a flexible suite of utilities for comparing genomic features[END_REF]. Longest ORFs were identified using Transdecoder v3.0.1 or v5.5.0 [START_REF] Haas | De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis[END_REF].

Blastp was used to search for NAT1 orthologs using default settings [START_REF] Cock | NCBI BLAST+ integrated into Galaxy[END_REF]. Blastp was also used to identify orthologs in online Databases (https://db.cngb.org/onekp/species, http://nadh.ice.mpg.de/NaDH, http://medicinalplantgenomics.msu.edu, https://solgenomics.net/, https://www.ncbi.nlm.nih.gov/), from transcriptomes of Solanum quitoense, Solanum nigrum Salpiglossis sinuata, as well as based on Supplementary Data from the articles by Moghe et al., (2017) and [START_REF] Peng | Evolutionarily Distinct BAHD N-Acyltransferases Are Responsible for Natural Variation of Aromatic Amine Conjugates in Rice[END_REF]. Phylogenetic trees were constructed using IQ-TREE 2 [START_REF] Minh | IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era[END_REF] and the command ./iqtree2 -s BMGE_10.7.fasta -B 1000 -alrt 1000 -T AUTO, alignment and curation of the sequences was done with NGPhylogeny (https://ngphylogeny.fr) [START_REF] Lemoine | NGPhylogeny.fr: new generation phylogenetic services for nonspecialists[END_REF] with the default options of MAFFT and BMGE.

Manduca sexta larvae feeding assays

To assess M. sexta larvae performance when feeding on different Nicotiana species, whole plantbased survival assays (Figure 3-9A) were performed with M. sexta neonates provided by the department of Molecular Ecology of the Max Planck Institute for Chemical Ecology or from Carolina Biological Supply Company. Whole-plant feeding assays were conducted with freshly hatched neonates, with three of these placed onto rosette leaves of fully-elongated plants. Leaf disc (250 mg) feeding assays were further conducted (Figure 3-9B), the latter were employed to examine Nicotiana species-dependent M. sexta feeding activity either in a choice or non-choice assay design and with 1st to 2nd instar larvae fed since hatched with artificial diet (Carolina Biological Supply Company). Non-choice assays were conducted with fresh leaf disces (four per 200 mL food quality plastic cup with air-permeable lids) provided every 8 h and from which total leaf consumption was measured and normalized according to leaf disc water loss in control cups. Feeding assays with 2nd to 3rd instar larvae on leaf discs from N. repanda were further investigated to track the post-ingestive metabolism of leaf-derived metabolites, with a focus on nicotine, nornicotine and NANNs (Figure 3-10). Larval frass and larvae were collected for chemical analysis 52h after the start of the experiment (and also 28h for the frass). Collected larvae were wrapped in aluminium foil and stored at -20 °C for a couple of hours. Larvae were then unpacked on ice and dissected to separate the midgut and carcass. Both, as well as frass harvests, were transferred in 2 mL microtubes, frozen in liquid nitrogen and stored at -80 °C.

Statistical analysis

Students t-test was performed with Microsoft Excels built in function "Two-Sample Assuming Equal Variances". ANOVA followed by Fisher PLSD as post hoc test was performed with GraphPad Prism v4.8 software. Previous work has shown that three of the four allopolyploid members of the Repandae section are resistant to the tobacco hornworm due to their capacity to produce high levels of Nacylnornicotine (NANNs), whereas their closest diploid progenitors were apparently not known to produce these compounds (Severson et al., 1988). Our previous comparative metabolomics study of leaf exudates collected from 20 different Nicotiana species highlighted that the highlevel accumulation of NANNs is specific to Repandae species (N. nesophila, N. stocktonii and N.

Results and Discussion

repanda) , the latter species being especially rich in chain lengths ranging from C12 to C15 (straight, iso-and ante-iso-branched acyl chains) which can be non-hydroxylated, betahydroxylated and more rarely dihydroxylated, the major NANN compound being C14-hydroxy-N-acyl-nornicotine (Figure 3-1B, Elser et al., 2022). Other Nicotiana species are able to produce significant or low amounts of NANNs, which challenges the view of this being a Repandae specific innovation (Figure 3-1B, Elser et al., 2022). Previous 15 N-labelling work (Laue et al., 2000), the high amount of NANN being recovered from leaf surface exudates and feeding with labeled nornicotine [START_REF] Zador | The Biosynthesis of a Novel Nicotine Alkaloid in the Trichomes of Nicotiana stocktonii[END_REF] as well as the high abundance of NANN in trichome-rich flower calyces suggest that NANN biosynthesis is likely to predominantly take place in trichomes. We conducted a comparative RNAseq transcriptomics analysis of uninduced leaves, herbivory-induced leaves, pooled trichomes from uninduced leaves and complete roots collected from species from the Repandae section (N.

nesophila, N. repanda, N. nudicaulis with the exception of N. stocktonii) as well as their closest diploid progenitors, N. sylvestris and N. obtusifolia, in order to pinpoint on candidate BAHD acyltransferases for nornicotine N-acylation. Figure 3-2B shows transcript levels for candidate BAHDs from the clade 3 (Moghe et al., 2023), which showed highest expression in trichomes of NANN producing species (Figure 3-2A). This clade contains several representatives that are involved in alkaloid decorating reactions [START_REF] Bayer | Acetyltransfer in natural product biosynthesis--functional cloning and molecular analysis of vinorine synthase[END_REF]Moghe et al., 2023;Schmidt et al., 2015;St-Pierre et al., 1998). The predicted protein for the top candidate in N. repanda, which we named NrepNAT1, shows highest amino acid level sequence similarity to the biochemically characterized PUN1 (65 %) and ASAT3 (53%) acyltransferases, both transferring acyl-CoAs of different chain lengths to their substrate. PUN1 catalyzes a N-acyl transfer reaction to form capsaicins (Fiesel et al., 2022;Milde et al., 2022). We further assembled 20 public Nicotiana transcriptomes and mined 8 Nicotiana genomes to search for orthologs. From this data-set, we constructed a maximum likelihood phylogenetic tree that further included sequences for biochemically characterized BAHDs as previously described in (Moghe et al., 2017) as well as several closely related sequences from public databases (Figure 34). Several orthologs of PUN1 are situated in a neighboring clade of our candidate gene NAT1. It is interesting to see that three genes of Atropa belladonna, which is well known for its tropane alkaloids, form a neighboring clade with the PUN1 and NAT1 clade (Figure 3-4, Figure 34567). At the base of these three clades stands a gene from Salpiglossis sinuata (Figure 3-4), a species for which anecdotal evidence of the presence of pyridine alkaloids like nornicotine has been reported [START_REF] Schröter | Alkaloide von Salpiglossis sinuata[END_REF]. 

NAT1 expression in Repandae is associated with NANN production

We measured individual NANN in different tissues of N. repanda. As previously detected in our previous metabolomics survey (Elser et al., 2022), highest NANN levels are detected in leaves and calyces. Expression of NAT1 was strongly correlated with NANN levels in these different tissues. Interestingly, we noticed that the distribution of total NANN pools did not follow patterns typically described by the Optimal Defense theory [START_REF] Mckey | Adaptive Patterns in Alkaloid Physiology[END_REF], which predicts that defense traits are more expressed in younger tissues which have a higher probability of being attacked and exhibit a greater fitness value for the plant. Indeed, we observed that for both stems 

NAT1 is a BAHD N-acyltransferase catalyzing the major step in NANN biosynthesis.

To provide first evidence for the dependency of NANN production on NAT1, we transiently silenced its expression using virus-induced gene silencing (VIGS) in N. nesophila plants (Figure As a next step, we recombinantly produced NrepNAT1 in E. coli using the pMAL expression system . Aliquots of NrepNAT proteins were then used to perform enzymatic assays to determine enzyme kinetics and substrate specificity using a diversity of acyl acceptors and acyl donors. Reaction products were then quantified by UPLC-triple-QMS. The NrepNAT1 enzyme showed highest turnover for nC14-CoA (kcat = 8.06 min -1 ) closely followed by nC12-CoA (kcat = 7.54 min -1 ) with nornicotine as acyl acceptor, values which are in a close range to the kcat of 6.2 min -1 previously inferred for the vinorine synthase of Rauvolfia serpentina, an alkaloid decorating enzyme which is part of the same BAHD clade [START_REF] Bayer | Acetyltransfer in natural product biosynthesis--functional cloning and molecular analysis of vinorine synthase[END_REF]. Interestingly, the highest substrate affinity, as depicted by Km values, was observed for nC10-CoA (Km = 19.42 µM) whereas the lowest affinity was observed for nC14-CoA (Km = 132.4 µM) (Figure 3-6B).

Highest efficiency was observed for nC10-CoA (kcat /Km = 0.15 µM -1 min -1 ) and nC12-CoA (kcat /Km 0.14 µM -1 min -1 ) (Figure 3 Summary table of all calculated enzyme kinetic parameters.

Evolution of NAT1's biochemical characteristics in the genus Nicotiana.

To gain insights into the evolution within the Nicotiana genus of NAT1-driven NANN formation, we built on the data of our previous study which clearly demonstrated that NAT1 biosynthetic capacity predates the Repandae allopolyploidization event (Elser et al., 2022). Therefore, we screened all publicly available transcriptome and genome data on the genus Nicotiana for NAT1 orthologs and performed reassembly or genome mapping when necessary (Table S 3-2). Guided by our previous metabolomics survey, we undertook to clone a diversity of NAT1 orthologs in different species exhibiting contrasted NANN profiles. Interestingly, we noticed that multiple We further asked the question of the parental donor of NrepNAT1. Species of the Repandae section derive from a hybridization event between diploid species close to extant N. obtusifolia and N. sylvestris (Clarkson et al., 2005). However, only low-pass and poorly assembled genome sequencing data are available for Repandae species and not sufficient to rigorously examine the diversity of NAT1 homeologs [START_REF] Renny-Byfield | Diploidization and genome size change in allopolyploids is associated with differential dynamics of low-and highcopy sequences[END_REF]. Additionally, our different phylogenetic reconstructions of NAT1 orthologs did not resolve its progenitor origin, changing parameters led to either N. obtusifolia of N. repanda as donors. Inspired by an approach used to retrace N. benthamiana allopolyploid origin [START_REF] Schiavinato | Parental origin of the allotetraploid tobacco Nicotiana benthamiana[END_REF], we employed parental mapping in a simplified manner [START_REF] Marsic | Parent-map: analysis of parental contributions to evolved or engineered protein or DNA sequences[END_REF]. Results are indicative a likely gene fusion event between the two "parental" NAT1 genes (i.e. the closest orthologs in N. obtusifolia and N.

sylvestris) and that gave rise to the characterized Repandae NAT1 sequences (Figure 3-8B).

Gene fusion events are particularly prone between homeologous sequences in allopolyploids [START_REF] Zhang | Homoeologous exchanges occur through intragenic recombination generating novel transcripts and proteins in wheat and other polyploids[END_REF]. Here, this event may have also driven the change in acyl acceptor specificity. Indeed, the fusion of the two parental genes also coincides with a change of the amino acid isoleucine at position 66 into tyrosine (Figure 3-8A). This change and another change at position 196 from valine to serine are likely important in the binding affinity for longer chain acyl -CoA as they are facing opposite to each other in our 3D homology models. This area is also important for ligand binding in other BAHD clade 3 members that have their crystal structure solved [START_REF] Eudes | Exploiting the Substrate Promiscuity of Hydroxycinnamoyl-CoA:Shikimate Hydroxycinnamoyl Transferase to Reduce Lignin[END_REF][START_REF] Levsh | Independent evolution of rosmarinic acid biosynthesis in two sister families under the Lamiids clade of flowering plants[END_REF][START_REF] Levsh | Dynamic Conformational States Dictate Selectivity toward the Native Substrate in a Substrate-Permissive Acyltransferase[END_REF][START_REF] Manjasetty | Structural basis for modification of flavonol and naphthol glucoconjugates by Nicotiana tabacum malonyltransferase (NtMaT1)[END_REF][START_REF] Unno | Structural and Mutational Studies of Anthocyanin Malonyltransferases Establish the Features of BAHD Enzyme Catalysis[END_REF][START_REF] Walker | Elucidation of the Structure and Reaction Mechanism of Sorghum Hydroxycinnamoyltransferase and Its Structural Relationship to Other Coenzyme A-Dependent Transferases and Synthases[END_REF]Wang et al., 2021). The results of the docking experiments performed to support these claims were inconclusive (Figure 3-8C). 

Investigating the anti-herbivory functions of NANNs.

To observe feeding behavior of Manduca sexta larvae on whole tobacco plants, freshly hatched neonates were placed on N. repanda, N. sylvestris, N. nudicaulis and N. obtusifolia plants.

Whitin 12 days, all larvae feeding on N. repanda plants died likely from the toxicity exerted by NANNs, whereas more than 90 % of the larvae feeding on N. sylvestris continued their development. N. nudicaulis and N. obtusifolia feeding larvae had a survival rate of about 60 % (Figure 3-9A). To further assess the effects of NANNs on Manduca sexta larvae feeding activity, we performed choice and no-choice assays. The larvae were fed on leaf discs collected from the same species as above. For N. repanda, less than 10 % of the leaf discs were consumed after 8 hours (Figure 3 obtusifolia (Elser et al., 2022). We then further investigated the larvae (dissected into midgut and carcass) and their frass from the no-choice leaf disc assay by UPLC-QTOF-MS/MS, to investigate the metabolic fate of defensive Nicotiana alkaloids (Figure 3-10A). In line with data published by [START_REF] Maddrell | Excretion of alkaloids by malpighian tubules of insects[END_REF], we detected that nicotine and nornicotine are rapidly excreted by M. sexta larvae and discovered that this is due to the formation of N-glucoside derivatives (Figure 3-10B-C). By clear contrast, NANNs were more retained in the insect body and less efficiently modified. We nonetheless identified from MS/MS data, a hydroxylation product of C14-OH-nornicotine, which seemed to be further modified into its carboxy form. From the MS/MS data, we postulated that amino acid conjugation takes place at the carboxy group to further increase the polarity of this compound (Figure 3-10C). The same process was also observed for C12-nornicotine and C12-OH-nornicotine. Amino acid conjugation is a common process observed in insects [START_REF] Alborn | An Elicitor of Plant Volatiles from Beet Armyworm Oral Secretion[END_REF][START_REF] Stauber | Turning the 'Mustard Oil Bomb' into a 'Cyanide Bomb': Aromatic Glucosinolate Metabolism in a Specialist Insect Herbivore[END_REF], it has also been clearly demonstrated as a major process for detoxification of 3-Nitropropanoic acid in Spodoptera littoralis [START_REF] Novoselov | Spodoptera littoralis detoxifies neurotoxic 3-nitropropanoic acid by conjugation with amino acids[END_REF]. Here, these metabolic conversions are likely relatively inefficient for facilitating NANN tolerance by excretion as most of the NANN compounds appeared excreted unmodified and at low levels (Figure 3-10C).

Conclusion

This study reports on the identification and characterization of a novel BAHD involved in the Nacylation of nornicotine. We further provide data on transcriptional and biochemical innovations which may have led to the dramatic amplification, diversification and defensive recruitment of these compounds in the Repandae. NANNs could represent a striking example for the arms race between wild tobacco plants and the highly adapted insect Manduca sexta, via a new biosynthetic potential to produce large amounts of modified Nicotiana alkaloids. Interestingly, the tobacco budworm (Heliothis virescens), another Nicotiana herbivore, seem to have counteradapted to these NANN compounds and can therefore tolerate them (Severson et al., 1988). annotations is by spectral library matching which generally uses cosine similarity, but also alternative metrics have been developed recently, such as Spec2Vec (Huber et al., 2021a), MS2deepscore (Huber et al., 2021b) or SIMILE (Treen et al., 2022). Due to the limited number of entries in authentic standard-based spectral libraries, in silico fragmentation approaches have emerged such as Metfrag (Ruttkies et al., 2016), CFM-ID (Wang et al., 2021), MassFormer [START_REF] Young | MassFormer: Tandem Mass Spectrum Prediction with Graph Transformers[END_REF] or QCxMS (Koopman and Grimme, 2021), in order to mine chemical structure libraries. Substructural information on unknown molecules can further be retrieved up to a limited extent by programs such as MESSAR (Liu et al., 2020) or MS2LDA (Wandy et al., 2018). Other approaches such as CSI:FingerID (Dührkop et al., 2015), MIST [START_REF] Goldman | Annotating metabolite mass spectra with domain-inspired chemical formula transformers[END_REF] or DeepEI [START_REF] Ji | Predicting a Molecular Fingerprint from an Electron Ionization Mass Spectrum with Deep Neural Networks[END_REF] (Dührkop et al., 2021).

