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Résumé

La consommation de vin est une pratique culturelle, qui, depuis ses origines historiques caucasiennes et moyen-orientales, s'est largement répandue dans presque tous les pays du monde, notamment autour du bassin méditerranéen où la vigne est cultivée depuis environ 1000 ans avant Jésus-Christ. Ainsi, depuis l'Antiquité, le vin est essentiel dans les traditions européennes. Ces habitudes de consommation, développées sur une longue période, se sont donc profondément enracinées dans la culture de notre société et sont l'expression d'une convergence culturelle (Knibee et al., 1996). Aujourd'hui, 3 pays européens, l'Italie, la France et l'Espagne, se partagent 60% de la production mondiale de vin et 68% de ses exportations, soulignant le rôle clé du secteur viticole dans l'économie globale européenne (Balogh et Jambor, 2017[START_REF] Legouy | Le commerce international du vin et ses logiques territoriales à plusieurs échelles[END_REF]. En France, cette filière représente plus d'un demi-million d'emplois directs ou indirects et dans un contexte de mondialisation croissante, les exportations ont doublé en 15 ans.

Cependant, ce secteur est aujourd'hui soumis à de fortes pressions qui menacent sa survie en tant qu'industrie rentable, créatrice d'emplois et à forte composante culturelle et paysagère. La première évolution à laquelle cette filière doit s'adapter est de nature sociologique, avec le passage des habitudes d'une consommation régulière de gros volumes à une consommation plus occasionnelle mais festive, tournée vers la recherche de produits de qualité, typés et de caractère. Par ailleurs, les consommateurs sont de plus en plus en attente de boissons produites de manière durable, en utilisant peu, voire pas, d'intrants chimiques. Le deuxième enjeu à considérer est l'adaptation des pratiques de production au changement climatique, qui, par son impact sur la composition des matières premières végétales, peut fortement affecter les procédés de production et la qualité des produits fermentés. Pour relever ces défis, l'innovation est essentielle, en particulier le développement de nouveaux itinéraires technologiques de production des boissons fermentées, répondant à l'évolution des attentes des consommateurs tout en s'adaptant aux considérations de durabilité et de changement climatique.

L'arôme du vin, un déterminant clé de la qualité sensorielle, résulte d'un mélange complexe de plus d'un millier de molécules, dont certaines contribuent directement et de manière individuelle, alors que d'autres agissent en synergie ou en antogonisme [START_REF] Mendes-Pinto | Carotenoid breakdown products the-norisoprenoids-in wine aroma[END_REF].

Ces molécules volatiles proviennent d'abord du raisin, sous forme de composés odorants ou de précurseurs non odorants révélés par l'action des levures. Cette classe de composés est appelée arômes variétaux. D'autres molécules sont produites par les levures pendant la fermentation (arômes fermentaires), et d'autres sont libérées au cours du vieillissement du vin, par des réactions chimiques ou des interactions avec les fûts (arômes post-fermentaires ou de vieillissement). En ce qui concerne les arômes fermentaires, différentes classes de molécules, alcools supérieurs, esters d'acétate, esters d'éthyle ou acides gras, sont liées au métabolisme carboné, azoté et lipidique des levures. Ces composés confèrent généralement au vin des notes fruitées ou florales, qui sont de plus en plus recherchées pour satisfaire les préférences des consommateurs (Swiegers et al., 2005). Par ailleurs, le métabolisme du soufre, élément essentiel au développement des levures, peut conduire à la formation de composés sulfurés volatils ou CSVs, dont la production au-delà de leur seuil de détection constitue un risque réel pour les vinificateurs. En effet, cette classe d'arômes est en général associée à une perception "réductrice" ou "réduite", considérée comme le défaut majeur des vins commerciaux modernes.

À titre d'exemple, le caractère " réducteur " représentait environ 30 % du total des défauts des vins signalés lors de l'International Wine Challenge entre 2006 et 2008 [START_REF] Goode | Wine faults and their prevalence: Data from the world's largest blind tasting[END_REF] et a entraîné une perte de plus de 28 milliards d'euros en 2015 (OIV, 2016). Cependant, les effets de la présence de CSVs ne sont pas toujours préjudiciables à la qualité des vins, en fonction de la concentration de ces molécules. L'un des meilleurs exemples est le sulfure de diméthyle, qui contribue positivement à de faibles concentrations au bouquet aromatique des vins de Bordeaux, mais est lié à des arômes de chou, d'asperge ou de maïs à des concentrations plus élevées (Mestres et al., 2000 ;[START_REF] Picard | A sensory study of the ageing bouquet of red bordeaux wines: A three-step approach for exploring a complex olfactory concept[END_REF].

La maîtrise de la qualité des vins passe par le développement de stratégies de fermentation permettant de moduler la formation de l'ensemble des molécules contribuant, de façon positive ou négative, à leur arôme. Ceci nécessite une connaissance approfondie des mécanismes physiologiques, métaboliques et moléculaires qui sous-tendent leur synthèse par la levure, ainsi que l'identification des effets de facteurs génétiques ou environnementaux pouvant agir sur ces formations. Ces dernières années, de nombreuses études ont été consacrées à la compréhension des bases de la formation des arômes fermentaires positifs, en élucidant les voies métaboliques et les gènes responsables. L'importance de l'oxygénation et de la disponibilité de l'azote et des lipides pour contrôler leur formation tout au long du processus de fermentation du vin a également été soulignée. En revanche, très peu de travaux ont abordé la question de la formation des composés soufrés pendant la fermentation du vin.

Les principaux CSVs formés pendant la fermentation appartiennent principalement aux familles chimiques des thiols, des thioesters, des sulfures et des disulfures, associés à des descripteurs sensoriels comme l'oeuf pourri, le chou, l'oignon, l'ail ou le caoutchouc brûlé (Mestres et al., 2000). Ces molécules peuvent provenir de l'assimilation la levure, essentielle pour assurer sa croissance, des quatre sources de soufre du jus de raisin : deux sources inorganiques, le sulfate et le sulfite, et deux acides aminés soufrés, la méthionine et la cystéine. En outre, les composés contenant du soufre sont très actifs chimiquement, et les réactions chimiques ou les interconversions entre les CSV doivent être prises en compte pour comprendre leur origine pendant la fermentation du vin.

Les efforts de recherche sur ces molécules se sont principalement concentrés sur les CSVs légers comme l'hydrogène sulfuré H2S, dont la présence dans le vin à très faible concentration peut entraîner une altération, en raison de leur seuil de perception très bas. Cependant, ces composés sont généralement relativement faciles à éliminer du vin en raison de leur faible point d'ébullition ou par exposition à l'oxygène [START_REF] Nguyen | Influence of microoxygenation on reductive sulfur off-odors and color development in a cabernet sauvignon wine[END_REF]Ugliano 2013). Cependant, de nombreuses questions demeurent, notamment sur les mécanismes impliqués dans leur formation, et plus généralement sur l'origine des CSVs lourds et légers en fermentation.

Dans ce contexte, l'objectif principal de ce projet de thèse est d'explorer de manière exhaustive la formation des CSVs au cours de la fermentation du vin, en intégrant dans nos approches l'ensemble de leur profil et en considérant la réactivité chimique de ces molécules au delà de leur synthèse biologique. Nous avons cherché à élucider les mécanismes métaboliques, chimiques et moléculaires qui sous-tendent la formation des CSVs au cours de la fermentation du vin et à décrire et comprendre l'effet des facteurs génétiques et environnementaux sur ce profil. Ces connaissances sont essentielles pour définir des stratégies de contrôle de la formation des CSVs par des approches génétiques ou par le développement de modes innovants de conduite de la fermentation. La partie expérimentale réalisée au cours de ce projet fait l'objet de 4 chapitres rédigés sous forme de publications dont deux ont été soumis (un publié dans FEMS Yeast

Research et l'autre en cours de révision dans le journal Fermentation).

Dans un premier chapitre, l'impact des facteurs génétiques et environnementaux a été étudié.

Le profil de production de CSV de 40 souches de S. cerevisiae et d'espèces non-Saccharomyces a permis de sélectionner 4 souches de S. cerevisiae, présentant des profils de CSV différents, retenues pour une étude plus approfondie. L'incidence des facteurs environnementaux pertinents pour le processus de vinification (source de soufre, teneur en azote, ajout de SO2 et concentration d'acide pantothénique) sur la capacité de formation de molécules soufrées par les 4 souches sélectionnées a ensuite été étudiée.