The computational prediction of molecular structures solely molecules from mass spectra has long been envisioned as a Holy Grail in mass spectrometry, already in 1965 with the launch of the DENDRAL project first attempts were being initiated by the use of artificial intelligence (Buchanan and Feigenbaum, 1978). A seemingly logical approach to structure prediction would be to calculate the molecular formula of a molecule using SIRIUS (Dührkop et al., 2019) or BUDDY (Xing et al., 2022) and then generate all possible structures with structure generators such as MAYGEN [START_REF] Yirik | MAYGEN: an open-source chemical structure generator for constitutional isomers based on the orderly generation principle[END_REF] or MOLGEN [START_REF] Kerber | MOLECULES IN SILICO: POTENTIAL VERSUS KNOWN ORGANIC COMPOUNDS[END_REF], but this rapidly translates into a combinatorial explosion even for relatively small molecules. A way to circumvent this bottleneck and avoid the generation of all possible molecules is to use a continuous chemical descriptor space such as developed by [START_REF] Goldman | Annotating metabolite mass spectra with domain-inspired chemical formula transformers[END_REF] and [START_REF] Winter | Learning continuous and data-driven molecular descriptors by translating equivalent chemical representations[END_REF]. Two tools have recently emerged for de novo structure prediction from high resolution MS/MS spectra, MSNovelist (Stravs et al., 2022) and Spec2mol (Litsa et al., 2021), While the latter makes use of such a continuous descriptor space approach as above described.

Spec2mol uses a 1-D convolutional neural network to create a latent representation of the spectra and a encoder-decoder architecture with gated recurrent units (GRU) trained on a translation task from random to canonical SMILES as employed by [START_REF] Winter | Learning continuous and data-driven molecular descriptors by translating equivalent chemical representations[END_REF]. MSNovelist uses the fingerprint representation and molecular formula obtained by SIRIUS to feed a recurrent neural network that will then predict a set of SMILES which are then further ranked by scoring their probability. Another recently published tool is MS2prop, which applies transformer like architectures to predict 10 chemical properties of unknowns with high accuracy (Voronov et al., 2022a).

Despite having been reported as part of peer-reviewed articles, codes to Spec2mol and MS2prop

are not available for the general public and publicly released MSNovelist relies on SIRIUS which makes it computationally demanding when processing large datasets because as it still relies on hand crafted heuristics and kernel functions. Finally, none of the available tools can predict a set of functional groups predicted to be present in a given molecule, even though it is known that direct structure prediction alone is prone to errors. Here, we report an open-sourced deep learning model that is able to quickly predict structures as SMILES strings, the presence of 60 functional groups, the adduct type as well as to give an estimation of the number of different atoms in a given molecule. 
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Spectra were encoded by sinusoidal encodings inspired by [START_REF] Voronov | Multiscale Sinusoidal Embeddings Enable Learning on High Resolution Mass Spectrometry Data[END_REF] with 256 dimensions and a precision of two decimals. On top of these 256 dimensions the scaled intensities were added as an additional dimension. The first peak was set to intensity 2.0 and the encoded precursor ion mass. The spectral sequences were padded to a maximum length of 501, resulting in a final matrix with a shape of 501x257 SMILES were encoded with the cddd package [START_REF] Winter | Learning continuous and data-driven molecular descriptors by translating equivalent chemical representations[END_REF], which is based on a pretrained continuous chemical descriptor space. The number of 60 different functional groups were extracted using prebuilt rdkit functions and the number of sugars were identified by sugar removal utility [START_REF] Schaub | Too sweet: cheminformatics for deglycosylation in natural products[END_REF] with the command -t "3" -remTerm "false" . Atom counts from molecular formulas were extracted with the molmass package. These numbers were then scaled to floating numbers to encode the information for the neural network.

The neural network architecture (Figure 4-1) has a total of 33 million parameters and is based on 5 standard transformer encoder layers (16 heads and 2048 units for feed forward) as described in [START_REF] Vaswani | Attention is All you Need[END_REF] which are feeding into a temporal convolutional neural network (TCN) [START_REF] Bai | An Empirical Evaluation of Generic Convolutional and Recurrent Networks for Sequence Modeling[END_REF] with a receptive field of 883, a kernel size of 8 and 256 filters. This is followed by 2x2 dense layers that produce two outputs of shape 512 and 71. The architecture is implemented in tensorflow (version 2.11.0) and the TCN is implemented by the keras-tcn package. The training was performed on one Nvidia Tesla V100S GPU with 32 Gb RAM on the IBMP computing cluster. Training progress was logged with the package wandb (version 0.13.5). A hyperparameter search was performed with keras-tuner package in the random search mode for 99 trials, with one execution per trial and 4 epochs (see also Data and code availability). In addition, manual inspections were performed to find optimal parameters. The final training was stopped after 50 epochs.

Network analysis was performed with the matchms (version 0.15.0.) and matchms extras (version 0.4.1) using the modified cosine score (tolerance=0.01) as similarity measure.

Molecular networks were created (score_cutoff=0.7, max_links=10), exported to cytoscape and mass2smiles annotations were visualized by the chemVIz2 plugin. 

Results and Discussion

Training of the final model of mass2smiles was accomplished within one day and two hours for As an additional case study, we processed metabolomics data and predicted structures with mass2smiles for MS/MS spectra collected from a dataset of 9 bryophyte analyzed and reported earlier by Peters et al. (2018). This dataset had further been previously used to test the performance of the MSNovelist de novo structure elucidation tool (Stravs et al., 2022). Figure 4-3 shows a molecular network that comprises the MS/MS feature 377 for which a flavonoid-like structure had been initially predicted as part of the study reporting the performance of MSNovelist (Stravs et al., 2022). It is striking to see that several flavonoid-related structures were predicted for this network, by mass2smiles. The structure, the number of aromatic hydroxyl groups (mass2smiles: 3/ MSNovelist: 5) and the number of benzene rings (mass2smiles: 2/ MSNovelist: 3) predicted by MSNovelist does not correspond with the ones predicted by mass2smiles for this feature 377. Nonetheless, both mass2smiles and MSNovelist converge on a flavonoid like structure for this feature. Molecular networks with structures as depicted in Figure 4-3 may hence be combined in future studies with mass2smiles or MSNovelist predictions to further assist in the annotation of unknowns as well as to give insights into the compound class and dominating functional groups.

The study of plant specialized metabolism (PSM) requires per se multidisciplinary approaches.

During this thesis, I aimed to apply, to the best of my knowledge, concepts and methods from molecular biochemistry, analytical chemistry and bioinformatics, as well as to develop a novel deep learning methods and tools to extract biological insights from metabolomics data analysis outputs. Processing data generated from experiments with state-of-the-art computational methods is already and will exponentially be key to the future advancement of this research field, which is the reason why I gave a major focus on integrating both of these aspects as part of my doctoral research.

Modern metabolomics tools for the study of plant chemodiversity

Chapter 2 aimed at integrating modern computational metabolomics tools to study PSM diversification in the genus Nicotiana by generating a comprehensive data-set including several tissues of 20 different Nicotiana species. From a metabolomics standpoint, the tissue-specific accumulation of PSMs has often been neglected, but it can shed significant light on candidate genes involved in biosynthetic pathways [START_REF] Li | Illuminating a plant's tissue-specific metabolic diversity using computational metabolomics and information theory[END_REF]. Furthermore, with the increasing availability of a diversity computational tools to process metabolomics data, it is now possible to

acquire and analyze such data on a large-scaler, to collect information on metabolic composition, substructure diversification, etc…, making it possible, by screening large numbers of representative species, to gain insights into the evolution of PSMs within specific taxonomic groups and to relate this chemical information to ecological adaptation (Defossez et al., 2021;Li and Gaquerel, 2021;[START_REF] Walker | Leaf metabolic traits reveal hidden dimensions of plant form and function[END_REF]. Following this line of thought and by analogy to phylogenomics which has emerged in the post-genomic era with the capacity of comparing whole genome at specific taxonomic scale to understand the genomics bases to trait evolution, an emerging concept is to transpose modern metabolomics tools to the deployment of phylometabolomics approaches (Figure 6-1). The latter approaches mutualizing most recent development in computational metabolomics, as illustrated in Chapter 2, could quickly give insights into species-specific metabolic traits and may also assist in drawing interpretations on their evolutionary origins. how phylometabolomics in the same way as proceeded for the genus Nicotiana, but here for representative species of the Bryophyta could be employed to possibly infer metabolic 213 innovation relevant to specific lineages of the Bryophyta. To develop this analysis, I made use of previously published metabolomics data for several species of the Bryophyta (Peters et al., 2018) and employed a metabolomics workflow implemented as part of Chapter 2. This figure (Figure 6-1) is for a point-of-view manuscript on phylometabolomics which is in preparation for the journal Natural Product Reports. As additional more ambitious perspectives, future studies may build upon these ideas and methods to construct a large-scale APG (The Angiosperm Phylogeny

Group, 2016)-like phylometabolomic study to investigate the evolution of metabolic traits within the Angiosperms. Another far-reaching perspective for phylometabolomics approaches could be to track metabolic innovations that were key for the colonization of land by plants, which is currently a major focus of my hosting research team. NANN structures and confirmed their structures by NMR (Supplemental 2.6.1). However, we did not succeed in the isolation of the novel NANNs that we discovered, which appear very intriguing because of their third nitrogen and of not being externalized, which was revealed by their lack in exudates as well as the distribution in the leaf, as revealed by mass spectrometry imaging (Figure 234567). To overcome the relatively low levels observed during purification attempts of these novel N3-NANNs the crystalline sponge method might be suitable to fully resolve their structure even with low levels of purified compound [START_REF] Zigon | Crystalline Sponge Method: X-ray Structure Analysis of Small Molecules by Post-Orientation within Porous Crystals-Principle and Proof-of-Concept Studies[END_REF]. Here a solution of the compound is applied to a crystalline sponge and the solvent is slowly evaporated.

This crystal can then be investigated by single-crystal X-ray diffraction. This method is even suitable for oily compounds, such as NANNs. Another possibility may be the use of cryo-NRM probes to enhance the signal of the analyzed sample.

Discovering novel biosynthetic genes by computational approaches

Chapter 3 is focused on the NANN pathway as a case-study to illustrate the biochemical underpinnings to PSM micro-innovation as well as to how PSMs might act as anti-herbivory units. This work required a highly interdisciplinary approach. Noteworthy, I also aimed, as part of this study, to apply and integrate novel methods such as deep learning-based protein structure prediction methods (here Alphafold2 and ESMfold) [START_REF] Jumper | Highly accurate protein structure prediction with AlphaFold[END_REF][START_REF] Lin | Evolutionary-scale prediction of atomic-level protein structure with a language model[END_REF]. A major bottleneck in PSM pathway elucidation is often the discovery and functional characterization of gene-coding enzymes for specific steps. Inferences guided by previous biochemical knowledge are sometimes relatively solid on a family level (i.e. whether a cytochrome P450 or a BAHD or a UDP-glycosyltransferase would control a particular metabolic step) and can further be strengthened by sequence-based phylogenetics approaches. Strikingly, a yet underexplored approach is the use of the embeddings derived the previously-mentioned protein structure prediction methods. These embeddings contain in a combined form sequence as well as 3D structural information that could be used to created advanced phylogenetic trees.

Furthermore, these could be used to train models analogous to [START_REF] Sledzieski | Adapting protein language models for rapid DTI prediction[END_REF] that are capable to infer substrate associations based on chemical structures and therefore predict possible substrates for uncharacterized enzymes. Another way to predict substrate interaction is molecular docking, which I also tried to apply (Figure 3 Regular Nicotiana alkaloids are rapidly excreted by the insect in big part appear as its N-glucosides in the frass. Bottom: NANNs are retained much longer in the insect body and can therefore exhibit their toxic effects. The main portion of NANNs is excreted unmodified, biotransformation products can nonetheless be observed. For example, we observed hydroxylation products that seem to be further oxidized to the carboxyl product and then conjugated to amino acids, in this case to alanine.

Résumé général des travaux de doctorat

Les plantes ont colonisé l'ensemble des habitats terrestres via la mise en place de stratégies d'adaptation extrêmement variées. Celles-ci sont notamment illustrées par la fascinante capacité des plantes terrestres à synthétiser un nombre spectaculaire de métabolites spécialisés dont beaucoup agissent comme des boucliers chimiques contre divers stress environnementaux. Comprendre l'évolution des voies du métabolisme spécialisé et en particulier l'apparition d'innovations au sein de celui-ci est donc crucial pour étudier l'apparition de nouvelles adaptations. Cette thèse de doctorat a eu pour but d'exploiter les avancées les plus récentes en métabolomique afin de contribuer à une meilleure compréhension de la diversification du métabolisme spécialisé des plantes. Plus spécifiquement, le cas d'étude de cette thèse fut celui de l'évolution de nouveaux alcaloïdes, les Nacylnornicotines (NANN), en tant qu'innovation défensive chez les tabacs sauvages (genre Nicotiana) de la section Repandae. Les NANNs sont en effet des toxines extrêmement efficaces car contournant la résistance acquise à la nicotine et nornicotine par les larves du lépidoptère Manduca sexta, herbivore principal de nombreux tabacs.

Afin d'explorer la chimiodiversité et la distribution phylogénétique de cette classe de composés, nous avons analysé par métabolomique computationnelle et à differentes echelles tissulaires, l'évolution de la diversité métabolique pour un groupe de 20 espèces de tabac sauvage. Ces travaux, en cours de révision pour publication (pour laquelle je serai premier auteur) dans Science Advances (chapitre 2 manuscrit de thèse) et publié en tant que pré-print sur la plateforme BioRxiv, nous ont permis de comprendre que l'apparition des NANNs prédate l'évènement de polyploïdisation à l'origine de la section Repandae. Dans un second temps, j'ai étudie la voie de biosynthèse des NANNs, ainsi que les mécanismes biochimiques contribuant à leur capacité de ces métabolites de contourner les mécanismes de résistance de certains insectes. A partir d'une analyse transcriptomique pluri-espèces, nous avons identifié différents orthologues de gènes d'acyltransférases, nouvellement nommés NAT1, au sein de la famille des BAHDs. Une caractérisation biochimique des protéines NAT1 de divers tabacs a montré que ces enzymes catalysent bien l'acylation de la nornicotine avec différentes chaînes d'acides gras. Nous avons reconstruit par approche phylogénétique l'évolution de NAT1 et démontré, par étude transcriptomique et enzymologique que les NAT1 des Repandae sont spécifiquement exprimée dans les trichomes et ont de plus acquis une forte efficacité, unique parmi les différents tabacs testés, pour la production de NANN à longues chaines. Ces travaux de nature biochimique sont le focus du futur chapitre 3 (article en cours de préparation et pour lequel je suis premier auteur) et complémenté par une étude des mécanismes de toxicité des NANNs contre les larves de Manduca sexta.

Un troisième objectif de ma thèse a été, en m'appuyant sur le cas d'étude des chapitres 1 et 2, de développer de nouveaux outils pour l'exploitation de données métabolomiques. Le chapitre 4 (article en cours de préparation et pour lequel je suis premier auteur) résume le développement, optimisation et test de performance d'un outil de deep learning pour la prédiction de structures à partir de spectres de masse. Cet outil a facilité l'interprétation de données acquises lors du cas d'étude principal. Enfin j'ai contribué à la transposition de ces outils pour l'analyse du devenir métabolique in planta de métabolites spécialisés produits par chimie de synthèse dans le cadre d'une collaboration (chapitre 5, article publié et pour lequel je suis co-auteur).

En conclusion, ce travail interdisciplinaire présente des méthodes nouvelles et de pointe pour étudier au sens large la diversité chimique des métabolites spécialisés des plantes et a permis plus spécifiquement de comprendre l'évolution de la biosynthèse et des fonctions anti-herbivores d'alcaloïdes jusqu'alors peu étudiés. Ci-dessous sont présentés les résumés des principaux résultats de ce travail sous la forme des chapitres du manuscrit de thèse.

Chapitre 2 | Analyse métabolomique de l'évolution de la chimiodiversité des classes du métabolisme spécialisé au sein du genre Nicotiana.

Le résumé ci-dessous est la traduction française du résumé d'un article de recherche soumis pour publication. Cet article, pour lequel je suis premier auteur, a été soumis comme pré-print sur la plateforme BiorXiv (https://doi.org/10.1101/2022.09.12.507566) et est, après une première évaluation positive, en cours de révision dans la revue Science Advances.

Article en cours de révision dans la revue Science Advances Titre : Evolutionary metabolomics of specialized metabolism diversification in the genus Nicotiana highlights allopolyploidy-mediated innovations in N-acylnornicotine metabolism Auteurs: David Elser, David Pflieger, Claire Villette, Baptiste Moegle, Laurence Miesch and Emmanuel Gaquerel Résumé: Au cours de l'évolution, la diversification progressive du métabolisme spécialisé (specialized metabolites, SM) a été un processus essentiel à l'adaptation des plantes à diverses niches écologiques. Nous avons mis en oeuvre une approche métabolomique basée sur la spectrométrie de masse pour explorer la diversification des SMs accumulés dans les tissus de 20 espèces couvrant les principales sections phylogénétiques du genre Nicotiana. Pour augmenter considérablement l'annotation des métabolites, nous avons créé une grande base de données de fragmentation in silico, comprenant plus d'un million de structures, ainsi que des outils informatiques nouveaux permettant de relier la prédiction de structures chimiques. Cette approche permet d'établir une cartographie sans précédent de la diversité des SMs et des innovations spécifiques aux différentes sections du genre Nicotiana. En intégrant de plus la RMN et l'imagerie par spectrométrie de masse, nous avons exploré, comme cas d'étude, la distribution en N-acylnornicotines, alcaloïdes prédits comme étant spécifiques aux allopolyploïdes de la section Repandae, et nous avons révélé, de façon surprenante, leur prévalence dans le genre Nicotiana, ainsi qu'une diversité structurelle supérieure à celle précédemment envisagée.