Au cours du deuxième chapitre, nous avons cherché à discriminer entre une origine biologique et une origine chimique pour la formation des CSV et à identifier les relations et interconnexions potentielles entre ces molécules. Dans ce but, nous avons utilisé un plan expérimental spécifique, en dopant 8 CSVs différents par leur nature chimique ou métabolique dans une fermentation en cours, en incubant les échantillons avec et sans cellules et en analysant les profils d'arômes de soufre après 24 heures et à la fin de la fermentation.

Dans le troisième chapitre, nous avons voulu aller plus loin dans la compréhension des bases moléculaires impliquées dans la formation des CSVs, et plus généralement dans la régulation du métabolisme du soufre pendant la fermentation. Nous avons analysé la réponse du profil d'expression génique de S. cerevisiae LM17 en réponse à des modifications environnementales déclenchant des changements importants dans le profil des CSVs et étudié l'impact de la délétion de gènes pertinents vis-à-vis du métabolisme du soufre sur la production de CSVs.

Enfin, une approche de pointe a été développée dans l'unité, pour suivre par chromatographie en phase gazeuse la concentration des composés volatils présents dans l'espace de tête des fermenteurs. L'utilisation de ce dispositif nous a permis d'évaluer la dynamique des CSVs légers en phase gazeuse tout au long du processus de fermentation. Combinées à la détermination de CSVs plus lourds dans la phase liquide, ces informations nous ont permis de mieux comprendre le métabolisme global de la production de CSVs par la levure.

La disponibilité de méthodes analytiques est souvent un frein à l'étude de la formation des CSVs.

Par conséquent, en raison de la large gamme de points d'ébullition des CSV inclus dans notre Le premier objectif de ce projet était d'identifier les facteurs génétiques, environnementaux et technologiques qui peuvent moduler la formation des composés soufrés. Nous avons tout d'abord évalué la diversité de 40 levures à vis-à-vis de leur capacité de production des CSVs.

Aucune production significative de CSVs n'a été détectée dans les vins produits avec des espèces non-Saccharomyces. Par contre les 22 souches de S. cerevisiae ont produit de 1 à 6 composés soufrés différents dans une gamme de concentrations allant de 1 à 30 fois, ce qui rappelle la grande variabilité de production d'arômes fermentaires montrée chez cette espèce. La faible capacité des espèces non-Saccharomyces à synthétiser des CSVs, établie au cours de cette étude, présente un intérêt technologique certain. Globalement, il apparaît que le choix de la ou des souches réalisant de la fermentation est un prérequis pour contrôler la formation des CSVs.

, La concentration initiale en sucres et en SO2, la teneur en azote total ou la disponibilité en vitamines ont été proposées comme principaux paramètres affectant la production des CSVs par les levures (Wang et al., 2003 ;[START_REF] Winter | Effects of rehydration nutrients on H 2 S metabolism and formation of volatile sulfur compounds by the wine yeast VL3[END_REF]Ugliano et al., 2011 ;Moreira et al., 2011 ;Bohlscheid et al., 2011). Cependant, seule une gamme limite de VSCs a été considérée dans ces études, ce qui empêche une vision et une compréhension globale de l'impact de ces facteurs sur la production de ces molécules. Nous avons donc évalué l'impact des paramètres technologiques/environnementaux sur le profil de 17 CSVs en abordant d'abord le rôle du SO2, un agent chimique largement ajouté au cours du processus de vinification sous forme de sels de métabisulfite pour éviter à la fois l'oxydation et l'altération microbienne. L'effet combiné du pH, des sucres et des concentrations de SO2 -le pH et la concentration en sucres modulant la concentration en forme active de SO2-a été étudié par le biais d'un plan expérimental Box-Benkhen, couplé à un modèle de surface de réponse, en utilisant les 4 souches de S. cerevisiae sélectionnées. Alors que l'on s'attendait à un effet de la disponibilité du SO2 sur le profil des CSVs du vin, puisque ce composé a été signalé comme étant utilisé comme source de soufre par la levure (Macris and Markaris, 1974) , aucun effet significatif n'a été trouvé, quelle que soit la souche ou les CSV quantifiés dans la phase liquide. Nous avons alors émis l'hypothèse que l'excès de soufre provenant de la consommation de SO2 était directement libéré sous forme de H2S dans la phase gazeuse. Cette proposition a pu être testée expérimentalement avec la souche LMD17 (IR10) en utilisant un dispositif de fermentation de pointe développé dans le laboratoire pour détecter 5 CSVs légers (H2S, EtSH, MeSH, DMS et DES) dans l'espace de tête des fermenteurs par couplage avec a chromatographe gazeux et un détecteur photométrique à flamme pulsée (DPFP).

De manière surprenante, l'ajout de 100 mg/L de SO2 n'a pas eu d'impact significatif sur la dynamique de détection du H2S, puisqu'un profil similaire a été trouvé par rapport à la fermentation témoin sans ajout, à l'exception d'une légère accumulation survenant au cours des derniers 5% de la fermentation. Ces données suggèrent que, contrairement à l'opinion généralement admise, du moins pour le H2S, les ajouts de SO2 n'ont qu'un impact limité ou nul sur le profil de formation des CSVs.

Nous avons alors entrepris de déterminer l'effet de la disponibilité de l'azote assimilable, de l'acide pantothénique et des acides aminés soufrés -dans ce cas, en utilisant des conditions caricaturales -sur la formation des composés soufrés. Cette approche expérimentale nous a permis de montrer que ces 4 paramètres modulent significativement le profil des CSVs, avec des effets dépendant à la fois du CSVs et du facteur. La disponibilité de YAN exerce un effet en forme de cloche sur la formation de composés dérivés du catabolisme de la méthionine et de la cystéine par la voie d'Ehrlich, ainsi que sur la formation de thioesters. L'acide pantothénique est la vitamine précurseur de la synthèse de l'acétyl-CoA (Leondardi and Jackowski), un intermédiaire métabolique jouant un rôle clé dans la synthèse des CSVs médiée par la levure, étant notamment requis pour la formation de la O-acétyl homosérine, qui combine ensuite le sulfure pour former l'homocystéine et pour l'acétylation du thiol dans les thioesters (Wang et al., 2003;Edwards and Bohlscheid 2007). Une redistribution importante des flux a été déclenchée par une carence en acide pantothénique, avec une forte diminution de la formation de composés dérivant de la méthionine combinée à une production accrue de thioesters. Tous ces résultats ont révélé qu'il est possible de moduler la production de CSVs en gérant des paramètres environnementaux ou technologiques, par exemple en supplémentant en acide pantothénique des moûts déficients en cette vitamine. Cependant, pour définir ces stratégies et dans un contexte d'amélioration de la qualité globale du vin, il sera nécessaire d'une part de considérer tous les paramètres et leurs interactions, et d'autre part d'évaluer les conséquences sur le profil sensoriel global.

La deuxième axe de ce projet consistait à élucider l'origine des CSVs au cours de l'élaboration du vin, en identifiant les mécanismes chimiques, métaboliques et moléculaires qui sous-tendent leur formation et les interconversions entre ces différentes molécules au cours de la fermentation et du stockage du vin. Pour ce faire, nous avons utilisé un plan expérimental spécifique, basé sur le suivi de l'évolution du profil des CSVs pendant l'incubation d'échantillons dopés avec certaines molécules soufrées. Nous nous sommes également appuyés sur l'analyse fonctionnelle de gènes clés du réseau métabolique d'assimilation du soufre et sur la détermination de la dynamique de la formation de ces composés.