Chapitre 3 | Décryptage de la biosynthèse de N-acylnornicotines, de son évolution et de ses fonctions anti-herbivores

Le résumé ci-dessous est la traduction française du résumé pour un article de recherche en préparation, pour lequel je serai premier auteur, et qui constituera ce chapitre.

Titre envisagé: Allopolyploidy-mediated gain-of-functions in the biosynthesis of anti-herbivory Nacylnornicotines in the genus Nicotiana Auteurs: David Elser, Remigius Groening, Aura Navarro, Laurence Herrgott, Ludivine Malherbe, and Emmanuel Gaquerel Résumé: L'interaction avec les insectes est l'une des pressions de sélection primordiales qui a sculpté le métabolisme spécialisé des plantes. Ici, nous avons caractérisé les bases biochimiques et la trajectoire évolutive de l'accumulation extrêmement élevée de N-acylnornicotines (NANNs) dont la chimiodiversité fut explorée dans le chapitre précédent. En utilisant une combinaison d'analyses métabolomiquse, de séquençage haut débit RNAseq et d'études biochimiques, nous avons identifié une acyltransférase de la famille des BAHD, que nous avons nommé Nornicotine-N-AcylTransférase1 (NAT1), et qui permet la production abondante de NANNs dans les trichomes glandulaires des espèces Repandae en catalysant l'acylation de la nornicotine par des acides gras à longue chaîne. L'étude phylogénétique ainsi que les caractérisations biochimiques au niveau tissulaire des orthologues de NAT1 dans différentes espèces de Nicotiana ont permis d'approfondir les résultats du chapitre 1 et de démontrer que l'innovation défensive de type NANN est antérieure à l'allopolypoïdisation à l'origine des espèces Repandae mais que son déploiement en tant que défense abondante des feuilles provient de la forte affinité des NAT1 des Repandae pour les acides gras à longue chaîne et d'un shift de régulation transcriptionnelle des racines vers les trichomes glandulaires des feuilles. Enfin, des tests biologiques et l'utilisation de la métabolomique « post-ingestive » pour l'herbivore de l'ordre des lépidoptères, Manduca sexta, ont montré que la toxicité des NANNs est liée à leur stabilité dans l'environnement intestinal de l'insecte et leur faible excrétion, contrairement à celle rapide de la nornicotine et de la nicotine sous forme de dérivés glucosidiques. Auteurs: David Elser, Florian Huber and Emmanuel Gaquerel Résumé: L'annotation des spectres MS/MS résultants reste une tâche difficile qui repose principalement sur l'interrogation de bases de données, la prédiction et l'interprétation in silico de schémas de fragmentation et/ou des interprétations manuelles basées sur les connaissances d'experts. J'ai développé une méthode basée sur le deep neural network pour prédire les structures chimiques à partir de spectres MS/MS via encodage par descripteurs chimiques. Cette approche a été entraînée sur 83 358 spectres MS/MS dérivés de produits naturels de la bibliothèque GNPS et de la base de données NIST. La version actuellement mise au point permet de prédire correctement 5 structures parmi les 744 structures de validation et 38 des prédictions ont une similarité tanimoto supérieure à 0,7, attestant d'un fort pouvoir prédictif. Cette méthode a également été capable d'identifier correctement une des structure du concours international CASMI 2022. Il est important de noter que cette approche est extrêmement rapide, nécessitant environ 30 minutes pour prédire 1000 structures, ce qui la rend apte à l'annotation de grands jeux de données métabolomiques. Résumé : Une synthèse chimique d'aza-iridoïdes non présents dans la nature a été par nos collaborateurs a été mise au point via l'utilisation d'ynamides par nos collaborateurs (équipe SOPHY dirigée par Laurence Miesch). Ces molécules peuvent à terme d'effectuer un traçage métabolique des voies de biosynthèse d'iridoïdes chez les plantes afin de mieux comprendre leur organisation. A cette fin, ces aza-iridoïdes ont été infiltrés dans des feuilles de Scrophularia nodosa, une espèce végétale naturellement productrice d'iridoïdes. Pour suivre le devenir et identifier les produits de bioconversion de ces aza-iridoïdes, la spectrométrie de masse à haute résolution couplée à des approches de métabolomique computationnelle a été employée. J'ai mené ces dernières analyses et ai identifié les produits de bioconversion, ce qui permet de fournir une preuve de fonction à utilisation des outils développés pendant ma thèse dans un contexte de production de nouvelles molécules par bioconversion.

David ELSER

Résumé

Les plantes s'adaptent à leur environnement via l'acquisition d'innovations métaboliques clés. Cellesci sont ainsi reflétées dans la capacité fascinante des plantes à innover de nouvelles voies de biosynthèse pour la production de métabolites spécialisés structurellement divers et dont beaucoup agissent comme des boucliers chimiques contre des stress biotiques et abiotiques. Cette thèse a eu pour ambition d'employer une approche interdisciplinaire pour explorer divers aspects de l'évolution, de la biosynthèse et des fonctions anti-herbivores des métabolites spécialisés de plantes (MSPs). Ces travaux présentent notamment des développements nouveaux en métabolomique computationnelle pour étudier la diversité chimique des MSPs en utilisant la classe des N-acyl-nornicotines (NANNs) du genre Nicotiana comme cas d'étude principal. Ces travaux démontrent que cette innovation métabolique précède l'événement d'allopolyploïdisation à l'origine des espèces de la section Repandae, que la diversité en NANNs est bien plus large que précédemment envisagée et que ceuxci sont présents chez la majorité des espèces du genre Nicotiana. Un autre axe de cette thèse traite de la biosynthèse des NANNs et a conduit à l'identification de NAT1, une nouvelle acyltransférase BAHD très fortement active dans les trichomes glandulaires de trois espèces de la section Repandae. De plus, nous avons examiné l'évolution de NAT1 dans le genre Nicotiana ainsi que le métabolisme post-ingestif et mode d'action des NANNs comme métabolites défensifs contre la larve de l'insecte herbivore Manduca sexta. Enfin, nous présentons une nouvelle méthode basée sur les réseaux de neurones profonds pour la prédiction rapide des structures et groupes fonctionnels à partir de spectres MS/MS à haute résolution. En conclusion, cette thèse couvre divers disciplines avec pour objectif de développer de nouveaux outils et concepts pour répondre à des questions fondamentales sur le métabolisme spécialisé des plantes.

Mots-clés: N-acyl-nornicotines, acyltransférases de la super-famille des BAHD, métabolomique computationelle, Nicotiana.

Résumé en anglais

Plants adapt to their environments by diversifying their phenotypes in various ways. This diversification is intimately linked and reflected in plants' fascinating capacity to evolve biosynthetic pathways for a spectacular number of structurally diverse specialized metabolites, many of which acting as chemical shields against stresses. This thesis illustrates how multidisciplinary aspects of the evolution, biosynthesis and anti-herbivory functions of plant specialized metabolites (PSMs) can be approached and studied. We report on state-of-the-art metabolomics methods to study PSMs chemical diversity and demonstrate their use on the exploration of N-acyl-nornicotines (NANNs) of the genus Nicotiana as a case study. Here, we demonstrate, contrary to previous views, that this metabolic innovation predates the Repandae allopolyploidization event and that NANNs are a more common trait in the genus Nicotiana. In addition, we show that the NANN chemodiversity is much greater than previously known. Another main objective of this thesis dealt with the identification of NAT1, a novel BAHD Nacyltransferase involved in the biosynthesis of NANNs and active in the glandular trichomes of three species of the Repandae section. Furthermore, we investigated the evolution of NAT1 in the genus Nicotiana. In addition, we also explored the metabolic fate of these defensive metabolites in the herbivorous insect larva Manduca sexta. Finally, we report on a new deep neural network-based method for rapid structure and functional group prediction of high-resolution MS/MS spectra, an aid for future plant metabolomic studies. In conclusion this thesis advances within several disciplines to answer fundamental questions about PSMs.
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 11 Figure 1-1 The continuum of primary metabolites vs specialized metabolites. From Schenck and Busta, 2022. Nucleotides are found in all organism, but can be modified by enzymes of specialized metabolism into specialized metabolites such as caffeine restricted to only a few plant species.
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 13 Figure 1-3 A typical workflow in the elucidation of a metabolic pathway. Modified from Jacobowitz[START_REF] Jacobowitz | Exploring Uncharted Territories of Plant Specialized Metabolism in the Postgenomic Era[END_REF]. A comparative transcriptomics approach may yield differentially expressed genes, which are correlated with high metabolite accumulation. The gene may also be found only in species that produce the compound. In addition the virus induced gene silencing dcreases metabolite accumulation in the plant. The extracted protein fraction that shows activity was identified by proteomics and is identical to the gene caniddate. Futhermore production of the enzyme in the heterologous host, followed by purification and enzyme assasys is typically employed to confirm its enzymatic activity. Reconstitution of the pathway in Nicotiana benthamiana can be further used to demonstrate the expected activity.

Figure 1 - 4

 14 Figure1-4The evolution of plant specialized metabolites. Adapted from Weng, 2014. Early adaptations of PSM made the transition from water to land possible, with the co-evolution of herbivores defensive compound increased and later on with the appearance of flowers and fruits this co-evolutionary process further complexified metabolic diversity of plants to attract pollinators of animals for seed dispersal. This metabolic diversity also led to the appearance of several linage specific PSMs.
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 15 Figure1-5The key mechanims of the evolution of novel enzyme functions in plant specialized metabolite biosynthesis. From Moghe and Last, 2015. Several mechanisms have been reported that can play a role in the sub-and neofunctionalizations of enzymes that have been recruited from the primary metabolic pathways to create the chemodiversity of PSMs that is observed in different species.
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 16 Figure 1-6 The ADME (Absortion, Distribution, Metabolism, Excretion) concept applied to insect larave. From Jeckel et al., 2022. The first step is the Absorption of the metabolite through the gut into the hemocoel. Followed by the distribution into the various tissues and metabolization through phase I-II, which follows the excretion through the malpighian tubes.

Figure 1 - 7

 17 Figure 1-7 Selected specialized metabolites of the Solanaceae as highlighted in this thesis. Adopted fromFiesel et al., 2022.Yellow: Nicotine is the signature alkaloid of the genus Nicotiana, it is found all across the genus a there are several related structures such as nornicotine, anabasine or anatabine. Green: Tropane alkaloids highly toxic, medicinally important alkaloids which mainly appear in the higlighted species, examples are scopolamine, atropine of hyoscyamine. Pink: Capsaicinoids are highly specific to the genus Capsicum and with capsaicin being the most common. They give chilli peppers their pungency and therefore have high culinary and economical importance. Blue: Steroidal glycoalkaloids are generally widespread within the genus Solanum e.g. tomatidine, alpha solamarine and therfore also present in many cultivated crop species such as tomato, eggplant or potatoes, where they sometimes can be problematic form humans. Orange: Acyl-sugars form sticky exudates produced by glandular trichomes and are found all over the Solanacace family. They are based on different sugar cores that are decorated by acyl chains and which serve as defense against insects. Red: Terpenes are also widespsread within the family but 17-hydroxygeranyllinalool diterpene glycosides are much more restricted and currently only known from Nicotiana, Lycium and Capsicum, where they act as defensive compounds against herbivory.
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 18 Figure 1-8 The convergent evolution of tropane alkaloid biosynthesis. Adopted from Tian et al., 2022.(a) The tropane bicyclic backbone is highlighted in red, whereas the benzyl core is highlighted in blue, which is added by acyltransfer reactions to the alkaloid backbone. (b) Both pathways start from the polyamine pathway where the formation of N-methyl pyrrolidine ring is essential, this is also a major building block for Nicotiana alkaloids. The subsequent reduction and acyltransfer reactions a catalyzed by different enzyme families but results in similar products.
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 19 Figure1-9The evolution of Nicotine biosynthetic pathway.From Xu et al., 2017. The biosynthesis of nicotine is based on enzymes that have been recuited from two pathways of the primary metabolism. First from the polyamine pathway which delivers the N-methylpyrrolidine ring, this duplication event is also common in other species of the Solanaceae where it is used in the biosythesis of tropane alkaloids. The second pathway that underwent Nicotiana specific duplications is the NAD pathway, to deliver the pyridine ring, which is the fused with the pyrrolidine ring most likely by berberine bridge like enzymes and A622.
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 21 Figure 2-1 Experimental and data processing set-ups to explore species x tissue specialized metabolism diversification in the Nicotiana genus. (A) Schematic Nicotiana phylogenetic tree highlighting main genus sections and representative species selected for metabolomics analysis. Four allotretraploid sections, dashed lines indicate sections containing closest extant diploid progenitors. Accessions and origins of the selected species are referred to in Table S1. N. glutinosa* and N. glauca* are considered as homoploid hybrids as summarized in (34). (B) Tissue sampled from 6-to-8 weeks old plants of the selected 20 Nicotiana species. Fully elongated leaves were considered for leaf-based samplings. Leaf exudates were prepared by acetonitrile-based leaf surface rinsing; methyljasmonate (MeJA)-treated leaves were harvested 72h post-treatment. (C) Representative Base Peak Chromatograms (BPC) from the UPLC-ESI+-QTOF MS analysis of methanolic extracts of N. repanda roots, untreated leaves and calyces. (D) Data processing pipeline to construct a species x tissue MS/MS spectral matrix and for its deep structural annotation prior to metabolic class diversification analysis. Architecture of the data processing pipeline and organization of the different output matrices as supplementary data-sets are presented in Figure S 2-2.
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 2 2A). A unifying trend in these tissue-level analyses was that species' profiles, differed extremely in their α -diversity indices, up to 3-fold counter-species variations being detected depending on the tissue type. Root samples were, from all examined plant samples, those with consistently lower α -diversity scores (average H = 7.6), likely indicative of the prevalence of only a few SM classes in these samples for the analytical conditions considered in this study (Figure2-1C). As expected, highest α -diversity scores were on average detected for MeJAelicited leaves (average H = 9.4) (Figure S 2-3), followed by uninduced leaves (average H = 9.3) and calyces (average H = 9.0). The effect of the MeJA elicitation on feature diversity was consistently more apparent at the level of detected features and very variable among the focal species (Figure S 2-3). Interestingly, we noted that these inter-species variations in MeJA inducibility (indicative of the amplitude of a "metabolome plasticity" to this treatment) were strongly negatively correlated (Pearson Correlation Coefficient = -0.76, P-value = 1.04 x 10 -4 ) with α-diversity scores of uninduced leaves ("constitutive diversity") (Figure S 2-3).
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 22 Figure 2-2 Species metabolome α -diversity and "phylometabolomics" relatedness. (A) Biplots depict the number of detected features and the Information Theory Shannon α-diversity as an index of feature richness per tissue. Nicotiana phylogenetic sections are color-coded. (B) "Phylometabolomics tree computed from the molecular networking information. To analyze the relatedness of species' metabolomes, we first computed inter-species Euclidean distances based the molecular networking information and used the resulting distance matrices for constructing a "phylometabolomics" tree based on the Neighbor-Joining algorithm (bootstrap values derived from 999 iterations) (Table S 2-2). Trees were also constructed from the tissue-level data (Figure S 2-3).
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 23 Figure 2-3 Cartography of Nicotiana species-level metabolic class and substructure distribution using a novel molecular network-propagated consensus substructure approach. (A) Molecular networking of species x tissue deconvoluted MS/MS features. The top252 molecular networks were retrieved for a minimum MS/MS pairwise cosine value of 0.7 and of 6 matching m/z signals. Node colors refer to network-propagated CANOPUS super-class predictions. Bars refer to the relative proportions of individual MS/MS further annotated from the three levels of annotation confidence (see Material and Methods section) or with databases build from in silico generated MS/MS spectra (see panel C). (B) Treemap visualization of species-level super-class and most specific class distribution. Colors denote for different NP-CANOPUS super-classes, with each individual uniformly colored rectangles depicting mostspecific classes hierarchically classified as part of a NP-CANOPUS super-class. A close-up view on two super-classes ("Organic acids and derivatives" / "Phenylpropanoids and polyketides") detected in N. glauca (Ngla) is presented. (C) Network Consensus Structure (NCS) computations from hits obtained from the interrogation of in silico generated MS/MS spectra (Figure S 2-10). Hits obtained for each MS/MS feature-level database search within a network were compiled input to compute a consensus (sub)structure for each network. (D) NCS computed for network #486 whose MS/MS features were classified in (A) as those of "Amino acids and derivatives". The library of feature/network/NP-CANOPUS/NCS associations is reported in Data S1, S3 and S4.

  within a chemical structure. This level of information is complementary to compound class prediction, most commonly addressing biosynthetic origin and/or compound physico-chemical properties. To propel substructure identification in our dataset, we first optimized a multiinference annotation pipeline (Figure S 2-2 and Figure S 2-5). Briefly, feature spectra were first queried against an in-house Nicotiana attenuata SM MS/MS database (NaMS), entries resulting
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 26 and Figure S 2-7). The capacity of such in silico spectra-based approach to increase the annotation coverage of plant SM profiles has initially been exemplified in a pioneer study by[START_REF] Allard | Integration of Molecular Networking and In-Silico MS/MS Fragmentation for Natural Products Dereplication[END_REF], but was restricted to chemical entries (~ 220,000) retrieved from the copyrighted Dictionary of Natural Products (http://dnp.chemnetbase.com). Here, we concatenated chemical structures derived from several public natural product libraries (

  dimensions (here summed peak areas and connected CANOPUS predictions) into a limited number of descriptors exhibiting high-confidence statistical associations to species. Using NMDS, we computed projections of species and CANOPUS predictions as intrinsic variables and extracted strongest associations based on P-values < 0.05 (Permutation tests) and minimal cosine scores for angular distances between these two set of entities in NMDS projections (Figure2-4A, Data S2). A hierarchical clustering analysis of previously extracted most significant associations resulted into four main clusters referred to as Family Clusters (FC) (Figure2-4B). Distribution of these associations was not directly consistent with the species-/section phylogeny and thereby indicative of gains and losses in species/section-level capacities for the abundant production of specific SM core structures. Family Cluster 1 (FC1) regrouped predictions associated to O-acyl glycerol structures that appeared to be prevalent within species of the section Suaveolentes and to a lower extend in the Petunoides, Polydicliae, Paniculatae and Rusticae. In accordance with the pronounced expansion of this compound class in the Nicotiana genus[START_REF] Moghe | Evolutionary routes to biochemical innovation revealed by integrative analysis of a plant-defense related specialized metabolic pathway[END_REF], O-acyl sugar predictions enriched in FC2, exhibited widely distributed significant species associations throughout the genus. Such associations were remarkably absent for the section Repandae, with the exception of N. nudicaulis. Strong associations with predicted terpenoid structures caught our attention when inspecting FC3. Most distinctive ones were detected for sections Nicotiana and Sylvestres as well as for more distantly related sections Undulatae and Tomentosae. FC4 mostly captured associations with phenylpropanoid-derived substructures and alkaloids, the latter further emphasizing on the richness of alkaloid metabolism in the Repandae section.
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 24 Figure 2-4 Non-metric multidimensional scaling reveals main statistical trends of Nicotiana section and species-level metabolic specialization. (A) Non-metric multidimensional scaling (NMDS) was used to infer directionalities, followed by the calculation of intrinsic variables to test for statistical significance (P-value [999 permutations] lower or equal to 0.05), in the association between species and CANOPUS super-class and most specific class predictions (CANOPUS, Figure 2-2). All P-values and cosine distances are summarized in Data S2. (B) Heatmap representation (based on cosine distances) of statistically significant associations between species and NP-CANOPUS predictions for "most-specific classes" (colored according to upper-level "super-classes"). A hierarchical clustering analysis was conducted to group similarly distributed CANOPUS predictions, thereby emphasizing on four highly distinctive clusters referred to as metabolic family clusters (FC).

  this analysis, we retained 76 mass motifs that best depicted the structural diversity within our dataset as confirmed by hierarchical clustering (resulting in clusters of co-varying mass motifs) and mapping of enriched CANOPUS predictions for each mass motifs (motif-level propagation of CANOPUS predictions) (Figure2-5A, Figure S 2-9). In analogy to the critical role of conserved domain/motif inferences in protein structure-activity studies, mass motif inference offers a dimensionality reduction perspective on recurrent fragmentation patterns derived from particular substructures. This approach is however often limited by the scarcity of structurally annotated mass motifs in MS2LDA libraries. An asset of our approach is that it mutualizes the previously described SM cartography to mine most interesting mass motifs (Figure2-5B and Data S5). For instance, we confirmed the presence in motif cluster 1 (MC1) of a mass motif (Strepsalini_110) which was characteristic of the O-acyl glycerols specific to Suaveolentes. MC1 also contained motif #631 and motif #254 characteristic of steroidal glycoalkaloids and that were strikingly specific to N. plumbaginifolia. Motif #646, present in the second cluster (MC2) captured the complete diversity of 17-HGL diterpene glycosides, allowing to efficiently explore tissue-specificity for this compound class. MC4 contained a motif (motif #37) with fragments indicative of hydroxycinnamic acid substructures derived from a network of O-phenolic glycosides. Similarly using inferences derived from these different computational approaches, we could efficiently inspect motifs corresponding to previously mentioned Nhydroxycinnamoyl-spermidine conjugates specific to N. glauca (MC5, motif #473), di-and triterpenoids abundantly found in N. tabacum (MC5, e.g. motif #555, #euphorbia_350) and mono-, sesqui-and diterpenes (MC5, motifs #558, #675 and #576 respectively) in sections Nicotiana and Sylvestres as well as Undulatae (Figure S 2-10). As previously implemented for molecular networks (Figure 2-3), mass motifs can also be used for consensus substructure computations (Motif Consensus Structure, MCS), the latter providing a further mean to circumvent the scarcity mass motif annotation in MS2LDA libraries. All 76 MCS computations, combined with CANOPUS predictions and manual curation, are presented in Data S6.
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 25 Figure 2-5 A minimal set of MS motifs captures substructure diversity in Nicotiana chemotypes. (A) Hierarchical clustering analysis (HCA) based on the species-level motif count (Z-score normalized) of top76 mass motifs inferred by unsupervised decomposition of overall MS spectra via the text-mining program MS2LDA. Species x tissue motif counts matrices can be explored within Data S5. Motifs clusters (MC) extracted from the HCA approach refer to clusters of tightly covarying MS motifs. A Principal Component (PC) analysis (2 first PCs) based on species-level MS motif relative intensity and loadings exerted on sample PC coordinates by each MS motifs, highlighted the strong resolving power for species grouping of these MCs (Figure S 2-9). (B) Strategy for MS motif-guided exploration of substructure enrichment in particular molecular networks. MS motifs are selected based on their peculiar species/section-level distribution, annotated using MS fragmentation curation and connected molecular network are finally visualized. Node colors denote for the species-overall feature relative abundance in the analyzed tissues. Rectangles report network and MS motif ids, their colors refer to MC. A representative high confidence predicted structure per network (connected to the double circled node) is presented with annotation of the MS motif main fragments. Additional examples are presented as part of Figure S 2-10. Overall MS motif data are reported in Data S6 and S7.

  NANNs' structural diversity was readily inferable from mass motif #433 (MC7) that included the two main nornicotine substructure molecular fragments at m/z 132.0825 and at m/z 149.1075 (Figure2-6A). Inspection of this motif retrieved a far greater structural diversity than previously reported, with 102 of annotated NANNs, not counting novel non-canonical NANN structures with three N (NANNs integrating an aminated fatty acyl chain) or three O atoms (dihydroxylated NANNs) or those built on an anatabine scaffold instead of nornicotine (Data S8).This NANN structural diversity directly translated from variations at the fatty acyl moiety level, with the presence of iso-/anteiso-branched or straight C1 to C18 chains, with or without hydroxyl groups. As their structure had not been unambiguously identified in previous phytochemical reports[START_REF] Severson | Identification of tobacco hornworm antibiosis factor from cuticulae of Repandae section of Nicotiana species[END_REF], the most abundant hydroxy NANNs were purified and elucidated by NMR to confirm the unusual position of the hydroxy group at position 3 (Figure S 2-11, Supplementary Text). Total NANN pools were extremely high in leaf exudates and in trichome-rich calyces of the Repandae species, but at barely detectable levels in N. nudicaulis (Figure 2-6B). Most surprisingly, our data mining revealed that roots harbored a previously unexplored diversity of NANNs, albeit at almost 2 orders of magnitude lower than in leaves, and with very different chemotypes (Figure 2-6B). In this respect, cross-tissue comparisons of fatty acyl moieties among NANN chemotypes indicated a general tendency towards shorter chain NANN (most notably C8-nornicotine and formyl-[C1]-nornicotine) accumulation in root tissues (Figure S 2-12). A closer inspection of previously noted non-canonical NANNs captured by this exploratory approach led to the formulation of structural assignments for 4 structures harboring a second intra-chain hydroxyl group, and 4 additional ones bearing a third N atom as part of an intra-chain amine group (Figure 2-7A). These non-canonical NANNs were purified; but due to insufficient yields, their structure could not be further interpreted by NMR. In agreement with the presence of a third N prone to be positively charged, these non-canonical NANNs mainly appeared in the form of their [M+2H] 2+ and exhibited higher polarity than regular ones. Features corresponding to these non-canonical NANNs shared with canonical ones the mass motif #433 associated with the nornicotine backbone fragmentation, but were located in different molecular networks (Figure 2-7A) that were specific to the Repandae section (Figure S 2-13). These Repandae non-canonical NANNs were further analyzed by ultra-high resolution MALDI MS imaging experiments conducted from leaf cross-sections of N. nesophila. These analyses supported their uniform distribution within the leaf lamina, the corresponding MSI images overlapping with those of well-known lamina-distributed SMs such as chlorogenic acid, and not specifically on the leaf surfaces as for canonical NANNs (Figure 2-7B, Figure S 2-14).
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 26 Figure 2-6 Navigating MS motifs pinpoints on a diversity of N-acylnornicotines that dominate leaf surfaces of Nicotiana section Repandae species. (A) Main molecular networks extracted connected to MS motif 433 (MC7, Figure 2-5A) characterized by a strong relative abundance in Repandae species. NMR-elucidated N-acylnornicotine (NANN) structure (see further NMR-elucidated NANNs in Figure S 2-11), with fragment annotations captured by the NANN MS motif, for the MS/MS feature represented by the double circled node. Node colors denote for the speciesoverall feature relative abundance in the analyzed tissues. (B) Total NANN pools (relative to maximum in N. nesophila exudates) as inferred from MS/MS features of MS motif 433 (Data S8). (C) Species-level NANN elemental formula distribution (Z-score normalized) and indication of the acyl chain length and of its 3-hydroxylation.
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 26 shows that the NANNs' diversity pervades the different Nicotiana sections, albeit at extremely low levels in all the species examined additionally to the Repandae section. Obviously, complete leaf extracts of N. nesophila (H=3.25, 53 NANNs) and N. repanda (H=3.17, 49 NANNs) exhibited the overall greatest NANN α-diversity values (Figure S 2-15). Of all leaf exudate samples examined, the NANN α-diversity calculated for hybrid N. repanda X sylvestris (H=3.03, 18 NANNs) was the highest, which reflected a balanced distribution among NANN relative intensities in this sample. By clear contrast, lowest NANN α -diversity values were detected for leaf exudates of N. repanda (H=0.42, 24 NANNs), N. stocktonii (H=0.39, 22 NANNs) and N. nesophila (H=0.54, 24 NANNs), which further indicated, besides the high NANN biosynthetic capacity in these species, their exacerbated specialization towards C14-OH-nornicotine exudation. In this respect, while the NANN chemotypes of the leaf exudates of almost all of the focal species were characterized by the dominance of this particular NANN, N. rustica and N. setchellii were noticeable exceptions, being dominated by C16-nornicotine (Figure 2-6C) and N. glutinosa for its exclusive accumulation of formyl-nornicotine. As previously noted, (Figure 2-6C), roots of almost all species harbored a rich diversity of NANN, particularly exacerbated in N. obtusifolia (H=2.26, 8NANNs), predicted as one of the closest diploid progenitors to the Repandae section. Altogether, a most parsimonious explanation to the evolution of the NANN pathway was that it predates Repandae formation. Such an evolutionary scenario appeared to be supported in all tissue-level ancestral state reconstruction (ASR) analyses carried out based on a matK-based species tree and with total NANN levels expressed as discrete states (Figure2-8). The ASR analysis computed from total root NANNs in combination with tissue-level NANN chemotypes, further suggested that the last common ancestor to the examined species had a consequent root-based NANN accumulation capacity.
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 27 Figure 2-7 Characterization of non-canonical leaf lamina NANNs specific to the Repandae. (A) Molecular networks and fragmentation characterization of 3N-containing and di-hydroxylated NANN specific to the Repandae (Figure S 2-13). Node colors denote for the species-overall feature relative abundance in the analyzed tissues. (B) MALDI MS images depicting spatially-resolved relative abundance of selected metabolites in a leaf cross section of N. nesophila. Insert in the first image corresponds to the optical image of the matrix-embedded leaf cut used for MALDI MSI. The two first images correspond to the MSI data for two 3N-containing NANNs: m/z 346.2853 (± 3ppm, C21H35N3O, [M+H] + ) and m/z 362.2802 (± 3ppm, C21H35N3O2, [M+H] + ) exhibiting a quasi-uniform distribution within the complete leaf section and comparable to that of chlorogenic acid (third image, m/z 355.1026 ± 3ppm). Selected MSI data are presented for additional N. nesophila metabolites in Figure S 2-14.
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 28 Figure 2-8 Ancestral state reconstruction and structural diversity analysis indicate that NANNs predate Repandae speciation and a major root-to-shoot compositional shift. Total root NANN pools of the focal species were transposed as relative scaling into an ordered trait (total states colored from white to dark brown) and used as input for ancestral state reconstruction using the MBASR software with default settings. The species tree was constructed from matK as described in (73). Bubble plots on the right part of the figure depicts relative NANN fatty acyl chain distribution with indication of fatty acyl chain carbon number (Figure S 2-12), for total NANN pools see Figure 2-6B. Bubble size denote for relative acyl chain level within the NANN pool of a species and per tissue. Color-filled bubbles refer to hydroxylated NANNs.
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 29 Figure 2-9 Connecting the dots for the acyl-glucoses compound class. (A) The MS2LDA mass motif 586 shows close association to Suaveolentes and Rusticae section (see also Figure 2-5A), this motif shows particular fragments of a C8 acyl group (fragment_127.1125) and glucose with a C8-acyl group which lost two -OH groups (fragment_271.1525). The predicted overrepresented CANOPUS class is alkyl-glycosides (MP-CANOPUS). The associated consensus substructures of this motif (MCS) all present alkyl chains with varying lengths. (B) The CANOPUS compound classes were propagated on a network level (NP-CANOPUS) and plotted as tree maps for the top 252 networks to compare species compound class distributions (Figure 2-3B). After summing up the peak areas of these 252 networks with the same NP-CANOPUS classes, significant associations were obtained by NMDS for the class alkylglycosides (Figure 2-4B), which again shows similar sectional association/distance as on motif level. (C) One molecular network (372) that was assigned with the compound class alkyl-glycosides is shown here, it belongs to the super class of lipid and lipid like molecules, the predicted consensus substructures for this network (NCS) shows again alkyl chains with varying lengths. The features of this network are very enriched in the leaf surface exudates (yellow), the proposed structure of feature m/z 433.2799 (bold circles) is highlighted with its explainable fragmentations above. (D) The total leaf exudate pool of network. 372, showing very high levels in sections Suaveolentes and Rusticae.

  closest diploid progenitors (Nicotiana sylvestris and Nicotiana obtusifolia), NANNs have often been considered as "transgressive" metabolic traits derived from the Repandae allopolyploidization. In our study, we annotated 102 NANNs, including 6 first elucidation by NMR, and discovered NANN-related structures built from anatabine as a backbone, and the presence of novel NANNs leaf lamina-based restricted to Repandae and incorporated uncommon aminated fatty acyl moieties. Above all, our study indicates that the NANN biosynthetic capacity predates the Repandae section formation. However, a main innovation of Repandae species is their capacity to accumulate very high level of canonical NANNs on their surfaces as well as N3-

  -2A) or the data from the motif count (Script S18) (Figure S 2-9) in order to calculate the Euclidean pairwise distances between species' metabolomes (Script S20). The resulting matrix was then used to plot trees in R with the APE package using the Neighbor-Joining algorithm and bootstrapping 999 with iterations. (Script S21)
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 28 Figure S 2-1).