Cette approche a mis en évidence que la ME, le 3MTPAc, le 3MTPA et le E3MTP proviennent exclusivement du catabolisme levurien de la méthionine et de son α-cétoacide associé, l'acide 4méthylcétobutyrique, par la voie d'Ehrlich: une augmentation de la formation de ces composés a été spécifiquement déclenchée en incubant des échantillons supplémentés avec des intermédiaires de l'assimilation de la méthionine par la voie d'Ehrlich en présence de cellules. Ce schéma métabolique est corroboré par la formation séquentielle de méthional, puis de la ME et du 3MTPA, et enfin du 3MTPAc et du E3MTP. Par ailleurs, l'analyse fonctionnelle des gènes ATF1 et ATF2, sélectionnés comme potentiellement responsables de la formation d'esters d'acétate (Cherry et al., 2012) a révélé que l'Atf1p mais pas l'Atf2p était la principale enzyme catalysant l'estérification de la ME en 3MTPAc. Cependant, il n'a pas été possible d'identifier les enzymes impliquées dans les autres étapes de conversion de la méthionine par l'analyse fonctionnelle des gènes cibles, car ces réactions de la voie d'Ehrlich impliquent des familles d'enzymes (Hazelwood et al., 2008), pour lesquelles les activités peuvent se compenser.

L'origine de 2ME, 3MP, 2MTE et ETP au cours de la fermentation du vin, a été peu explorée jusqu'à présent. Plusieurs résultats rapportés dans cette thèse indiquent une contribution majeure des mécanismes biologiques à la formation de 2ME et 3MP, impliquant respectivement la conversion de la cystéine et de l'homocystéine par la voie d'Ehrlich: (i) l'absence de formation de ces composés lors de l'incubation d'échantillons de fermentation sans cellules ; (ii) la dynamique de formation de ces composés au cours de la fermentation, survenant au premier stade de la fermentation, simultanément à l'assimilation des sources d'azote et (iii) la diminution de la formation de 2ME et 3MP observée lors de la délétion des gènes ARO9 et BAT2 codant pour les transaminases impliquées dans l'assimilation de la cystéine et de l'homocystéine. L'origine de la 2MTE et de l'ETP reste mal comprise. Aucune relation directe entre ces molécules et les autres

CSVs n'a été mise en évidence dans ce travail tant au cours de la fermentation que du vieillissement, à l'exception d'une formation accrue lorsque la cystéine était apportée en excès.

Par ailleurs, nous avons observé une formation séquentielle de 2ME puis de 2MTE Y d'une part, et de 3MP puis d'ETP d'autre part. Cependant, il n'a pas été possible de déterminer si des réactions de méthylation/éthylation chimiques ou enzymatiques étaient impliquées.

Notre approche expérimentale nous a également permis d'aller plus loin dans la compréhension des relations complexes entre H2S, les thiols (EtSH, MeSH), les thioesters (ETA, SMTA) et les disulfures (DMDS, DEDS). Nous avons démontré que MeSH et H2S sont les premiers CSV produits tout au long du processus de fermentation en utilisant la méthionine et la cystéine comme seules sources d'azote. Même si la formation chimique de MeSH à partir de la méthionine n'a pas été réfutée expérimentalement, son assimilation par la levure comme source de soufre et d'azote, essentielle au maintien de la croissance, est l'explication la plus plausible de la formation de

MeSH au début de la fermentation, par l'intermédiaire d'une activité déméthiolase.

Habituellement, la formation de H2S se fait par la voie du SRS (Ugliano et al., 2009 ;[START_REF] Winter | In situ high throughput method for H2S detection during micro-scale wine fermentation[END_REF]. Cependant, en présence d'un excès de cystéine, nous avons observé une sousexpression de tous les gènes du SRS associée à une production massive de H2S, qui implique alors probablement Irc7p ou Tum1p, dont l'activité est surexprimée dans ces conditions. Ces enzymes catalysent la dégradation de la cystéine en pyruvate et H2S (Santiago et Gardner 2015 ;Huang et al., 2016). Cette double origine d'H2S explique la dynamique biphasique de détection de ce composé en phase gazeuse observée lorsque la méthionine et la cystéine sont utilisées comme source d'azote : la première est probablement liée à une formation par la voie du SRS, et la seconde au catabolisme de la cystéine. La formation retardée de l'EtSH par rapport à l'H2S alors observée va dans le sens d'une formation de ce thiol par une combinaison chimique d'H2S avec de l'éthanol ou de l'acétaldéhyde, comme proposé précédemment [START_REF] Rankine | Nature, origin and prevention of hydrogen sulphide aroma in wines[END_REF][START_REF] Rankine | Formation of α-ketoglutaric acid by wine yeasts and its oenological significance[END_REF].

Au cours du processus de vinification, des interconversions entre les thiols et leurs formes estérifiées (thioesters) ont été décrites et il est difficile de déterminer quelles réactions se produisent pendant la fermentation et le stockage : les thioesters, par leur hydrolyse, ont été considérés comme une source de MeSH et d'EtSH dans le vin et la bière (Bekker et al., 2018) tandis que les acétyl-CoA transférases de levure ont été rapportées comme responsables de l'acétylation des thiols en thioesters (Walker et Simpson, 1993 ;Landaud et al., 2008). La séquence de production des CSVs est en accord avec une acétylation d'une grande fraction de MeSH en SMTA qui s'accumule dans le vin tandis qu'une petite fraction est chimiquement dimérisée pour former le DMDS et une autre partie est utilisée comme précurseur du DMS, par un mécanisme de méthylation qui reste à élucider. De plus, l'augmentation de la teneur en ETA, qui se produit simultanément à une diminution de la teneur en EtSH, principalement entre 40 et 80 % de la progression de la fermentation, prouve qu'une acétylation de l'EtSH en ETA a lieu pendant la fermentation. A l'inverse, nos données indiquent que l'équilibre entre ces deux familles de composés est en faveur d'une conversion des thioesters en thiols au cours du vieillissement des vins. Ce travail sur l'identification de l'origine des CSVs montre que la présence de composés volatils dans les vins résulte d'interactions complexes entre la formation biologique et les réactions chimiques durant tout le processus de vinification, qu'il est impératif de connaître et de comprendre pour diminuer l'impact sensoriel négatif des CSVs dans les vins. D'autre part, cette étude a soulevé des questions, notamment en établissant des relations entre différents composés, tels que MeSH et EtSH, ou 2ME et 2MTE, dont les mécanismes chimiques ou biologiques restent à élucider. Enfin, nos résultats, obtenus en général sur un jus de raisin synthétique, devront être confirmés sur du jus de raisin naturel, notamment pour prendre en compte les interactions chimiques entre les CSVs et certains composés de l'environnement, comme les polyphénols et les métaux.

Comme troisième objectif de ce projet, la régulation de l'assimilation des composés soufrés et de leur métabolisme ultérieur a été abordée, en se basant principalement sur l'étude de la réponse du profil d'expression génique à des modifications environnementales pertinentes pour l'étude de la formation de ces molécules : une carence en acide pantothénique ou un excès en acides aminés soufrés, méthionine et cystéine.

L'analyse différentielle de l'expression génétique a d'abord montré une réponse générale commune à l'utilisation de la méthionine ou de la cystéine comme seule source d'azote, liée à la moindre efficacité de ces acides aminés soufrés pour assurer la croissance de la levure. Ainsi, la levure adapte son métabolisme à une activité cellulaire plus faible, par exemple en contrôlant le pool intracellulaire de glutamate, qui joue un rôle clé dans la redistribution de l'azote pour la croissance via la formation et le stockage vacuolaire de l'arginine, ou en ajustant la synthèse de novo de la thiamine, consommatrice d'énergie, à la baisse du flux glycolytique.

Nos données mettent également en évidence les rôles très différents de la méthionine et de la cystéine dans la régulation des voies métaboliques impliquées dans l'assimilation des sources de soufre et la formation des CSVs. Ainsi, la méthionine ne contribue que marginalement à la régulation de ce réseau métabolique, puisque seuls 3 gènes impliqués dans la voie d'Ehlrich (BAT2, ARO8 et PDC6) sont différentiellement exprimés entre les conditions de contrôle et d'excès de méthionine. A l'inverse, un remodelage important du profil d'expression des gènes est observé lorsque la cystéine est utilisée comme seule source d'azote, reflétant son rôle régulateur clé : une sous expression de nombreux gènes impliqués dans l'assimilation des sources de soufre inorganique et sa combinaison ultérieure avec la O-acétyl-homosérine pour produire l'homocystéine ainsi que des gènes responsables de la synthèse de la cystéine a été observée. De plus, les gènes potentiellement impliqués dans le catabolisme de la cystéine sont sur-exprimés:

STR2, ARO8 et BAT1,2 mais aussi IRC7, catalysant le clivage de cet acide aminé en pyruvate, ammonium et sulfure. L'effet cytotoxique de la cystéine, précédemment décrit comme affectant la croissance cellulaire (Kumar et al., 2006) pourrait être mis en avant pour expliquer cette réponse transcriptionnelle, puisque des gènes impliqués dans la détoxification des oxydants cellulaires et la réponse aux ROS étaient également surexprimés.