  petroleum ether:ethyl acetate:NH4OH from 40:60:4 (solvent 1) to 20:80:4 (solvent 2) as follows: 30 mL of solvent 1, 30 mL of solvent 1: solvent 2 (1:1) and flushing of the column with 150 mL solvent 2. 29 fractions (5-10 mL) were collected and fractions 17 to 22 and 23 to 29 were respectively combined. The latter combined fractions were further resolved by preparative HPLC with H2O (A), ACN (B) as eluents from 60 % B to 63 % B in 40 minutes on a Kinetex C18 column (250 x 10 mm, 5 μm, 100 Å) with an injection volume of seven times of 100 μL. Six N-acyl-nornicotines isolated from Nicotiana nesophila leaf exudates were structurally characterized by UPLC-QTOF-MS and NMR (Figure S 2-11). N-acyl-nornicotine #1 (68.6 mg) was identified as 3-hydroxy-12-methyl-1-(2-(pyridin-3-yl)pyrrolidin-1-yl)tridecan-1-one and was detected as its [M+H] + adduct at m/z 375.3002 (C23H39N2O2, +1.2 ppm) in QTOF-MS. Nacyl-nornicotine #2 (12.6 mg) was identified as 3-hydroxy-1-(2-(pyridin-3-yl)pyrrolidin-1yl)tetradecan-1-one and was detected as its [M+H] + adduct at m/z 375.3000 (C23H39N2O2, +1.6 ppm). N-acyl-nornicotine #3 (11.1 mg) was identified as 3-hydroxy-10-methyl-1-(2-(pyridin-3yl)pyrrolidin-1-yl)dodecan-1-one and was detected as its [M+H] + adduct at m/z 361.2842 (C22H37N2O2, +2.0 ppm). N-acyl-nornicotine #4 (9.8 mg) was identified as 3-hydroxy-12methyl-1-(2-(pyridin-3-yl)pyrrolidin-1-yl)tetradecan-1-one and was detected as its [M+H] + adduct at m/z 389.3157 (C24H41N2O2, +1.5 ppm). N-acyl-nornicotines #5 and #6 (5.9 mg) coeluted in the same fraction but could still be identified as 3-hydroxy-1-(2-(pyridin-3yl)pyrrolidin-1-yl)dodecan-1-one and 3-hydroxy-10-methyl-1-(2-(pyridin-3-yl)pyrrolidin-1yl)undecan-1-one and was detected as [M+H] + adducts at m/z 347.2689 (C21H34N2O2, +1.1 ppm)
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 264 cosine (score above 0.5 and more than 5 matching peaks). Numbers of annotations were compared and also their classifications retrieved with NP-classifier, all the tools show terpenoids were the most common compound class (Figure S 2-6). The singularity image of the simplified batchmode used for running QCxMS is available at the following Zenodo link: https://doi.org/10.5281/zenodo.6536010 . Code availability and description All scripts used in this study are available at the Github repository: https://github.com/volvox292/Nicotiana_metabolomics S1 openbabel_conversion.ipynb | Converts Smiles to InchI for the creation of the in silico spectral database S2 reformater.R | Parsing/cleaning of the structure databases for the creation of the in silico spectral database S3 add_openbabel_info.R | Structure database merging and duplicate removal for the creation of in silico spectral database S4 run_cfmid_mesocenter.sh & cfmid_commands.txt | Runs CFM-ID on the University Strasbourg HPC Cluster S5 Process_mgf.ipynb | Creates composite spectra from merging spectra obtained by CFM-ID at different collision energies S6 matchms_spec2vec.py | Interrogation of the in silico spectral database using spec2vec as scoring metric S7 matchms_scores_analysis.py | Used for Database Matching of CFM ID on HPC Cluster S8 MatchMS-v1-cosine-msp.ipynb | Used for Database Matching of Nicotiana DB S9 MatchMS-v1-cosine.ipynb | Used for Database Matching of Jassbi S10 Batch-QTOF-sens-v3.xml | Used for Batch Mode processing of the Dataset S11 mgf-rem-redundancy-v4.ipynb | Remove redundant features

Figure S 2 - 1

 21 Figure S 2-1 Ancestral trait reconstruction on the absolute amount of exudates collected from the focal species. Total leaf exudates' dry weights (TableS 2-1) from the focal species was transposed as relative scaling into an ordered trait (total exudate states colored from white to dark red) and used as input for ancestral state reconstruction using the MBASR software with default settings. The species tree was constructed from matK gene sequence as described in[START_REF] Chong | Using MetaboAnalyst 4.0 for Comprehensive and Integrative Metabolomics Data Analysis[END_REF].
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 2223 Figure S 2-2 Architecture of the metabolomics data processing workflow with reference to custom scripts developed for this study. All referred scripts (See Supplementary Text "Code description and availability") are available at the Github repository: https://github.com/volvox292/Nicotiana_metabolomics
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 24 Figure S 2-4 Tissue-type "phylometabolomics" tree computed from the molecular networking information. To analyze the relatedness of species' metabolomes, we first computed inter-species Euclidean distances based on the molecular networking information and used the resulting distance matrices for constructing "phylometabolomics" trees based on the Neighbor-Joining algorithm (bootstrap values derived from 999 iterations).
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 26 Figure S 2-6 Composition of the 1 million in silico natural products library. Chemical entries were classified by NP-classifier. The creation of this in silico spectral database is referred in the SupplementaryText "Creating an in-silico MS/MS library for approximately 1 million natural products and optimizing its rapid interrogation". The list of natural product database employed is presented in TableS 2-3.
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 272829 Figure S 2-7 Comparison, using NP-classifier, of hit chemical classes retrieved from in silico spectral interrogations using the Jassbi Nicotiana chemical database. Top panel, number of compound hits per retrieved from searching the Nicotiana dataset against the Jassbi Nicotiana chemical database[START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF] with the different tools. The numbers of annotations were 999 with CFM-ID v4.0 and the modified cosine (score above 0.5 and more than 5 matching peaks), 65 significant annotations with Moldiscovery, 159 annotations with QCxMS and the modified cosine (score above 0.5 and more than 5 matching peaks). Lower panel, hits were then classified with NP-classifier (pie charts in the lower panel).
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 2 Figure S 2-10Network consensus substructure analysis for selected networks. (A) Network consensus substructure analysis for selected network for which in silico MS/MS annotations were collected (see Data S1 for NCS of the top252 networks) and which corresponded to CANOPUS predictions specifically associated with certain species (Data S2). Top4 NCS are provided as well as comments on manual annotation, species association. NCS for two networks exemplified in Figure5are further presented. (B) Molecular networks for networks #262, #468 and #222, corresponding respectively to labdane diterpenes, hydroxycinnamoyl-spermidines and sucrose-based O-acyl sugars. Representative high confidence annotation metabolites are presented. Note that O-acyl sugars, only the sucrose core structure is presented. R1-to-R5 moities refer to H or branch or straight short-to-medium fatty acyl chains as described in(76). Node colors denote for the species-overall feature relative abundance in the analyzed tissues. Complete data are accessible in Data S3 and S4.
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 2 Figure S 2-11 NMR structure elucidated as NANNs from leaf surface exudates of N. nesophila. The purification by column chromatography and preparative HPLC yielded: compound #1 68.6 mg, #2 12.6 mg, #3 11.1 mg, #4 9.8 mg, compound #5 and #6 5.9 mg co-eluted in the same fraction but could still be elucidated (See Supplementary Text "Purification and NMR-based structural elucidation of N-acylnornicotines").
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 2 Figure S 2-12 Species-level NANN elemental formula distribution in calyces (A), uninduced/MeJAinduced leaves (B) and in roots (C). Heatmaps depicts Z-score normalized species-level NANN distributions. Acyl chain information data provides indication on the acyl chain length and of its 3hydroxylation. Elemental formulas indicative of non-canonical data are highlighted: in red, for N3 NANNs, black and grey cells in the acyl chain lines refer to mono-hydroxylated and di-hydroxylated fatty acyl chain respectively. Grey cells in the species column refer to MeJA treatment for panel (B). Complete NANN data are accessible in Data S8.
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 2 Figure S 2-13 Non-canonical NANNs are dominantly detected in complete leaves of the Repandae. Non-canonical NANN elemental formulas harbor three atoms of O or N (in red), respectively indicative of a second hydroxyl function or of an amine within the acyl chain (Figure 7). 3N-containing NANNs mostly specific from leaf tissues (Data S8). Heatmap depicts unnormalized peak areas for [M+H] + adducts of each NANN.
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 2 Figure S 2-14 MALDI MS images depicting spatially-resolved relative abundance of selected metabolites in a leaf cross section of Nicotiana nesophila. (A) Optical image of the matrix-embedded leaf cut used for MALDI MSI. (B) Overlay of MSI data for m/z 331.2744 (± 3ppm) (Red channel, "canonical" N2 NANN with a C12 acyl chain) exhibiting spot-like distribution reflecting its trichome exudation as droplets and for m/z 362.2802 (Green channel, "non-canonical" N3 NANN) exhibiting a quasi-uniform distribution within the complete leaf section (mostly matching that of well-characterized leaf flavonoids, F-I). (C-E) Selected m/z signals for three "canonical" N2 NANN also exhibiting spot-like distribution presence as spots reflecting their trichome exudation as droplets. (F-H) Selected m/z signals for two predicted flavonoids and N-caffeoylputrescine.
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 2 Figure S 2-15 Diversity analysis of tissue-level NANN profiles. Biplots depict the number of NANN features and the Information Theory Shannon α-diversity as an index of NANN richness per tissue. Nicotiana phylogenetics sections are color-coded.

Nicotiana genus Data presented in Figure 3 - 1

 31 summarizes trends in the chemodiversity and phylogenetic distribution of NANNs in the leaf exudates of representative species of the main Nicotiana

  cloning of NAT1 orthologs and production of recombinant proteins Tissue selection for cloning NAT1 orthologs was guided for each focal Nicotiana species according to NANN chemotype described in Elser et al., 2022 and functional expression of a fully spliced form. N. sylvestris roots (accession TW13), N. benthamiana calyx (LAB strain), N. rustica calyx (Bergerac 472 ASIATICA), N. repanda leaf (IPK, NIC5), N. stocktonii leaf (IPK, NIC29). RNA extraction was conducted with the Roboklon kit according to manufacturer's instructions and cDNA synthesis was achieved with Invitrogen SuperScript IV Reverse Transcriptase (Protocol Pub. No. MAN0013443 Rev.A.0). NAT1 coding sequences and cloning vectors were amplified with Phusion DNA Polymerase (Thermo Scientific) and primers (Table
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 1325 318 mg/mL (Figure S 3-5A). This process was repeated to yield mg MBP tagged protein which was digested with Factor Xa Protease (1% w/w) at 4 °C. The reaction was diluted in Tris pH8 20 mM, 5% glycerol and the MBP tag was separated by chromatography on a MonoQ 5/50 GL column with solvent C (Tris pH8 20 mM and 5% glycerol) and solvent D (Tris pH8 20 mM and 500mM 5% glycerol) (Figure S 3-5B). The purest fractions were combined (3.2 mL at 0,44 mg/mL) and concentrated (Amicon ultra 30kDa Merck-millipore at 5000g, 4 °C) to a final concentration of 3,07 mg/mL (300 µL) which were flash-frozen in liquid nitrogen as aliquots and stored at -80 °C for enzyme assays (Figure S 3-5C). All purification steps were checked on 12 % SDS PAGE gels stained with Coomassie blue G250 (Figure S 3-5). Protein concentrations were calculated with their molar extinction coefficients at λ = 280nm on a Nanodrop UV/Vis spectrophotometer. Docking and Homology structural modeling of NAT1 The Phyre2 web-based protein homology/analogy recognition engine or modeler (Version 9.25) was used to predict the tertiary structures of N. rustica NAT1, N. sylvestris NAT1, N. repanda NAT1, N. benthamiana NAT1 and Capsicum chinense PUN1. The structure of vinorine synthase (Protein Data Bank ID: 2BGH) and or spermidine hydroxycinnamoyl transferase (Protein Data Bank ID: 6LPV) was used as a template for those models. The structure of N. repanda NAT1 depicted in figure was created with Alpha-fold2-(Version 2.1.1.g10) at the High-Performance
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 327 stocktonii NAT1 sequences to those of N. sylvestris NAT1 and N. obtusifolia NAT1 with the python package parent-map (Version 1.1.2), with the commands: python -m parent-map variants.fasta parents.fasta -o test -s 100 and python -m parent-map -C test-par.txt -o bars -s 50p 'NsylXM_009759601.1 red, NobtusTRINITY_DN55896_c0_g1_i2 green' NAT1-like enzyme assays Standardized enzyme assays were performed in 96 well plates in 40 µL reaction containing 1 µg of recombinant protein, 1 mM nornicotine, 200 µM fatty acyl-CoAs in Glycine-NaOH buffer at a previously optimized pH of 9. Additional acyl acceptors were tested using these conditions and nC12-CoA as acyl donor (Figure 3-6C). Additionally, the PUN1 protein from Capsicum chinense was produced as described above and tested for activity, under these conditions, but with 200 µM C10, C8 fatty-acyl-CoA and 1mM vanillylamine. Controls without protein were additionally performed for all initial enzyme activity screening assays. To determine Km, Vmax and KCat values, MBP-cleaved N. repanda NAT1 protein extracts were used to conduct triplicate enzymatic reactions at 0.5, 1, 10, 25, 100, 400 µM fatty acyl-CoA with chain lengths of C8, C10, C12, C14, and C16. Initial assays depicted no activity for C2 fatty-acyl-CoA with N. repanda NAT1 and was therefore excluded in determining enzyme kinetic properties. The assays were stopped after 1 hour with 200 µL acetonitrile with 5 µM C9-nornicotine as internal standard. The other assays to screen for activities were performed as duplicates with different concentrations (1000, 500, 200, 100, 25, 1 µM, and 200 µM C14 fatty-acyl-CoA) of nornicotine, anatabine, anabasine and for other NAT1 orthologs of N. rustica, N. benthamiana, N. stocktonii, N. sylvestris (1 mM nornicotine, 200 µM fatty-acyl-CoA with chain lengths of C8, C10, C12, C14, and C16). NANN (as well as anatabine and anabasine derivatives) produced as part of the enzyme assays were structurally confirmed by UPLC-qTOFMS and quantified from analysis by UPLC-triple quadrupole-MS. Kinetic parameters were calculated with nonlinear Michealis-Menten regression using the GraphPad Prism v4.8 software.

  nesophila (Nijmegen, 96475009) plants were infiltrated with a 1:1 mixture of A. tumefaciens transformed with pBINTRA (Ratcliff et al., 2001) and one pTV00 derivative carrying a fragment of a gene of interest. pTVPDS, targeting Phytoene desaturase (PDS), was used as a positive control to monitor silencing progress. Due to the depletion of carotenoids, silencing the PDS gene causes bleaching of tobacco leaves. VIGS-silenced plants were treated 21 days after inoculation, when the bleaching phenotype was fully established in the pTVPDS plants. Twelve leaf discs (~ 100mg fresh-weight tissue) were collected for NANN quantification and 8 leaf discs for qPCR.
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 31 Comparative transcriptomics highlights candidate BAHDs for N-acyl-nornicotine biosynthesis in Repandae.

Figure 3 - 1

 31 Figure 3-1 Species of Repandae section produced high levels of N-acyl-nornicotines (NANNs) exudates . (A) Nicotiana section Repandae allopolyploids (age estimation: 4.5 MYA) with its closest diploid progenitor species (B) In N. repanda and N. nesophila, N. stocktonii but only at very low amounts in other Nicotiana species, nornicotine obtained by CYP82E-mediated demethylatation of the nicotine translocated from the roots is acylated with long chain fatty acids (often 3-hydroxylated, not mentioned in the general structure presented in this panel) in trichomes to produce NANNs. (C) NANN biosynthetic potential and exudation clearly dominate in the Repandae section, but N. rustica is also able to produce significant amounts of NANNs, dominated by very long chains, in its inflorescence exudates. Metabolomics data are derived from Elser et al. (2022).
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 32 Figure 3-2 Comparative RNAseq transcriptomics workflow to identify candidate NANN biosynthetic BAHDs. (A) Three out of four Repandae species are dominated by high level NANN production in exudates, while closest diploid progenitor species accumulate only traces of NANNs. Comparative RNA transcriptomics between NANN producing and non-NANN producing species, highlighted several transcripts predicted as BAHD members (NAT1) from Clade 3 and which show high level of trichome expression in the Repandae. (B) Normalized transcript levels of NAT1 isoforms with highest overall expression from the species investigated by transcriptomics. NAT3 indicates a more phylogenetically distant ortholog related to NAT1.

  and leaves, total NANN pools were greater in older tissues. Absolute quantification of individual NANNs further showed that C8 and C6 NANNs are enriched in roots, which further supports that root-based NANN production largely involves shorter chain acyl moieties. The expression of N. nudicaulis and N. sylvestris closest orthologs to the focal NAT1 from N. repanda (NrepNAT1) 142 showed greater expression in roots in our transcriptomics data-set, which is in line with NANN production being marginal in shoots in most species besides the three aforementioned Repandae and mostly confined to roots in these species.
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 33 Figure 3-3 Tissue-level quantification and NAT1 expression in N. repanda. (A) Absolute quantification of NANNs in different tissues and developmental stages. Leaf 1 denotes a young leaf, leaf 2 a leaf of middle age and leaf 3 a fully matured rosette leaf. Stem 1 is a younger stem tissue whereas stem 2 is mature stem tissue (see Material and Methods for more details). (B) Q-RTPCR-based quantification of NrepNAT1 transcript levels in different plant tissues as mentioned above.
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 34 Figure 3-4 Maximum likelihood based phylogenetic tree with 1000 bootstraps of BAHD acyltransferases. The PUN1-like and NAT1-like clades are overrepresented here to highlight the diversification of NrepNAT1 closest relatives. Other well characterized BAHDs are highlighted as well.

3- 5 ).