Il est intéressant de noter qu'une carence en acide pantothénique a également déclenché des gènes importants dans le transcriptome de la levure, avec une réponse opposée par rapport à l'excès de cystéine. Les transporteurs de sulfate (SUL1 et SUL2), tous les gènes de la voie SRS et la plupart des gènes participant à l'interconversion de l'homocystéine, de la cystéine et de la méthionine (MHT1, CYS4, CYS3 et STR3) ont été surexprimés de manière coordonnée en cas de carence en acide pantothénique. Au contraire, les aminotransférases impliquées dans le catabolisme des acides aminés soufrés (ARO8, BAT1) sont sous exprimées. Ces changements transcriptionnels reflètent une mobilisation de la ressource en soufre vers la formation de cystéine et de méthionine, nécessaires à l'anabolisme et à la croissance, ce qui concorde avec la diminution des métabolites issus du catabolisme de la cystéine et de la méthionine. Ce profil d'expression génétique est en accord avec la formation globalement plus faible des CSV, constatée en cas de carence en acide pantothénique.

Plus généralement, le profil d'expression génique observé au cours de cette étude a mis en évidence des mécanismes de régulation expliquant les différences de profils des CSV en fonction des conditions de fermentation. Cependant, certaines observations ne sont pas entièrement comprises, telles que les différences de niveaux de production de ME, 2ME et 3MP entre les fermentations utilisant soit un mélange de cystéine et de méthionine, soit un mélange de méthionine et d'ammonium comme source d'azote. Cela peut être lié au rôle régulateur de l'ammonium sur l'absorption d'autres sources d'azote, mais cela doit être démontré expérimentalement.
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Wine is a cultural beverage that, from its historical Caucasian and Middle Eastern origins, has spread widely in almost all countries of the world, especially around the Mediterranean basin where the vine has been cultivated since about 1000 years before Christ. Thus, since antiquity, wine has been considered an essential element of European traditions. These consumption habits, developed over a long period of time, have thus become deeply rooted in the culture of our society and are an expression of cultural convergence (Knibee et al., 1996). Nowadays, the 3 European countries, Italy, France and Spain share 60% of the world's wine production and 68% of its exports, emphasizing the key role of the wine sector in the global European economy [START_REF] Balogh | The global competitiveness of european wine producers[END_REF]Jambor, 2017, Legouy et Dallot, 2019). In France, this industry accounts for more than half a million direct or indirect jobs and in a context of increasing globalization exports have doubled in 15 years. However, this sector is today under strong pressures that threaten its survival as a profitable, job-creating industry with a strong cultural and landscape component. Thus, it has undergone major changes in recent years. The first evolution they had to adapt to was of a sociological nature, with the transition of habits from a regular consumption of large volumes to a more occasional but festive consumption, looking for quality products with typicity and character.

Furthermore, consumer demand is increasingly moving towards sustainably produced beverages, using low quantity or no chemical inputs. The second issue to be faced is adjusting their production practices to climate change, which, through its impact on the composition of plant raw materials, can strongly affect the production processes and the quality of fermented products. To address these challenges, innovation is key, in particular the development of new or improved technological itineraries for the production of fermented beverages meeting the changes in consumer expectations while adapting to sustainability and climate change considerations.

The wine aroma, a key determinant of the sensory quality, results from a complex mixture of more than a thousand molecules, some of which contribute significantly individually, while others act synergistically or antagonistically [START_REF] Mendes-Pinto | Carotenoid breakdown products the-norisoprenoids-in wine aroma[END_REF]. These volatile molecules first originate from grapes, as odorous compounds or non-odorous precursors revealed through the action of yeast. This class of compounds are referred as varietal aromas. Other molecules are produced by yeast during the fermentation (fermentative aromas) while other are released during the wine ageing, by chemical reactions or interactions with barrels (post-fermentative or ageing aromas). Focusing on fermentative aromas, different classes of molecules, higher alcohols, acetate esters, ethyl esters or fatty acids, derive from carbon, nitrogen and lipids metabolism of yeasts. These compounds generally give the wine fruity or floral notes, which are increasingly desired to satisfy consumer preferences (Swiegers et al., 2005). Moreover, the metabolism of sulfur, an essential element for yeast development, can lead to the formation of volatile sulfur compounds or VSCs, of which production above their detection threshold constitutes a real concern for winemakers. Indeed, this class of aroma is in general associated to a "reductive" or "reduced" perception, considered as the major fault of modern commercial wines. As examples, the "reductive" character accounted for around 30 % of total wine faults reported at the International Wine Challenge during 2006 to 2008 [START_REF] Goode | Wine faults and their prevalence: Data from the world's largest blind tasting[END_REF] and resulted in more than €28 billion loss in 2015 (OIV, 2016). However, the effects of the presence of VSCs are not always detrimental to the quality of wines, depending on their concentration.

One of the best examples is dimethyl sulfide, which contributes positively at low concentrations to the aromatic bouquet of Bordeaux wines but is related to cabbage, asparagus or corn aromas at higher concentrations (Mestres et al., 2000;[START_REF] Picard | A sensory study of the ageing bouquet of red bordeaux wines: A three-step approach for exploring a complex olfactory concept[END_REF].

The control of the quality of wines passes by the development of fermentation strategies allowing to modulate the formation of all the molecules that positively contribute or are detrimental to their aroma. This requires an in-depth knowledge of the physiological, metabolic and molecular mechanisms underlying their synthesis by yeast, as well as the identification of the effects of genetic or environmental factors on these formations. In recent years, numerous studies have been dedicated to understanding the basis for the formation of positive fermentative aromas, elucidating the metabolic pathways and genes responsible and highlighting the importance of oxygenation and the availability of nitrogen and lipids to control their formation throughout the wine fermentation process. By contrast, very few works have addressed the issue of the formation of sulfur compounds during wine fermentation.

The main VSCs formed during fermentation mainly belong to the chemical families of thiols, thioesters, sulfide and disulfides, associated with sensory descriptors as rotten egg, cabbage, onion, garlic or burnt rubber (Mestres et al., 2000). These molecules may derive from the assimilation by yeast of the four potential sulfur sources of grape juice, essential to sustain the growth: two inorganic sources, sulfate and sulfite, and two sulfur containing amino acids, methionine and cysteine. Furthermore, sulfur-containing compounds are very chemically active, and chemical reactions or interconversions between VSCs have to be considered to understand their origin during wine fermentation.

Research efforts on these molecules have mainly focused on light VSCs as hydrogen sulfur, H2S, whose presence in wine at very low concentration can lead to spoilage, due to their very low perception threshold. Nevertheless, these compounds usually are relatively easy to remove from wine because of their low boiling point or by exposure to oxygen [START_REF] Nguyen | Influence of microoxygenation on reductive sulfur off-odors and color development in a cabernet sauvignon wine[END_REF]Ugliano 2013). However, many questions remain, notably about the mechanisms involved in their formation, and more generally about the origin of heavy and light VSCs in fermentation.

In this context, the main objective of this PhD project is to comprehensively explore the formation of VSCs during wine fermentation, by integrating in our approaches the whole profile of VSCs and by considering the chemical reactivity of these molecules in addition to their biological synthesis. We endeavor to unravel the metabolic, chemical and molecular mechanisms underlying the formation of VSCs during wine fermentation and to describe and understand the effect of genetic and environmental factors on this profile of VSCs. This knowledge is essential to define strategies to control the formation of VSCs by genetic approaches or by the development of innovative modes to conduct the fermentation. This project relies on dedicated tools to investigate the activity of yeasts during fermentationon-line monitoring of the production of CO2 and volatile molecules, robot-assisted system for high throughput fermentations-combined with cutting-edge methodologies for the analytical determination of sulfur and volatile molecules and molecular biology approaches for the study of the regulation of metabolism.

The experimental part carried out during this project is the subject of 4 chapters written in the form of publications of which two have been submitted (one published in FEMS Yeast Research and the other under review in the journal Fermentation).