 5 We decided to choose Nicotiana nesophila for these experiments because it shares complete sequence homology with N. repanda NAT1 and after initial VIGS experiments it showed much clearer PDS bleaching phenotype (Figure3-5A) than Nicotiana repanda. We collected leaf discs for both silencing and metabolic deregulation analyses. Our UPLC-QMS absolute quantification showed a minor but significant reduction of total NANN pools (P-value = 0.05, t-test) (Figure3-5B) and a slight reduction of NnesNAT1 transcript levels (P-value = 0.08, t-test) (Figure3-5C). The marginal reduction of transcript levels could result from partial or absence of transcript level reduction for NAT1-like of N. nesophila and unspecific amplification by the NnesNAT1 primers. The reduction of NANN production was most pronounced for metabolites with C12-OH (P-value 0.00002, t-test) and C13-OH (P-value 0.004, t-test) as well as C11 (P-value 0.01, t-test) and C12 (P-value 0.02, t-test) acyl chains while levels of other NANNs did not differ between significantly between silenced and control group (Figure3-5C). These results, while supporting a clear role for NnesNAT1 in the production of NANNs, do not rule out the involvement of other NAT1 isoforms in maintaining NANN pools. Further studies are required to investigate whether silencing will be more efficient when also targeting other isoforms.
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 35 Figure 3-5 Virus induced gene silencing of N. nesophila. Numbers on top of bars indicate P-values as inferred by t-test. (A) Bleaching phenotype observed in positive control plants. (B) Reduced expression level of NAT1 as observed in comparison to control group. (C) Quantification of NANNs showed significant reduction in total NANN levels and was most pronounced for chain lengths of C12-OH and C13-OH. Hollow bars indicate samples from silenced plants (pTV-NAT1).

  -6D). Reaction products were further analyzed by UPLC-QTOFMS, the corresponding pseudo-molecular ions were detected at m/z 387.3370, + 1.2 ppm ([M+H]+, C25H42N2O + ) for nC16-CoA as acyl donor and nornicotine as acyl acceptor, m/z 359.3060, -1 ppm ([M+H] + , C23H38N2O + ) for nC14-CoA, m/z 331.2746, -0.7 ppm ([M+H] + , C21H34N2O + ) for nC12-CoA, m/z 303.2431, -2.2 ppm ([M+H] + , C19H30N2O + ) for nC10-CoA and m/z 275.2118, -2.3 ppm ([M+H] + , C17H26N2O + ) for nC8-CoA (Figure 3-6A). MS2 spectra were in line with the expected fragmentation patterns. The enzyme was further able to use as anatabine (Km = 426.9), anabasine (Km = 195) as acyl acceptor.
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 36 Figure 3-6 Biochemical characterization of recombinant NrepNAT1 proteins.(A) UPLC-QTOF-MS/MS analyses confirming NANN product formation. (B) Michaelis-Menten saturation curves acquired for acyl-CoA chains with 1 µg of NAT1 protein and 1mM nornicotine. (C) Michaelis-Menten saturation curves acquired for different alkaloid backbones with 1 µg of NAT1 protein and 200 µM nC14-CoA. (D) Summary table of all calculated enzyme kinetic parameters.
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 37 Figure 3-7 Biochemical characterization of orthologs of NrepNAT1. (A) Maximum likelihood tree based on protein sequences with 1000 bootstraps, numbers indicate branch support. Plant species abbreviations used in this tree: Ssin-Salpiglossis sinuata, Abel -Atropa belladonna, Nglc -Nicotiana glauca, Nrep -Nicotiana repanda, Natt -Nicotiana attenuata, Nnoct -Nicotiana noctiflora, Ntab -Nicotiana tabacum, Niben -Nicotiana benthamiana, Ntom -Nicotiana tomentosiformis, Nrus -Nicotiana rustica, Nset -Nicotiana setchellii, Ncord -Nicotiana cordifolia, Nkni -Nicotiana knightiana, Npan -Nicotiana paniculata, Nsyl -Nicotiana sylvestris, Nneso -Nicotiana nesophila, Nglc -Nicotiana glauca, Nbon -Nicotiana bonariensis, Nobtus -Nicotiana obtusifolia, Sxan -Solanum xanthocarpum, Cann -Capsicum annuum, Cchi -Capsicum chinense, Cfru -Capsicum frutescens, Cbac -Capsicum baccatum Highlighted in yellow: NAT1 putative orthologs within the Nicotiana genus. NAT3 denomination indicates a more distant ortholog to NAT1. Highlighted in grey: PUN1 and its putative orthologs. (B) Orthologs of NAT1 that have been cloned, from which proteins were recombinantly produced and briefly characterized for acyl acceptor specificity. These proteins show varying degree of activity and acyl acceptor specificity.
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 38 Figure 3-8 Parental origin of Repandae NAT1 and prediction of amino acid determinants to efficient longer chain acylation of nornicotine. (A) Alignment of selected characterized NAT1 orthologs with N. obtusifolia NAT1 isoform 4. The alignment as well as 3D model suggest two (highlighted in red) amino acid substitution has possibly important for the change in acyl acceptor specificity while keeping the enzyme efficient as observed in the Repandae section. (B) Parental mapping of NAT1. Only N. obtusifolia NAT1 isoform 2 (NobtNAT1) leads to this mapping, which indicates a gene fusion event during the process of allopolyploidization and which coincides with the predicted substitution at position 66 from Isoleucine to Threonine and from Valine to serine at position 196. (C) Results of docking experiments with Alphafold2 homology models, of NrepNAT1, NsylNAT1, mutated NsylNAT1 and gene fusion (NsylNAT1 and NobtNAT1) resulting pre-NAT1.

  -9B), whereas about 65 % of the discs of N. sylvestris were consumed. Similar to the above-mentioned experiment N. nudicaulis(40 %) and N. obtusifolia (50%) were intermediate to N. repanda and N.sylvestris. The choice assays showed similar results, the larvae clearly preferred N. sylvestris as host species, followed by N. nudicaulis and N. obtusifolia, whereas they were most deterred by N. repanda leaf discs hours (Figure3-9C). This feeding behavior could also indicate that tobacco hornworm is better adapted to the rich defensive terpenoid profile of N. sylvestris than the acyl-sugar dominated profile of N. nudicaulis and N.
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 39 Figure 3-9 Feeding bioassays with Manduca sexta larvae on NANN and non-NANN containing Nicotiana species (see Material and Methods for experimental details). (A) Larval survival was greatly hampered when Manduca sexta was feeding on N. repanda (high level NANN containing) plants. (B) In no-choice assays larvae consumed significantly less N. repanda leaf discs than N. sylvestris, N. obtusifolia, N. nudicaulis (these species contain only traces of NANNs). (C) In choice assays larvae preferred feeding on N. sylvestris, followed by N. obtusifolia and N. nudicaulis, whereas they were deterred by N. repanda leaf discs. Letters indicate significant differences (P < 0.05, ANOVA followed by Fisher PLSD as post hoc test)

Figure 3 -

 3 Figure 3-10 Metabolomics analysis of metabolic fate of Nicotiana alkaloids. (A) Larvae from leaf disc no choice assays were dissected as well as their frass collected and analyzed by UPLC-QTOFMS-(MS/MS). (B) Metabolomics data analysis of MS/MS spectra revealed biotransformation products for regular Nicotiana alkaloids as well as for NANNs. NANNs seem to be retained longer in the insect body and their biotransformation is relatively inefficient. (C) Extracted ion chromatograms of some of the metabolites visible in (B).
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 31 Figure S 3-1 Investigation of intron retention in NAT1 orthologs. (A) During cloning of several orthologs the froms retaining their intron (yellow) were retrieved and sequenced. Within this intron premature stop codons were observed in all of the sequences. Interestingly we could observe varying size of the intron within the species. (B) Agarose gels of the PCR products of several species and their tissues highlights the prevalence of intro retention.
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 33 Figure S 3-3 UPLC-triple quadrupole chromatograms of an enzyme assay sample of NrepNAT1 compared to control (A), depicting clearly the high level of product formation (B).
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 34 Figure S 3-4 PUN1 enzyme assays. (A) UPLC-triple quadrupole chromatograms of an enzyme assay sample of Capsicum chinense PUN1 compared to control, depicting high level of product formation, although low levels of non-enzymatic product formation were observed. (B) Internal standard normalized peaks areas of assay replicates with C8-CoA.
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 35 Figure S 3-5 SDS-PAGE gel of the purification of recombinant NrepNAT1. (A) The MBP-tagged protein after the first purification steps, where fractions 9-11 were combined and stored for further processing. (B) The protein was cleaved with factor Xa and then separated from the tag on by Ionexchange chromatography, fractions 6-9 were combined. (C) The concentrated (2) and cleaved NrepNAT1 used for enzyme assays.

Figure 4 - 1

 41 Figure 4-1 The general architecture of mass2smiles. The encoded spectra are fed into the five transformer encoder layers and then continue into a temporal convolutional neural network. The final two outputs are produced by dense layers, which produce the chemical descriptor space encoding for the smiles string and the encoded 60 functional groups as well as number of atoms and the adduct type.

  83,358 spectra on one Nvidia Tesla V100S GPU. The model loss was evaluated by the calculation of the Mean Absolute Error (MAE) and of the Mean Squared Error (MSE). The final loss MAE for SMILES descriptor space was of 0.18 (Figure 4-2A) and the MSE was of 0.06, whereas the MAE calculated for the functional groups was of 0.004 and the MSE of 0.00006 ((Figure 4-2D). The final loss that was achieved on the validation data-set for the SMILES descriptor space was of 0.24 (Figure 4-2B) and the MSE was of 0.1, whereas for the functional groups MAE was of 0.004 and MSE of 0.0001 ((Figure 4-2C
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 42 Figure 4-2 The training progress on the final model as tracked by wandb. The mean absolute error (MAE) and the mean squared error (MSE) are shown according to the number of training steps. The training was stopped after 50 epochs, one epoch is comprised of 5210 steps.
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 61 illustrates the analogy between such approach and concepts now traditionally used in phylogenomics. In panel B of this Figure 6-1, I exemplify

Figure 6 - 1 .

 61 Figure 6-1. The concept of phylometabolomics to study the terrestrialization of land by plants. (A)Phylogenomics data can be integrated with phylometabolomics data to study the evolution of metabolic pathways. A bait gene may co-occur with metabolites in certain species, whereas they may be absent in other investigated species. Orthogroups of genes can here be seen in a similar way to molecular networks where similar molecules are found in the same network. (B) Phylometabolomic treemaps can be used to quickly infer species specific metabolic class associations. These metabolic classes are frequently enriched in certain metabolic networks.
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 863 Figure 6-3 The biotransformation of NANNs by the tobacco hornworm ( Manduca sexta). Top:Regular Nicotiana alkaloids are rapidly excreted by the insect in big part appear as its N-glucosides in the frass. Bottom: NANNs are retained much longer in the insect body and can therefore exhibit their toxic effects. The main portion of NANNs is excreted unmodified, biotransformation products can nonetheless be observed. For example, we observed hydroxylation products that seem to be further oxidized to the carboxyl product and then conjugated to amino acids, in this case to alanine.

Chapitre 4 |

 4 Implémentation d'un nouvel outil de deep learning pour la prédiction de novo de structure à partir de données métabolomiques Afin de développer une approche pour l'annotation de données métabolomique, j'ai travaillé sur la transposition et paramétrisation d'un outil de deep learning. Ce chapitre sera formaté sous la forme d'un court article. Titre envisagé: Mass2SMILES: deep learning based fast prediction of structures and functional groups directly from high-resolution MS/MS spectra.

Chapitre 5 |

 5 Contribution à l'application de la métabolomique pour explorer la bioconversion in planta de métabolites spécialisés obtenus par chimie de synthèse.Article de recherche publié Journal of Organic Chemistry, https://doi.org/10.1021/acs.joc.2c00445 Titre : Synthesis of non-natural aza-iridoids via ynamides and molecular networking-based tracing of their in planta bioconversion Auteurs: Baptiste Moegle, Maxime Hourtoule, Clement Gommenginger, Asmaa Belabbes, Claire Villette,David Elser, Emmanuel Gaquerel, Nicolas Navrot, Laurence Miesch 

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -1 Review of the computational metabolomics tools and algorithms for grouping and annotation of fragmentation mass spectra.

 1 

	Name	Type	Advantage	Disadvantage	Reference
	CFM-ID	Fragmentation	accurate	slow	(Wang et al., 2021)
	MassFormer	Fragmentation	accurate, fast	does not predict high resolution spectra, model not	(Young et al., 2021)
				provided	
	Metfrag	Fragmentation	fast	less accurate	(Ruttkies et al., 2016)
	QCxMS	Fragmentation	very accurate	very slow	(Koopman and Grimme, 2021)
	Moldiscovery	Fragmentation/Annotation	fast, accurate	not open source	(Cao et al., 2021)
	MS2LDA	Grouping/Annotation	informative, reducing manual	slow, redundant motifs, everything connected to	(Wandy et al., 2018)
			inspection	everything	
	Spec2Vec	Grouping	fast, informative, reducing manual	unrelated spectra can be grouped together, lots of	(Huber et al., 2021a)
			inspection	singletons	
	MS2deepscore	Grouping	fast, informative, reducing manual	unrelated spectra can be grouped together, lots of	(Huber et al., 2021b)
			inspection	singletons	
	GNPS molecular	Grouping/Annotation	fast, informative, reducing manual	unrelated spectra can be grouped together, lots of	(Wang et al., 2016)
	networking		inspection	singletons	
	MESSAR	Substructure prediction	informative, reducing manual	limited accuracy, slow	(Liu et al., 2020)
			inspection		
	Molnetenhancer	Information Integration	fast, informative, reducing manual	limited by poor performance of Classyfire server	(Ernst et al., 2019)
			inspection		
	MetWork	Annotation	informative, reducing manual	limited to small datasets, requires pre-annotation	(Beauxis and Genta-Jouve, 2019)
			inspection		
	CANOPUS	Class Annotation	informative, reducing manual	only free for academic	(Dührkop et al., 2021)
			inspection, accurate		
	SIRIUS	Molecular formula prediction/	accurate, informative, reducing	slow, requires high compute resources for bigger	(Dührkop et al., 2019)
		Annotation	manual inspection,	datasets, only free for academic	
	BUDDY	Molecular formula prediction	accurate, able to include radicals,	only for windows, no CLI	(Xing et al., 2022)
			reducing manual inspection		
	MSnovelist	Structure prediction	informative	slow, needs to run SIRIUS first	(Stravs et al., 2022)
	Spec2mol	Structure prediction	informative	not available	(Litsa et al., 2021)
	MIST	Annotation	informative, reducing manual	may be difficult to use, needs to run SIRIUS first	(Goldman et al., 2022)
			inspection		

2, pre-print https://doi.org/10.1101/2022.09.12.507566 and in revision in Science Advances), their

  

	biosynthesis and defensive functions evading tolerance mechanism evolved by some insects to
	regular Nicotiana alkaloids (Chapter 3

, in preparation for eLife). To

  

	address the first
	objectives, and informed by the breadth of new metabolomics tools, I decided to develop a
	computational metabolomics workflow that allows to more efficiently integrates outputs of
	multiple tools. This is, in combination with results on chemodiversity in Nicotiana, the topic of
	Chapter 2,. In addition, annotation being still the major challenge in metabolomics experiments,
	I developed a deep neural network structure prediction approach for rapid annotation of high-
	resolution fragmentation spectra (

Chapter 4, in preparation for Journal of Chemoinformatics). and the application of this new tool for rapid annotation will be demonstrated on the dataset from Chapter 2. Finally inspired by the

  

	work I conducted on the
	post-ingestive metabolomics of NANN in herbivores, in the context of a collaboration, I also
	transposed the application of metabolomics tools to explore the fate of synthetic aza-iridoids
	when infiltrated in planta (Chapter 5

, published in Journal of Organic Chemistry). Chapter 2 Evolutionary metabolomics of specialized metabolism diversification in the genus Nicotiana highlights allopolyploidy- mediated innovations in N-acylnornicotine metabolism Evolutionary metabolomics of specialized metabolism diversification in the genus Nicotiana highlights allopolyploidy-mediated innovations in N- acylnornicotine metabolism
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 S -3), which resulted, after filtering out duplicated InChI representations and CFM-ID-based computation of composite MS/MS spectral predictions, into 1,066,512 unique MS/MS spectra that covered a vast proportion of the natural

	product chemical classification proposed by NP-classifier (43). As CFM-ID version 4.0
	computations returned slightly different MS/MS spectra for stereoisomers -see MS/MS spectra
	predicted (+)-/(-)-shikonin and (+)-/(-) thalidomide in Figure S 2-8, stereoisomers were kept in
	the library. Altogether, this important computational delivery of this study represents, to the best
	of our knowledge, the largest natural product-derived in silico spectral library and is now
	available for spectral interrogation as part of the GNPS ecosystem (Data and Material
	Availability).