In a first chapter, the impact of genetic and environmental factors was investigated. The profile of VSCs production of 40 strains from S. cerevisiae and non-Saccharomyces species were determined. Four S. cerevisiae strains, selected as high VSCs producers and displaying different VSCs profiles were selected for further study. The incidence of environmental factors relevant for the winemaking process (sulfur source, nitrogen content, SO2 addition and acid pantothenic concentration) on the capacity of formation of S-molecules by the 4 selected strains was then investigated.

During second chapter, we sought to discriminate between biological and chemical origin for the formation of VSCs and to identify potential relationships and interconnections between these molecules. With this aim, a dedicated experimental design was used, spiking 8 VSCs differing by their chemical or metabolic nature in ongoing fermentation, incubating the samples with and without cells and analyzing sulfur aroma profiles after 24 h and at the end of fermentation.

In the third chapter, we intended to go further in the understanding of the molecular basis involved in the formation of VSCs, and more generally in the regulation of sulfur metabolism during fermentation. We analyzed the response of the gene expression profile of S. cerevisiae LM17 in response to environmental modifications triggering important changes in the VSCs profile as a deficit in pantothenic acid or the use of methionine and cysteine as the sole nitrogen source. This approach was combined with the functional analysis of genes potentially involved in the formation of VSCs, investigating the impact of their deletion on the production of VSCS.

Finally, a cutting-edge approach was developed in the unit, to monitor by gas chromatography the concentration of volatile compounds presents in the headspace of fermenters. This tool is particularly adapted to study the production by yeast of volatile molecules, such as light sulfur compounds. Thus, these compounds were not considered in most of our previous experiments, because of our impossibility of measuring their concentration in liquid phase. The use of this device allowed us to assess the dynamics of VSCs in the gas phase throughout the fermentation Characteristics and progress of the fermentation process.

Alcoholic fermentation is a process used for thousands of years by man to produce alcoholic beverages but also fermented foods. During winemaking, it results in the conversion of sugars present in grape must, fructose and glucose, into CO2 and ethanol and other secondary metabolites by the action of microorganisms, mostly yeasts from Saccharomyces cerevisiae species.

Grape must contain high concentrations of sugars (160 to 260 g/L) and presents a slight acidity (pH comprised between 2.9 and 3.8) that makes it a stressful environment for yeasts. Grape juice also provides essential nutrients for yeast growth such as lipids, oligo elements and vitamins and nitrogen sources in mineral form (ammonium) and organic form (amino acids, peptides). Sulfur dioxide (SO2) is added throughout the winemaking process in order to prevent the wine from reacting with oxygen which can cause browning and off-odors by oxidation, and to inhibit the growth of bacteria and undesirable wild yeasts in the wine. In relation to the composition of grape juice, yeast have to face other stresses during fermentation, namely nutrients and oxygen limitations. Furthermore, the high concentration of ethanol at the end of the process also affects the viability and the activity of yeasts. Under anaerobic conditions, the production of ethanol and the release of CO2 from glucose is the major way for the cell to produce the energy required to support the growth, following the schematic chemical equation:

C6H12O6 + 2 APD + Pi 2 CO2 + 2 C2H6O + 2 ATP
The theoretical yield of this reaction is 0.51 grams of ethanol produced per 1 gram of glucose consumed, but in practice a fraction of glucose (8-10 %) is used to synthetize anabolic precursors for biomass synthesis and to maintain redox balance within the cell. Therefore, an average yield of 0.47 gram of ethanol produced per 1 gram of glucose consumed is experimentally observed.

The formation of anabolic precursors and the redox metabolism result in the formation of secondary metabolites, further excreted in the medium, including compounds from carbon central metabolism such as succinate, glycerol, pyruvate and acetate and to a lesser extent, aldehydes, higher alcohols and their ester coming from Ehrlich pathway and volatile sulfur compounds.

Because the fermentative activity of yeast is directly correlated to the release of CO2, the fermentative activity of yeast can be monitored throughout the process by the determination of CO2 production. The further calculation of the CO2 release rate (dCO2/dt, in g/L/h) allows to differentiate the different stages of alcoholic fermentation, reflecting the metabolism adaptation to the different stress throughout the process: the lag phase, the growth phase and the stationary phase. Lag phase: It corresponds to the adaptation phase of yeasts to the different stresses of the environment: osmotic stress, pH, low oxygen availability… Depending of the initial conditions (temperature, SO2 concentration, …) this phase can last from some hours to several days. During this period, the fermentative activity is very low and the composition of the medium is practically unchanged, with the exception of thiamine that is consumed in few hours.

Growth phase: During this phase, yeasts multiply until the maximal population (50 -250x10 6 cells/ml), which mainly depends on nutritive requirements of the yeast strain used to carry out the fermentation and the availability of nutrients in the medium, including the assimilable nitrogen, vitamins, fatty acids and sterols. In most fermentations, the end of growth phase is correlated with nitrogen depletion but some deficiencies, mainly in lipids, can also lead to growth stop. The maximum rate of CO2 production is achieved at the end of this phase, during which around 30 % of sugar are consumed.

Stationary phase:

The specificity of wine fermentation is that 60 to 70% of sugars are consumed in absence of growth, during the stationary phase. During this phase, the yeasts maintain a high viability and their fermentative activity remains substantial, allowing the complete consumption of sugars in grape juice, even if the fermentation rate decreases over time until sugar depletion.

This drop in yeast fermentative rate is mainly explained by the inhibitor role of ethanol, which is continuously produced, on hexose transporters [START_REF] Krauss | Selective inhibition by ethanol of the type 1 facilitative glucose transporter (GLUT1)[END_REF] 1.2 . Key role of yeasts during wine fermentation

Diversity of wine yeasts

There is a great diversity of yeasts in natural grape juice. These yeasts can be present on the skin of the grape berries at the time of harvest, but can also come from the equipment used during the winemaking process and from the cellar environment. The main species of this natural flora belong to the genus Candida, Metschnikowia, Kloeckera, Kluyveromyces, Pichia, Saccharomyces and Hanseniaspora (Fleet, 2003(Fleet, , 2008;;[START_REF] Jolly | The role and use of non-saccharomyces yeasts in wine production[END_REF][START_REF] Wang | Fungal diversity in grape must and wine fermentation assessed by massive sequencing, quantitative PCR and DGGE[END_REF], and many factors modulate both the density and diversity of yeasts present in musts, including grape maturity and variety, geographic location, weather conditions, use of pesticides or fungicides, viticultural and winemaking practices… [START_REF] Chavan | Natural yeast flora of different varieties of grapes used for wine making in india[END_REF][START_REF] Combina | Dynamics of indigenous yeast populations during spontaneous fermentation of wines from mendoza, argentina[END_REF][START_REF] Raspor | Yeasts isolated from three varieties of grapes cultivated in different locations of the dolenjska vine-growing region, slovenia[END_REF]. Thus, alcoholic fermentation can be carried out spontaneously by the yeasts naturally present in grape juice. Although non-Saccharomyces yeasts dominate at the beginning of fermentation, their viability decreases after the first few days of fermentation mainly due to their low tolerance to ethanol. For example, the concentration at which the viability declines sharply is 12% for C. stellata, and only 7% for M. pulcherrima [START_REF] Combina | Dynamics of indigenous yeast populations during spontaneous fermentation of wines from mendoza, argentina[END_REF]. As a result, the yeast S. cerevisiae, well-adapted to stressful conditions of wine fermentation (low pH, high concentration in ethanol and SO2), outcompetes the other species to become the major specie at the end of the process and ensures the completion of the fermentation. However, the activity of non-Saccharomyces yeasts at the beginning of the process has an impact on the organoleptic characteristics and typicity of wines, which can be positive or negative [START_REF] Fleet | Wine microbiology and biotechnology[END_REF]. Thus, to ensure a better control of the alcoholic fermentation process and the sensory characteristics of the wines, the practice of addition of active dry yeasts (ADY) has spread considerably over the last 50 years, and today more than 80% of wine fermentations are inoculated with selected S. cerevisiae yeasts.