The above-described multi-query approach of the 17901 features from our dataset retrieved annotations for 57 % of these features, with 9 % hits for priority levels 1-to-3 (Figure

2-3A

). To maximize structural insights that could be gained from this deep annotation, we finally computed the top most common substructures (referred to as Network Consensus Structure, NCS) based on feature annotations for each of the FBMN molecular networks that did not contain any level 1to-2 annotations. Consensus structure computational prediction relies on a new algorithmic approach that employs hits obtained from in silico MS/MS spectral databases (See description in the Method section and Code Availability and Description). The NCS strategy is illustrated in Figure 2-3C-D with top NCS hits for network #486 whose MS/MS features were initially classified as "Amino acids and derivatives" by CANOPUS. A complete overview of the top NCS predictions is summarized in Data S3. Altogether, this unique combination of different computational approaches generated a multi-modal SM cartography that can be navigated from CANOPUS-based ontology predictions down to sets of molecular networks connected to a given class level and further down to predicted shared substructures within these networks (Data S3

  Restore Feature ID from Sirius ID S16 canopus_consensus_ms2lda.ipynb | Merge the outputs of all the tools into one big table

	also get consensus substructures (based on ms2lda motifs) for insilico-tools and propagate
	canopus within networks
	S17 MSLDAmerge-motfs.ipynb | Get Motifcount based on Presence of Feature
	S18 MSLDAmerge-motfs-sumall.ipynb | Get Motifcount based on Presence of Feature within
	all Tissues
	S19 canopus_consensus.ipynb | Script to merge the outputs of all the tools into one big table
	also get consensus substructures for insilico-tools and propagate canopus within networks
	S20 phylometabo.ipynb | Calculate Pairwise Distance Matrix based on Data of Motif Figure
	and Network Figure

S12 Sirius-removev2.ipynb | Remove redundant IDs from Sirius mgf file S13 run_sirius.sh | Used to run Sirius on HPC Cluster S14 degree-unsaturation-sirius.ipynb | Restore Feature ID from Sirius ID and Calculate degree of unsaturation, requires molmass package S15 compound-id-sirius.ipynb | S21 phylo.Rmd | Plot Phylogenies from pairwise Distance Matrix based on APE package S22 sum_molformula_areas.ipynb | Sum Areas of NANNs based on identical Molecular Formula S23 nann_bubbles.ipynb | Sum Areas based on Carbon Chain of NANNs, split by hydroxylation or not S24 Networkclustermap.ipynb | Sum all areas of Networks per Samples S25 ASR-single.Rmd | Ancestral State reconstruction based on MBASR S26 dbsearch.py | Script to run modified cosine score based search on big in-silico db S27 run_db.py | Script to run modified cosine score based search on big in-silico db S28 group_for_treemap.ipynb | Used to group and sum canopus classes peak areas S29 alpha_diversity.ipynb | Calculate alpha diversity based on shannon entropy S30 Vegan_calculations.Rmd | NMDS using vegan package S31 cosine_distance_sp_canopus.ipynb | Calculate distances between species and canopus classes

Table S 2-1 List and information on the species examined in the study Information about ploidy and allopolyploids' progenitors are taken from (34).

 S 

	Abbreviation	Species section	Source	Section	Ploidy	Maternal Progenitor	Paternal Progenitor	Exudate (mg)	Exudate (mg/g)
	Ntab	Nicotiana tabacum	IBMP seed collection	Nicotiana	Allotetraploid	N. sylvestris	N. tomentosiformis	37.7	1.0
	Ncle	Nicotiana clevelandii	IBMP seed collection	Polydicliae	Allotetraploid	N. obtusifolia	N. attenuata	18.7	0.6
	Nnes	Nicotiana nesophila	Nijmegen, 96475009	Repandae	Allotetraploid	N. sylvestris	N. obtusifolia	2.2	0.3
	Nnud	Nicotiana nudicaulis	USDA, PI 555540	Repandae	Allotetraploid	N. sylvestris	N. obtusifolia	7.8	0.2
	Nrep	Nicotiana repanda	IPK, NIC5	Repandae	Allotetraploid	N. sylvestris	N. obtusifolia	148.6	0.6
	Nrxs	Nicotiana repanda x sylvestris	Bergerac, 550	Repandae	Allotetraploid	Hybrid N. repanda x N. sylvestris	17.7	0.4
	Nsto	Nicotiana stocktonii	IPK, NIC29	Repandae	Allotetraploid	N. sylvestris	N. obtusifolia	541.4	0.6
	Nrus (Nrusmf)	Nicotiana rustica	IBMP seed collection	Rusticae	Allotetraploid	N. paniculata	N.undulata	0.5 (Nrusmf, 215.6)	0.02 (Nrusmf, 2.7)
	Nben	Nicotiana benthamiana	IBMP seed collection	Suaveolentes	Allotetraploid			12.9	0.6
	Ngoo	Nicotiana goodspeedii	Bergerac, 1129	Suaveolentes	Allotetraploid	N. sylvestris, sections Noctiflorae and Petunioides	0.9	0.04
	Nwut	Nicotiana wuttkei	Bergerac, 1114	Suaveolentes	Allotetraploid			1.2	0.03
	Ngla	Nicotiana glauca	IBMP seed collection	Noctiflorae	Diploid (homoploid hybrid)	Sections Noctiflorae and Petunioides	1.3	0.04
	Nglu	Nicotiana glutinosa	Bergerac, 631	Undulatae	Diploid (homoploid hybrid)	Sections Tomentosae and Undulatae	64.5	2.5
	Nplu	Nicotiana plumbaginifolia	IBMP seed collection	Alatae	Diploid			5.9	0.2
	Npan	Nicotiana paniculata	Bergerac, 522	Paniculatae	Diploid			1.0	0.02
	Natt	Nicotiana attenuata	ITB (MPI-ICE), Utah acc.	Petunioides	Diploid			7.3	0.3
	Nsyl	Nicotiana sylvestris	IPK, NIC37	Sylvestres	Diploid			72.1	1.3
	Nset	Nicotiana setchellii	Bergerac, 644	Tomentosae	Diploid			50.4	2.7
	Nobt	Nicotiana obtusifolia	ITB (MPI-ICE)	Trigonophyllae	Diploid			17.9	1.0
	Npal	Nicotiana palmeri	Bergerac, 614	Trigonophyllae	Diploid			16.5	0.8

Table S 2-2 Evolutionary distances between allotetraploid species and closest diploid progenitors examined in our study.

 S Distances were calculated by computing neighbor-joining phylometabolomics tree from Euclidean distances between whole-tissue molecular network (top table) and mass motif (lower table) representations (See Figure2-2 for the complete tree). Closest progenitors to focal allotretraploids species were not systematically analysed in the study. When not examined, names of these mapped progenitors are provided: Nund, Nicotiana undulata; Ntom, Nicotiana tomentosiformis. Information about allopolyploid ages and progenitors are taken from[START_REF] Mccarthy | Transgressive phenotypes and generalist pollination in the floral evolution of Nicotiana polyploids[END_REF].

	Allopolyploidy-mediated	enhanced	biosynthetic	capacity	of	N-
			Sylvestres	Noctiflorae	Petunioides	undalatae	Paniculatae	Trigonophyllae	Tomentosae	Age (MYA)
			Nsyl		Natt		Npan Nobt
	Nicotiana	Ntab	38.0						Ntom <0.2
	Rusticae	Nrus				Nund 36.1		<0.2
	Polydiclae	Ncle			30.6			32.6	~1
		Nnes 42.9					45.6	~4.5
	Repandae	Nnud 51.2 Nrep 41.1					43.3 45.4	~4.5 ~4.5
		Nsto	37.2					42.5	~4.5
		Nben 39.3	?	?				~10
	Suaevolentes	Ngoo 40.8	?	?				~10
		Nwut 35.5	?	?				~10
			Sylvestres	Noctiflorae	Petunioides	undalatae	Paniculatae	Trigonophyllae	Tomentosae	Age (MYA)
			Nsyl		Natt		Npan Nobt
	Nicotiana	Ntab	12.0						Ntom <0.2
	Rusticae	Nrus				Nund	6.9		<0.2
	Polydiclae	Ncle			8.0			10.1	~1
		Nnes 10.2					16.8	~4.5
	Repandae	Nnud 16.4 Nrep 10.0					9.8 17.2	~4.5 ~4.5
		Nsto	10.3					15.2	~4.5
		Nben 10.9	?	?				~10
	Suaevolentes	Ngoo 12.9	?	?				~10
		Nwut 11.6	?	?				~10

acylnornicotines leads to superior anti-herbivory toxin accumulation in the genus Nicotiana sect. Repandae
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This chapter builds upon the data generated in Chapter 2 as well as data previously generated by my host lab and is in preparation for the Journal eLife. Here, I performed enzyme assays, LC-MS/MS method development and data acquisition/analysis, analytical standard synthesis, transcriptome assembly and analysis of public read data, molecular cloning, homology modelling, docking, phylogenetic analysis, writing and figure design. R.G. performed insect feeding bioassays and data acquisition thereof. A.N. performed transcriptome assemblies for RNAseq data acquired in this chapter. D.P. performed annotation of the latter transcriptomes.

Table S 3-3 Primers used in this study.

 S 

	Name	Sequence	Gene
	QPCR_NAT1 forward CTGGACAAGGTATGGAGGCG	
	QPCR_NAT1reverse	ACAGAGGGAGGATTTGGATCG	
	qPCR EF1alpha	CGCATGTCCCTCACAGCAAA	
	qPCR EF1alpha	AGAACGCCTGTCAATCTTGG	
	pmal-NbNAT1_F	AAGTCTTTAAAAATAAAACGAAAGGCTCAGTCGAAAGAC	Niben101Scf00354g01012
	pmal-NbNAT1_R	AAGCGGCCATCCTTCCCTCGATCCCGAGGT	Niben101Scf00354g01012
	NbNAT1_F	CGAGGGAAGGATGGCCGCTTCGCCATTATTATC	Niben101Scf00354g01012
	NbNAT1_R	CGTTTTATTTTTAAAGACTTGGAACTGAGGAAGAG	Niben101Scf00354g01012
	pmal-NbNAT3_F	AGGAGTTTGAAAATAAAACGAAAGGCTCAGTCGAAAGAC Niben101Scf00755g01003.1
	pmal-NbNAT3_R	CCGTGGCCATCCTTCCCTCGATCCCGAGGT	Niben101Scf00755g01003.1
	NbNAT3_F	CGAGGGAAGGATGGCCACGGCTTCGGCATT	Niben101Scf00755g01003.1
	NbNAT3_R	CGTTTTATTTTCAAACTCCTGAGGAGGAGGC	Niben101Scf00755g01003.1
	NbNAT3-M	AGTATGTCTAATGTCAGTGAATGCG	Niben101Scf00755g01003.1
	pmal-NrusNAT1_fwd	AAGTCTTTAAAAATAAAACGAAAGGCTCAGTCGAAAGAC	Nrus-mf-Gene.26706+Gene.26707
	pmal-NrusNAT1_rev	AAGCGGTCATCCTTCCCTCGATCCCGAGGT	Nrus-mf-Gene.26706+Gene.26707
	NrusNAT1_fwd	CGAGGGAAGGATGACCGCTTCGGCATTATTATC	Nrus-mf-Gene.26706+Gene.26707
	NrusNAT1_rev	CGTTTTATTTTTAAAGACTTGGAACCGAGG	Nrus-mf-Gene.

  use the generation of fingerprints from spectra to retrieve annotations from chemical structural databases. In terms of MS/MS data classification, fingerprints and similarity metrics can be used to create molecular networks as pioneered by

Global Natural Products Social molecular networking (GNPS)

(Wang et al., 2016)

, which may further give insights into main metabolic classes present within a dataset. Metrics used for molecular networking are also central to retrieve annotations by database searches. Finally, it is now possible to retrieve hierarchically-organized class-based annotations which are based on the ClassyFire (Djoumbou Feunang et al., 2016) chemical ontology with the use of the deep neural network classifier CANOPUS

Table 4 -1 Adducts included in the mass2smiles training data.

 4 Their delta to the actual mass of the molecule is indicated. The encoded numbers depicted in here can be used to translate the predicted adducts.

Table 4 -3)( Data and code availability: Supplemental Data S1).

 4 Interestingly, the number of truly predicted functional groups did not necessarily coincide with the Tanimoto similarity. Training two different models did not improve accuracy but rather slightly reduced performance e.g. from two true CASMI 2022 predictions to zero (the best on having a 0.96 Tanimoto similarity to the true structure). The average Tanimoto similarity on this dataset was of 0.4, with 2 structures having a similarity higher than 0.9 and 10 more than 0.7. On average there were 51 true numbers of functional groups out of 60. The molecular formula estimation resulted into 8 true hits, whereas when the predicted SMILES were converted into molecular formulas, 7 true hits were retrieved. For 59 out of 236 molecules, the network was able to predict the true number of heteroatoms, which on average resulted into 7 out of 8 possible heteroatom numbers.

	Temporal
	Convolutional
	Network

). The final model was inferred on CPU through a docker container with the command: docker run -v

Table 4 -2 The top predictions on the CASMI 2022 positive mode dataset sorted by Tanimoto similarity.Table 4 -3 The top predictions on the CASMI 2022 positive mode dataset sorted by the number of true functional groups.

 44 The true number of functional groups does not necessarily align with Tanimoto similarity

Table 4 -4. The top predictions on the validation dataset sorted by Tanimoto similarity.

 4 

Table 4 -5 The top prediction on the validation dataset, sorted by the number of true functional groups.

 4 The true number of functional groups does not necessarily align with Tanimoto similarity.

Table 4 -6. Selected predictions obtained for the metabolomics dataset on Nicotiana species (Elser et al., 2022).

 4 First, predicted SMILES were converted into molecular formulas and then compared with the predictions from SIRIUS, if consistent, SMILES were further converted with ClassyFire into chemical classes. Some examples of class predictions that did not match with CANOPUS ones are additionally depicted. If blank, no annotation was generated in the study fromElser et al. (2022).
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2.5.16 Data and materials availability Metabolomics raw data and .mzml files were deposited on MassIVE https://doi.org/doi:10.25345/C5QB9V93Q. MSI data was deposited at metaspace https://metaspace2020.eu/project/nicotiana_msi-2022 Additional data is available on Zenodo https://doi.org/10.5281/zenodo.6536010. All scripts used in this study are available at the Github repository: https://github.com/volvox292/Nicotiana_metabolomics. All data needed to evaluate the conclusions in the paper are further present in the paper and/or the Supplementary Materials. Data and code availability: Supplemental Data and the Docker container are available on Zenodo https://doi.org/10.5281/zenodo.7883491 All scripts used in this study are available at the Github repository: https://github.com/volvox292/mass2smiles. All data needed to evaluate the conclusions in the paper are further present in the paper and/or the Supplementary Materials.

α-Diversity analysis and CANOPUS class distance computation

The alpha-diversity was calculated for each species based on Shannon Entropy (Script S29) using the scikit-bio package and sample features as OTUs. The top 252 networks as mentioned previously were selected their raw peak areas summed based on propagated CANOPUS classes (Script S28) and then converted to integers, networks without class annotations were discarded.

The vegan package was used to perform non-metric multidimensional scaling (NMDS) followed by the calculation of intrinsic variables (CANOPUS classes) with 999 permutations (Script S30).

The resulting vectors were used to calculate the per species cosine distances (Script S31).

Code availability

All scripts used in this study are available at the Github repository: https://github.com/volvox292/Nicotiana_metabolomics
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Creating an in silico MS/MS library for approximately 1 million natural products and optimizing its rapid interrogation

To increase the fragmentation-based annotation rate of our MS/MS dataset and cover compound classes for which experimental high-resolution MS/MS spectra are scarcely present in databases, we created an in silico spectral library for about 1.1 million chemical structures corresponding to natural products. Such an approach has initially been pioneered by [START_REF] Allard | Integration of Molecular Networking and In-Silico MS/MS Fragmentation for Natural Products Dereplication[END_REF], but with chemical entries (~ 220 000) retrieved from the copyrighted Dictionary of Natural Products. Here, structures were downloaded from several public chemical libraries (Table S 2-3) and converted to InChI format (Script S1, see Supplementary Text "Code Availability and description").

Individual databases were parsed and duplicates were removed (Scripts S2 & S3, see Supplementary Text "Code Availability and description"), which resulted in [START_REF] Maeda | Evolutionary History of Plant Metabolism[END_REF]103,179 structures. In order to be submitted in a highly parallelized manner at the High Performance Computing Center of the University of Strasbourg, the concatenated structure database was split randomly into 1103 parts for in silico fragmentation using CFM-predict (version 4.0.8) [START_REF] Wang | CFM-ID 4.0: More Accurate ESI-MS/MS Spectral Prediction and Compound Identification[END_REF]. In silico MS/MS spectra generated for different collision energies (10 eV, 20 eV and 40 eV) were merged to create a final set of 1,066,512 composite spectra (Script S5, see Supplementary Text "Code Availability and description"). Interrogation of this database was implemented with an "optimized version" of the MatchMS pipeline using the Spec2vec score (75) (Scripts S6 & S7, see Supplementary Text "Code Availability and description") or the modified cosine score (S26, S27). The Spec2vec search took 20 hours with 150 Gb RAM on 1 core with a retrained model that included the spectra of our in silico database. The modified cosine score search was more computationally intensive and took 3.5 days parallelized on 22 cores and 350 Gb of RAM.