Central carbon metabolism of S. cerevisiae

S. cerevisiae is a facultative aerobic and Crabtree positive microorganism, capable to adapt its metabolism to oxygen and carbon availability. In the wine environment, characterized by a high concentration of sugars (150 to 260 g/L, depending of grape maturity) and an oxygen limitation (less than 10 mg O2/l), this yeast displays a strictly fermentative metabolism to support the growth due to the absence of a functional electron transport chain.

Glucose is generally easier to be utilized than galactose, a non-fermentative carbon source.

Therefore, the production of energy is exclusively achieved by the glycolysis through the oxidation of glucose to pyruvate (Figure 2), with a yield of 2 mols of ATP produced per mol of glucose consumed. In this oxidative process, NAD+ acts as the final electron acceptor. Most of the pyruvate is then converted to acetaldehyde by pyruvate decarboxylase (PDC) and further reduced to ethanol by alcohol dehydrogenase (ADH), allowing the regeneration of the excess of NADH produced during the glycolysis. A low part of pyruvate is directed to Acetyl-CoA synthesis via acetate, which is essential for fatty acids and lipids anabolism. The surplus of acetate is excreted in the medium. A small fraction of pyruvate is catabolized by the tricarboxylic acid cycle (TCA), which in fermentation operates as two branches, oxidative and reductive, both leading to the formation of succinate. The reductive pathway is the most active route, being involved in the synthesis of about 2/3 of succinate but the oxidative pathway plays an important role during fermentative metabolism, as it is involved in the production of α-ketoglutarate, a key molecule in nitrogen metabolism.

A part of glucose (between 5 and 8 g/L) is metabolized into glycerol via the glycolytic intermediate dihydroxyacetone-phosphate, via a glycerol-3-phosphate dehydrogenase and a glycerol-3phosphate phosphatase. The first step of this pathway is essential for the re-oxidation of the NADH surplus produced during the anabolic reactions and biomass formation. Furthermore, glycerol is a precursor for the synthesis of phospholipids and has a protective role against osmotic stress.

The pentose phosphate pathway, (PPP) is the third major pathway of sugar catabolism in fermentation (Figure 3). It consists of a first phase, irreversible, which leads to the oxidation of glucose to ribulose-5-phosphate, producing 2 mols of NADPH per mol of glucose consumed. The second phase, non-oxidative and reversible, allows the formation of ribose-5-phosphate and erythrose-5-phosphate, two major intermediates in the synthesis of aromatic amino acids (histidine, phenylalanine, tryptophane and tyrosine) and nucleotides. This pathway plays two important roles for the cell, providing precursors for anabolism and regenerating about 60% of the NADPH required for biosynthesis reactions, especially of amino acids. The other enzymes involved in the formation of NADPH (40 %) are NADP-dependent acetaldehyde dehydrogenase, transforming acetaldehyde into acetate. 

Wine aroma

The aroma of fermented beverages is an essential determinant of their quality and differentiation, and its sensory perception by the consumer is decisive in the acceptance or rejection of the products. In the case of wine, the aroma or flavor results from the presence of several hundred compounds, the complex balance between their concentrations and their interactions. The volatile odorants in wine come from the grape (varietal aromas), from the alcoholic fermentation (fermentative aromas) or are produced during the storage of wines (aging aromas). Quantitatively, the fermentative aromas are the most abundant and their concentration can reach a few hundred mg/L. In contrast, other varietal and aging odor compounds are present at very low concentrations, in the range of few µg/L in the case of β-damascenone and of ng/L for varietal thiols. Furthermore, the presence of a single compound, as H2S or ethyl phenols, above its detection threshold is enough to result to the alteration of wine.

Varietal aromas

Two classes of varietal aromas exist in grape berries, which are representative of a specific grape variety and therefore give the wine its typical character [START_REF] Francis | Determining wine aroma from compositional data[END_REF]. First, the free varietal aromas, which are directly perceptible by olfaction without modification of their structure. Monoterpenoids, methoxypyrazines and rotundone are the only free varietal aromas present at levels allowing their perception in wine. Monoterpenoids are responsible for the typical aroma of Muscat grapes wines. The most important monoterpenoids in wine are linalool, citronellol, geraniol or α-terpineol and contribute to the varietal aroma profiles of wines due to their floral, fruity and citrus aromas [START_REF] Strauss | Saccharomyces kudriavzevii and saccharomyces uvarum differ from saccharomyces cerevisiae during the production of aromaactive higher alcohols and acetate esters using their amino acidic precursors[END_REF]. Methoxypyrazines are present in grapes from the Cabernet family where they contribute significantly to the vegetative aroma of the final wine [START_REF] Allen | Contribution of methoxypyrazines to sauvignon blanc wine aroma[END_REF]. Rotundone was initially identified in Syrah grapes in Australia as a potent aroma compound responsible for black pepper aromas in these wines [START_REF] Wood | From wine to pepper: Rotundone, an obscure sesquiterpene, is a potent spicy aroma compound[END_REF] The other varietal molecules are found in bound form, as glycosylated, cysteinylated, glutathionated precursors. These odorless compounds are released in form of odorants during different stages of the harvest, winemaking or aging, generally through the action of hydrolytic enzymes. This is the case for varietal thiols, 4-methyl-4-mercaptopentan-2-one (4MMP), 3mercaptohexan-1-ol (3MH) and 3-mercaptohexyl acetate (3MHA), enzymatically released from their cysteinylated or glutathionated conjugates (Swiegers et al. 2007, Tominaga et al. 1998, Fedrizzi et al., 2009). Varietal thiols are among the few sulfur compounds whose presence is sought in the wine, especially in white wines, because they are associated with positive descriptors: 4MMP has a boxwood and blackcurrant odor with a threshold of perception of 0.8 ng/L in hydroalcoholic solution [START_REF] Murat | Effect of saccharomyces cerevisiae yeast strains on the liberation of volatile thiols in sauvignon blanc wine[END_REF]. The 3MH and 3MHA have passion fruit and grapefruit odors with a perception threshold of 60 and 4 ng/L respectively [START_REF] Murat | Effect of saccharomyces cerevisiae yeast strains on the liberation of volatile thiols in sauvignon blanc wine[END_REF].

Other precursors of volatile compounds consist of an aglycone bound to a β-D-glucopyranoside, which is in turn bound to another sugar, mainly a α-L-rhamnopyranose, α-L-arabinofuranose or β-D-apiofuranose [START_REF] Gunata | Sequential enzymic hydrolysis of potentially aromatic glycosides from grape[END_REF][START_REF] Spagna | Properties of endogenous β-glucosidase of a saccharomyces cerevisiae strain isolated from sicilian musts and wines[END_REF][START_REF] Villena | Β-glucosidase activity in wine yeasts: Application in enology[END_REF][START_REF] Williams | Novel monoterpene disaccharide glycosides of vitis vinifera grapes and wines[END_REF]. The aglycone can be a terpene but also an alcohol such as hexanol or phenylethanol, a C13-noriprenoide or a volatile phenol [START_REF] Spagna | Properties of endogenous β-glucosidase of a saccharomyces cerevisiae strain isolated from sicilian musts and wines[END_REF]Swangkeaw et al., 2011;[START_REF] Villena | Β-glucosidase activity in wine yeasts: Application in enology[END_REF]. The release of the odorant compound occurs sequentially by the first action of α-Lrhamnopyranosidase, α-L-arabinofuranosidase or β-D-apiofuranosidase to release the terminal sugar, and then a β-D-glucosidase release the aglycone [START_REF] Gunata | Sequential enzymic hydrolysis of potentially aromatic glycosides from grape[END_REF]. The glycosidases originating from the grape berries or excreted by yeasts are often not efficient, because they are inhibited by glucose and ethanol, and commercial enzyme preparations produced from Aspergillus spp. can be used in winemaking to increase the release of terpenes.

Fermentative aromas

Fermentative aromas (Figure 4) are synthesized by yeast during fermentation. Many factors as the yeast strain/species carrying out the fermentation, the composition and availability of the nitrogen resource, the temperature, the technological itinerary of winemaking (SO2 addition, oxygen addition...) have been reported as modulating the production of aromas, depending on their family. The most abundant fermentative aromas can be differentiated in 5 chemical classes. 

Higher alcohols and branched acids

Higher alcohols and their associated branched acids are molecules generally considered as not very favorable to the aromatic profile of wines, with the exception of 2-phenylethanol which has floral notes of rose. At moderate levels (below 300 mg/L), higher alcohols can contribute to the fruity character and aromatic complexity of wines. But above 400 mg/L, these alcohols are deleterious and can cause a strong, pungent nails varnish-like smell (Bell and Henschke, 2005).