The database is available through the GNPS environment and Zenodo link: https://doi.org/10.5281/zenodo.6536010

Comparison of hits retrieved from in silico spectral interrogations using the Jassbi

Nicotiana chemical database

A small-scale attempt at comparing the performance of the in silico fragmentation tools was conducted using the Jassbi Nicotiana chemical database [START_REF] Jassbi | Ecological Roles and Biological Activities of Specialized Metabolites from the Genus Nicotiana[END_REF] under manufacturer conditions. For each of the three trichome preparations as biological replicates per species, we used 5 leaves per species. Trichome harvesting by abrasion was done as described in [START_REF] Tissier | Glandular trichomes: what comes after expressed sequence tags?: Glandular trichomes: what comes after ESTs?[END_REF]. Briefly, leaves were gently frozen over liquid nitrogen and both leaf sides were considered for abrasion with a microscope glass slide. Collected trichomes without any distinction of types were frozen and their RNA extracted as above described, with the addition of a step of sonification. Samples were sequenced using a randomized design on an IlluminaGxII Sequencer at the Centre for Organismal Studies, Heidelberg, sequencing platform.

Raw data was checked for quality using Fastqc (Babraham Bioinformatics), and trimming and adapter sequence removal was performed using the AdapterRemoval tool with quality base=33

and Ns trimming=Yes (ZIT). Optimal insert size was determined using BowTie with following parameters: -I 0 -X 500, BWA: -a 500 and Picard tools (http://broadinstitute.github.io/picard/) as described by Mittal, 2012. Initially, two approaches were used to perform alignment to parental genomes, 1) tophat and cufflinks, as described in Trapnell et al. 2012 for sample statistics and comparison and with 2) STAR for homeolog specific mapping, as part of the homeoroq analysis pipeline (Akama et al. 2014). Mapping was slightly improved using STAR, so these results were used for further downstream analysis. After specific mapping to each parental species, htseq was used to obtain gene counts.

Genomics data assembly and phylogenetic analysis

To retrace the evolution history of NAT1 orthologs, we further explored Nicotiana genomics resources. Sequencing data that were mined are listed in (Table 3-2). Reads were trimmed, adapter sequences removed and checked for quality using fastp v0.20.1 or v0. 19.4 (Chen et al., 2018). Transcriptome data were assembled using Trinity v2.10.0 or v2.9.1 [START_REF] Haas | De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis[END_REF] running either on the IBMP Cluster or on the public Galaxy server usegalaxy.org [START_REF] Afgan | The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2016 update[END_REF] and checked for completeness using BUSCO v3.0.2 [START_REF] Simão | BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs[END_REF]. Reads were then aligned with bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] and abundance was estimated using RSEM [START_REF] Li | RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome[END_REF]. When reference genome data was available, reads were mapped using HISAT2 [START_REF] Kim | HISAT: a fast spliced aligner with low memory requirements[END_REF]. After mapping the reads were filters with samtools [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF] to include only reads that were flagged as paired and exclude reads that are flagged as alignment of the read is not primary, read fails QC, read is a PCR or optical duplicate and This suggests that changes in NAT1 splicing efficiency could have been an important event in the establishment of high NANN production in Repandae.

To achieve the cloning of fully spliced forms, we diversified our tissue collection according to information on NANN-tissue level profiles. A fully spliced ortholog was successfully cloned from calyx tissue of N. rustica, which is well in line with its relatively high levels of NANNs in inflorescence exudates (Figure 3-1). Recombinant proteins produced from this sequence showed an activity similar (as inferred from the normalized amounts of product formation) to NrepNAT1, but its acyl acceptor affinity was more pronounced towards C10-C12 acyl chains. The major NAT1 ortholog of N. benthamiana was not possible to clone in its fully spliced form. Instead, we were able to clone, from calyx tissue of the latter species, a more distant ortholog which we named NAT3. The assays on this enzyme showed poor activity with a similar shift in affinity towards shorter acyl chains as in the case of N. rustica NAT1. In addition, we cloned the closest NAT1 ortholog from N. stocktonii, which showed the same activity and affinity as NrepNAT1.

Furthermore, we cloned a NAT1 ortholog from the roots of N. sylvestris. This enzyme was highly active, resulting in approximately 4 times more product formation than N. repanda NAT1, but with a greater affinity towards short C8 chains. This is in line with the profiles of NANNs in roots of this species which are dominated by C6 and C8 chain NANNs. In general, the presence of short chain NANNs in roots seems to be a tendency observed across the whole genus (Elser et al., 2022). Since the biosynthesis of Nicotiana alkaloids takes place in the roots, we therefore propose the hypothesis that short chain NANNs in roots may represent an ancestral state in the genus. 
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Abstract

Modern mass spectrometry-based metabolomics generates vast amounts of mass spectral data as part of the chemical inventory of biospecimens. Annotation of the resulting MS/MS spectra remains a challenging task that mostly relies on database interrogations, in silico prediction and interpretation of diagnostic fragmentation schemes and/or expert knowledge-based manual interpretations. A key limitation is additionally that these approaches typically leave a vast proportion of the (bio)chemical space unannotated. Here we report a deep neural network method to predict chemical structures solely from high-resolution MS/MS spectra. This novel approach initially relies on the encoding of SMILES strings in a continuous chemical descriptor space that had been previously implemented for molecule design. The network was trained on 83,358 natural product-derived MS/MS spectra of the GNPS library and of the NIST HRMS database with addition of the calculated neutral losses for those spectra. After this training and parameter optimization phase, the deep neural network approach was then used to predict structures from MS/MS spectra not included in the training data-set. Our current version, implemented in the Python programming language, accurately predicted 7 structures from 744 validation structures and the following 14 structures had a Tanimoto similarity score above 0.9 when compared to the true structure. It was also able to correctly identify two structures from the CASMI 2022 international contest. On average the Tanimoto similarity on these datasets is of 0.40 for data of the CASMI 2022 international contest and of 0.39 for the validation data-set.

Finally, our deep neural network is also able to predict the number of 60 functional groups as well as give an estimation on the molecular formula and the adducts from the analyzed MS/MS spectra. Importantly, this deep neural network approach is extremely fast, in comparison to currently available methods, making it suitable to predict structures for all substances within large metabolomics datasets on regular computers.

Introduction

One of the major challenges in current metabolomics experiments is the illumination of the socalled dark matter ("unknown unknowns"), which currently corresponds to the largest proportion of data analysis results, even with state-of-the-art computational methods (Beniddir et al., 2021;[START_REF] Aksenov | Global chemical analysis of biology by mass spectrometry[END_REF]da Silva et al., 2015). The standard approach to retrieve high quality

Material and Methods

Spectral libraries were downloaded (16.12.2022) from GNPS (Wang et al., 2016) 4-1).

From the 744 validation spectra, mass2smiles was able to predict 7 true structures (Table 4-4), followed by 14 predictions with Tanimoto scores above 0.9, 62 with Tanimoto scores above 0.7.

The average Tanimoto similarity between predicted and true structures was of 0.39. Moreover, the model was able to correctly predict the exact presence of functional groups for 17 spectra (Table 45 We then also examined mass2smiles on the Nicotiana metabolomics dataset (Elser et al., 2022) to better judge of its performance on a real use case study. For this, we first predicted all the structures across the whole dataset in 9 hours, which resulted in 16616 smiles out of 17902 features, most likely the features without predictions contained less than 6 peaks were therefore automatically discarded by mass2smiles. In general, the model produces valid SMILES in most of the cases e.g. for the 744 validation spectra only 10 created errors with parsing by rdkit. For 457 features on the Nicotiana dataset, the molecular formula was identical with the one predicted by SIRIUS which is frequently is described as a gold standard method to perform this task.

These features were then selected to predict the ClassyFire classes (Djoumbou Feunang et al., 2016) which were then compared to the ones predicted in parallel by CANOPUS (Dührkop et al., 2021) directly from the MS/MS spectra. For 235 of these, the superclass was identical and for 176 the class prediction matched. When inspected more systematically, with in further details, classes that had a mismatch were frequently very close and in a lot of cases the mass2smiles prediction was even closer to the actual true structure (Table 456). Interestingly mass2smiles was able to annotate structures that did not retrieve database hits, even for very common molecules such as nicotine (Table 456). It is therefore very interesting to see that neural networks such as implemented as part of mass2smiles could possibly provide alternative solutions to computationally intensive database searches. We observed for several features very accurate annotations that did not yield any database hits but were predicted to belong to these classes e.g.

terpenoids, coumarins, flavonoids, O-acyl-glucoses or O-acyl-glycerols (Data and code availability: Supplemental Data S3 and Table 456). Some molecules did not yield a CANOPUS annotation but could nonetheless be accurately predicted with mass2smiles (Table 456). This network was constructed on metabolomics data by Peters et al. (2018). The same dataset had been previously used for structure prediction as part of the publication of MSNovelist (Feature 377, Stravs et al., 2022). Numbers indicate the number of predicted aromatic hydroxyl groups, this number is not in line with the structure predicted by MSNovelist (bottom left). The double circled structure (Feature 377), is the proposed structure by mass2smiles.

One drawback of mass2smiles is that it relies on the cddd package [START_REF] Winter | Learning continuous and data-driven molecular descriptors by translating equivalent chemical representations[END_REF] which runs on relatively old Phyton and tensorflow versions, future models should be built on a pretrained SMILES transformer model such as ChemBERTa-2 [START_REF] Ahmad | ChemBERTa-2: Towards Chemical Foundation Models[END_REF] or a transformer model that has been trained on a random to canonical SMILES translation task such as is the cddd model, but with recurrent neural networks. The major drawback to further improve the accuracy of mass2smiles is the lack of comprehensive publicly available annotated MS/MS data covering extremely structurally diverse natural products. Including high quality MS/MS data from databases such as METLIN or Mzcloud would certainly greatly increase the performance of the overall model. In addition, future progress in molecular dynamics calculations such as QCxMS (Koopman and Grimme, 2021) and increased computing power would offer a new potential for creating more sophisticated models. In the future, with the increasing availability of large-scale annotated MS/MS data, the use of large language models such as LLaMA [START_REF] Touvron | LLaMA: Open and Efficient Foundation Language Models[END_REF], GPT-NeoX [START_REF] Black | GPT-NeoX-20B: An Open-Source Autoregressive Language Model[END_REF] or Chinchilla [START_REF] Hoffmann | Training Compute-Optimal Large Language Models[END_REF] would be a highly promising methodological avenue to train a new generation of structure prediction models.
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Dealing with the "dark matter" in metabolomics

A major drawback of any kind of metabolomics studies is still the large number of unknowns or so-called dark matter within such experiments (da Silva et al., 2015). Hence, as part of the advancements in computing power will also increase the useability of molecular dynamics tools such as QCxMS (Koopman and Grimme, 2021) to compute high quality in-silico fragmentation spectra. Another major challenge is that, once annotations are retrieved, they need to be judged/scored for accuracy. Currently, a major challenge in the field is that almost every of the most popular metabolomics annotation tool returns a different kind of output that is not congruent and/or comparable with that of others. MolNetEnhancer (Ernst et al., 2019) partly tackles this challenge of combining different outputs, but is in fact greatly hampered by the slow ClassyFire backend (Djoumbou Feunang et al., 2016). Another difficulty of metabolomics data output annotation is the integration of different types of molecular networks, the most popular approach for metabolomics data classification, as there are multiple different metrics (Huber et al., 2021b(Huber et al., , 2021a;;Nothias et al., 2020;Treen et al., 2022) available for grouping. Noteworthy, even the predicted descriptor space from mass2smiles developed as part of this thesis could be used to generate molecular networks. One foreseen strategy for future research could be to create some kind of consensus network integrating the data from serval different metrics, like it is done for gene interaction networks [START_REF] Manica | COSIFER: a Python package for the consensus inference of molecular interaction networks[END_REF].

Computational predictions from any kind of metabolomics data processing tool(s), even when combined in a smart way to infer the most trustable form (substructure) of information remain….

predictions (to be confirmed or infirmed by rigorous de novo structure elucidation methods)! It is hence important to re-emphasize on the important tights that this research field as to keep with organic and analytical chemistry. In the research article of Chapter 2, we purified several of the advanced docking method, DiffDock [START_REF] Corso | DiffDock: Diffusion Steps, Twists, and Turns for Molecular Docking[END_REF], which is based on diffusion models could possibly give much more reliable docking results. 

A novel BAHD N-acyltransferase (NAT1) and the missing pieces in the NANN pathway

The discovery of a novel BAHD N-acyltransferase active in glandular trichomes of three Repandae species in Chapter 3 is one of the main results of my thesis, but still leaves many open questions to be answered. More work has to be done to understand the evolution of this gene in Solanaceae. Comparing with data from (Moghe et al., 2017), NAT1 belongs to one of the clades that emerged specifically in the Solanaceae by the whole genome triplication at the base of this family but for which no orthologs are detected (likely lost) in the Solanum genome. The site-directed mutagenesis experiments to confirm the residues important in the change from long to short chain acyl-acceptance are still ongoing, as we experienced high levels of aggregate formation during protein production. Also, it would be interesting to test whether there are certain environmental triggers that reduce the intron retention frequently observed across the investigated species. For example, metabolic engineering of N. benthamiana induced the production of short chain NANNs (Outchkourov et al., 2014), this species usually only produces trace levels of NANNs. Another unanswered question is what did control the shift of expression to trichomes?

Further, cloning of the promotor of NrepNAT1 via e.g. inverse PCR [START_REF] Green | Inverse Polymerase Chain Reaction (PCR)[END_REF] could provide an important tool for metabolic engineering and the production of PSMs in glandular trichomes (Gossart et al., 2023;Huchelmann et al., 2017). In addition, transporters involved in the export of nornicotine into the glandular trichomes could be mined from the transcriptome data of Chapter 3, which may as well lead to interesting applications in metabolic engineering. It is still not clear how the βhydroxylation of NANNs is performed. β-hydroxylation of fatty acids is very rare in plants and mainly know from bacteria where it is performed by cytochrome P450 [START_REF] Matsunaga | Characterization of the ybdT gene product of Bacillus subtilis: Novel fatty acid β-hydroxylating cytochrome P450[END_REF] enzymes. But there are cases in plants like Paulownia tomentosa, producing a range β-hydroxylated acylglycerols as exudates from glandular trichomes [START_REF] Asai | Acylglycerols (=Glycerides) from the Glandular Trichome Exudate on the Leaves of Paulownia tomentosa[END_REF]. Several cytochrome P450 as well 2-oxoglutaratedependent-dioxygenases show similar expression patters to NrepNAT1 and could be tested as potential hydroxylase candidates. One first step necessary would the synthesis of β-hydroxylated fatty CoAs and perform assays with NrepNAT1 to answer the question whether the hydroxylation is happening before or after the acyl-transfer step.

Biotransformations investigated by metabolomics

The study of insect post-ingestive biotransformations of PSMs by metabolomics could be greatly enhanced by novel computational tools and provide novel, currently hidden, insights into the chemical ecology of PSMs, in particular their defensive mode of action [START_REF] Li | Harmonizing biosynthesis with post-ingestive modifications to understand the ecological functions of plant natural products[END_REF]. This was explored in Chapter 3 to study the mode of actions of anti-herbivory PSMs. But these approaches can also be applied to study more unconventional biotransformations of xenobiotics by plants as explored in Chapter 5. To further study the insect post-ingestive metabolism of NANNs, mass spectrometry imaging could be applied on whole-insect larva [START_REF] Bhandari | Metabolite localization by atmospheric pressure high-resolution scanning microprobe matrix-assisted laser desorption/ionization mass spectrometry imaging in whole-body sections and individual organs of the rove beetle Paederus riparius[END_REF], we hypothesize that this likely reveal the accumulation of NANNs in the fat body of the insects due to the lipophilic anchor of NANNs as opposed to regular Nicotiana alkaloids and in light of their poor excretion rate by the tobacco hornworm (Manduca sexta) as compared to nicotine and nornicotine. The proposed metabolic fate of the latter compounds in the tobacco hornworm (Manduca sexta) is summarized in Figure 6-3. The hydroxylation product observed in here is most likely a product of a promiscuous cytochrome P450 enzyme involved in general detoxification of xenobiotics [START_REF] Lu | The role of cytochrome P450-mediated detoxification in insect adaptation to xenobiotics[END_REF]. The transformation into the carboxylated NANN could either occur through further oxidation or directly through a carboxylase enzyme from NANNs. Another interesting experiment would be to perform docking experiments with novel docking methods [START_REF] Corso | DiffDock: Diffusion Steps, Twists, and Turns for Molecular Docking[END_REF] on the nicotinic acetylcholine receptor of the tobacco hornworm, to predict whether NANNs are in the same way as nicotine able to act as an agonist of these. We initially focused on NANNs and the elucidation of the enzyme(s) responsible for their acylation as those represent a very interesting micro-innovation in the arms race between Nicotiana species and specialized lepidopteran larvae. In this respect, we showed that NANNs appear to evade, due to their poor metabolization post-ingestion and their hydrophobicity, one of the main tolerance mechanisms previously discovered in M. sexta larvae (Kumar et al., 2014).

Nonetheless, other specialized insects would need to be taken into account to fully appreciate NANN as a defensive innovation. For instance, the tobacco budworm (Heliothis virescens) could be studied in a similar manner as in Chapter 3 for the metabolic fate of NANNs and be a very interesting model to such study, as it appears from old literature reports that it can likely tolerate NANNs and hence found a way to deal with those (Severson et al., 1988).