The branched acids are associated with rancid and sweaty odors. Principal higher alcohols and its origin is descripted in Table 1.

The synthesis of higher alcohols and branched acid is carried out from a pool of keto acids from two possible origins. They can be derived from the catabolism of amino acids through the Ehrlich pathway, or synthesized de novo from the central carbon metabolism (Lambrechts and Pretorious, 2000). The Ehrlich pathway is a three-step process (Figure 5) involved in the assimilation of amino acids. In the first step, amino acids are converted to their respective α-keto acid by a transamination reaction, which in most of the cases involve 2-oxoglutarate as acceptor of the nitrogen group, resulting in the formation of glutamate, a key intermediate for the redistribution of the nitrogen resource in the metabolic network. Bat1p, Bat2p, Aro8p and Aro9p are the transaminases responsible of these conversions identified in yeast. Bat1p and Bat2p are mainly involved in the transamination of the branched amino acids, whereas Aro8 and Aro9 are aromatic amino acid transaminases acting on phenylalanine and tryptophan, respectively [START_REF] Kispal | Mitochondrial and cytosolic branched-chain amino acid transaminases from yeast, homologs of the myc oncogene-regulated Eca39 protein[END_REF], Iraqui et al., 1998, Cherry et al., 2012). Furthermore, α-keto acids are intermediates of the central carbon metabolism, produced through the glycolysis, the TCA or the pentose phosphate pathway. For example, α-keto isovalerate and α-keto isocaproate, precursors of isobutanol and isoamylic alcohol respectively, can be formed directly from pyruvate metabolism.

The second step of the Ehrlich pathway consists in an irreversible decarboxylation of the α-keto acid to an aldehyde. The pyruvate decaborxylases (PDC) involved in the production of acetaldehyde (Pdc1p, Pdc5p and Pdc6p) also catalyze the conversion of α-keto acid of the fusel aldehydes. Additionally, ARO10 encodes for the decarboxylase responsible for decarboxylating 2-phenylpyruvate to 2-phenylacetaldehyde. This enzyme is also strongly involved in the catabolism of methionine [START_REF] Vuralhan | Identification and characterization of phenylpyruvate decarboxylase genes in saccharomyces cerevisiae[END_REF], Hazelwood et al., 2008).

Finally, the fusel aldehyde can be further reduced or oxidized, giving a higher alcohol or a branched acid. A wide range of alcohol dehydrogenases (ADHs) and aryl-alcohol dehydrogenases (AAD), with low substrate specificity, catalyze this reduction of the Ehrlich pathway. In the same way, the acetaldehyde dehydrogenases of the ALD family are the main actors of the production of branched acids from fusel aldehydes. The excretion of higher alcohols is likely carried out via a mechanism of passive diffusion through the membrane, while the transport of acids is performed via a membrane transporter encoded by PDR12 [START_REF] Hazelwood | A new physiological role for Pdr12p in saccharomyces cerevisiae: Export of aromatic and branchedchain organic acids produced in amino acid catabolism[END_REF]Hazelwood et al. 2008) 

Acetate esters

Acetate esters of higher alcohols such as isoamyl acetate, 2-phenylethyl acetate participating to the floral or fruity aroma of wine, providing notes of banana and rose and contributing to its typicity. Nevertheless, at too high concentrations, some acetate esters as ethyl acetate can be perceived as defects due to their solvent smell. This class of esters are formed by a condensation between Acetyl-CoA and an alcohol (ethanol or higher alcohol). The small size and lipophilic nature of acetate esters allow them to readily diffuse from the cytoplasm to the extracellular medium.

Ester synthesis is carried out by an alcohol-O-acetyl transferases (AATs), for which two major isoforms have been identified in S. cerevisiae, Atf1p and Atf2p (Minetoki et al., 1993;[START_REF] Malcorps | Short-chain and medium-chain aliphatic-ester synthesis in saccharomyces cerevisiae[END_REF]. Acetate ester production depends on both availability of substrates (Acetyl-CoA and high alcohols) and enzymatic activities of AATs, but it has been demonstrated that enzymatic activity is the principal factor controlling acetate esters production (Verstrepen et al., 2003[START_REF] Lilly | Effect of increased yeast alcohol acetyltransferase activity on flavor profiles of wine and distillates[END_REF]. During fermentation, the expression level of the genes ATF1 and ATF2 is correlated with the final content in esters [START_REF] Saerens | Parameters affecting ethyl ester production by saccharomyces cerevisiae during fermentation[END_REF]. These 2 isoforms display different profiles of substrate specificity, Atf2p preferring isoamyl alcohol while Atf1p converts phenylethanol as well as isoamyl alcohol [START_REF] Stribny | Characterisation of the broad substrate specificity 2-keto acid decarboxylase Aro10p of saccharomyces kudriavzevii and its implication in aroma development[END_REF]. Because overexpressing the gene ATF1 resulted in multiplying the formation of isoamyl acetate, ethyl acetate and phenyl acetate by 100, 20 and 200 respectively, Atf1p has been identified as the major enzyme involved in acetate esters production. (Verstrepen et al. 2003;[START_REF] Lilly | Effect of increased yeast alcohol acetyltransferase activity on flavor profiles of wine and distillates[END_REF]. However, the synthesis of isobutyl acetate, ethyl acetate and propyl acetate is maintained in deletion of the two genes ATF1

and ATF2, suggesting the intervention of a third enzyme (Verstrepen et al., 2003).

In addition, there are esterases in S. cerevisiae that cause a decrease in the accumulation of esters in the medium, of which the main one, encoded by the IAH1 gene, is responsible for the hydrolysis of most esters, in particular isoamyl acetate [START_REF] Lilly | The effect of increased yeast alcohol acetyltransferase and esterase activity on the flavour profiles of wine and distillates[END_REF]Fukuda et al., 1998). It is therefore important to take into account the balance between the synthesis activity of alcohol acetyltransferases and the hydrolysis activity of esterases for the study of the production of acetate esters.

Table 1. Principal amino acids involved in Ehrlich pathway with their associated keto acids, aldehydes, higher alcohols and esters.

Fatty acids

The main aromatic descriptors of medium chain fatty acids in wines refer to cheese and rancy.

These molecules, perceptible in mixtures, can reach concentrations in wines higher than their perception threshold, estimated at 10 mg/L for a mixture of hexanoic, octanoic and decanoic acids (Shinohara, 1985). Saturated fatty acids with an even number of carbon atoms are the large majority of the lipid compounds excreted by yeast during wine fermentation. Two possible origins have been proposed for the formation of this class of molecules: the synthesis of medium or long chain fatty acids and the catabolism of long chain fatty acids via beta oxidation. Beta oxidation is an oxygen-dependent metabolic pathway that only takes place at the beginning of fermentation (Schreier and Jenning, 1979). Thus, the anabolic route is predominant in fermentation.

Fatty acids are synthesized through successive additions of two carbon atoms coming from malonyl-CoA to an Acyl-CoA. Acetyl-CoA, mainly produced by oxidative decarboxylation of pyruvate, is the first contributor in the fatty acids elongation. A multi-enzyme complex formed by seven units, the fatty acyl synthase (FAS), is in charge of fatty acids elongation [START_REF] Numa | Regulation of fatty acid synthesis at the acetyl-CoA carboxylation step[END_REF].

The β-oxidation consists in a series of reactions that lead to the transformation of a fatty acid into Acetyl-CoA and fatty acid with a carbon chain reduced by two atoms.

Ethyl esters

Ethyl esters contribute to the aroma of young wines with pleasant fruity notes. However, due to their structure -presence of a carbon chain of several atoms-, their ability to diffuse through the membrane is reduced (Dzialo et al., 2017).

Ethyl esters are the result of the combination reaction of ethanol with Acyl-CoA by Alcohol-Oacyl transferases, encoded in S. cerevisiae by the genes EEB1 and EHT1. Eht1p catalyzes almost exclusively the formation of ethyl hexanoate while Eeb1p is responsible for the biosynthesis of all the other ethyl esters during fermentation. [START_REF] Saerens | Parameters affecting ethyl ester production by saccharomyces cerevisiae during fermentation[END_REF]Cherry et al., 2012).

Furthermore, overexpressing EEB1 and EHT1 has no impact on the production of ethyl esters, which could be explained by the esterase activity of these enzymes in addition to their synthetase activity [START_REF] Saerens | The saccharomyces cerevisiae EHT1 and EEB1 genes encode novel enzymes with medium-chain fatty acid ethyl ester synthesis and hydrolysis capacity[END_REF]. Thus, the availability of Acyl-CoA and ethanol is the factor with the most influence on ethyl esters formation [START_REF] Saerens | Parameters affecting ethyl ester production by saccharomyces cerevisiae during fermentation[END_REF].

Volatile sulfur compounds (VSCs)

Yeast also produces sulfur-containing molecules during fermentation. This generic classification of "sulfur-containing" compounds refers to a large and diverse array of compounds to be considered including basic thiols (such as H2S or methanethiol) and sulfides, thioethers and thioesters, sulfur-containing aldehydes and alcohols, as well as larger, polyfunctional thiols.

The formation of these molecules, which is the core of this thesis project, will be detailed in a dedicated section.

Aging aromas

The aging aromas are formed during the maturation of the wine through time-requiring post fermentation chemical reactions, as acid hydrolysis, esterification or intra-molecular rearrangements. Thus, chemical transformations of carotenoid compounds of grapes result to the formation of to norisoprenoids (β-damascenone and trimethyl dihydro naphtalene) while labile terpens (linalool are geraniol) rearrange to form α-terpineol, nerol and 1,8-cineole.

Regarding the fate of fermentative aromas during aging, the most important feature is the quick hydrolysis of acetate of higher alcohols, damaging the fruity characteristic of wine. On the contrary, branched acids slowly combine with ethanol, to from ethyl esters of branched acids that positively contribute to the sensory profile of wine [START_REF] Mendes-Pinto | Carotenoid breakdown products the-norisoprenoids-in wine aroma[END_REF] In addition, during barrel aging, volatile substances from the wood diffuse to the wine. These substances will be different depending on the origin of the wood, the conditions of manufacture and the use of barrels [START_REF] Prida | Impact of oak-derived compounds on the olfactory perception of barrel-aged wines[END_REF] 3. Volatile sulfur compounds in winemaking

Volatile sulfur compounds in wine

Sulfur is an element abundant in nature and a wide range of sulfur-containing molecules have been identified in wine, grouped in five different families according to their structure: thiols, sulphides, polysulphides, thioesters and heterocyclic compounds. Another classification refers to the volatility of these molecules, differentiating between light (boiling point below 90°C) and heavy sulfur compounds (boiling point above 90°C) (Anocibar et al., 1995). Their olfactory qualities depend on the position of the sulfur atom in the molecule, on their concentration and on synergetic or antagonist interactions with other VSCs or compounds of the wine. In general, they are considered as detrimental to the wine quality, with the exception of a few molecules from varietal origin (4MMP, 3MH, 3MHA) or dimethyl sulfide which has been considered positive to aroma of Syrah and Grenache wines (Segurel et al., 2005). The odor of these compounds, their range of concentrations in wine and their perception thresholds in wine are reported in Table 2 showing that these molecules are perceptible at very low concentrations of the order of µg/L and even ng/l in the case of H2S, and are often associated to cabbage, garlic, onion or rubber descriptors. 

Formation of volatile sulfur compounds

Sulfur, an essential element for all living organisms, is assimilated through two metabolic pathways:

-The sulfate dissimilatory reduction pathway, specific to anaerobic sulfate-reducing bacteria, for which the sulfate molecule is reduced as part of a respiratory pathway to sulfite or sulfide, further excreted [START_REF] Kappler | Enzymology and molecular biology of prokaryotic sulfite oxidation[END_REF].

-The sulfate assimilatory reduction pathway (SRS), active during yeast metabolism, for which sulfate is reduced in sulfite or sulfide, further metabolized for the biosynthesis of sulfur-containing amino acids, methionine and cysteine.

The further catabolism of methionine and cysteine, but also of the other source of inorganic sulfur (homocysteine, polysulfides, disulfides, S-alkylthioacetates…) leads to the formation of VSCs.

Furthermore, due to the presence of a sulfur atom, VSCs are chemically very active nucleophilic molecules, that can react each other, particularly through the formation of disulfide bonds [START_REF] Kreitman | Loss and formation of malodorous volatile sulfhydryl compounds during wine storage[END_REF], or with other molecules in the medium, as metal cations or polyphenols (Franco-Luesma and Ferreira, 2014). Consequently, chemical reactions have to be considered to explain the origin of VSCs in wines.

Sulfate assimilatory reduction pathway and biosynthesis of sulfur amino acids by S. cerevisiae -Sulfate assimilation pathway

The accumulation of sulfur atoms from the media and the posteriori transformation of the transported ligands into the reduced form of the sulfur atom, sulfide (S 2-) is required for the biosynthesis of sulfur amino acids in all microorganism. Sulfur is present in a variety of stable compounds in which its oxidative state can range from -2 in its most reduced form (sulfide) to + 6 in its most oxidized form (sulfate). All of these compounds are part of the global sulfur cycle.

Microorganisms are capable to use sulfur with distinctiveness: for biosynthesis processes, in a respiratory system as the terminal electron acceptor or as energy source by oxidation

The sulfate reduction sequence (SRS) or sulfate assimilation pathway (SAP) (Figure 6) goal is to incorporate sulfur in sulfur-containing organic precursors as cysteine, methionine, S-adenosyl methionine and glutathione, and fulfill the anabolic requirements for yeast growth (Spiropoulos et al. 2000, Bell andHenschke 2005). It allows the reduction of sulfates to sulfites and sulfides, which are then involved in the biosynthesis reactions of amino acids.

The direct reduction of sulfate into sulfide combined with the oxidation of NADPH is an endergonic reaction. In order to lower their electro potential, sulfate anions are activated by adenylation in all the living organism, the further reduction of adenylated intermediate being thermochemically feasible [START_REF] De Meio | Sulfate activation and transfer[END_REF].

After entering the cell through sulfate transporters, Sul1p and Sul2p (Cherest et al. 1997) (Thomas et al., 1990). The further reduction of sulfite to sulfide is carried out by a sulfite reductase and combined to the oxidation of three molecules of NADPH. The S. cerevisiae sulfite reductase is a heterotetramer consisting of two subunits α and two subunits β (α2β2). The α subunit is encoded by the MET10 gene and subunit β is encoded by MET5 (Mountain et al., 1991;Hansen et al., 1994).

The last step of SRS consists of the incorporation of sulfide within the carbon chain O-acetyl homoserine (OAH), deriving from the esterification of homoserine by the homoserine Oacetylttransferase (Met2p). In yeast, the combination of sulfide with OAH right after the activation of this intermediate to form homocysteine is mediated by a L-homoserine Oacetyltransferase, encoded by MET17/MET25 genes (Sangsoda et al., 1985;[START_REF] Yamagata | Evidence for the identity of O-acetylserine sulfhydrylase with O-acetylhomoserine sulfhydrylase in yeast[END_REF]. The key role of MET17 has been demonstrated analyzing met17 deletion mutants, unable to produce sulfur containing amino acids from H2S (Kinzurik et al., 2015). Homocysteine is a key metabolic intermediate for the synthesis of sulfur-containing amino acids, cysteine and methionine.

The sulfur assimilation pathway is the main route responsible for sulfide production. During fermentation, an imbalance between the formation of H2S through the SRS and its use for homocysteine formation may occur when OAH availability becomes limiting (insufficient assimilable nitrogen in grape juice). As a consequence, the excessive H2S is liberated (Jiranek et al., 1995). However, the use of strains bearing appropriate combination of MET5, MET10, SKP2

and MET2 allele variants [START_REF] Huang | MET2 affects production of hydrogen sulfide during wine fermentation[END_REF]Noble et al., 2015;[START_REF] Cordente | Isolation of sulfite reductase variants of a commercial wine yeast with significantly reduced hydrogen sulfide production[END_REF][START_REF] Linderholm | Identification of MET10-932 and characterization as an allele reducing hydrogen sulfide formation in wine strains of saccharomyces cerevisiae[END_REF] allows to control the production of sulfide off-flavor, associated with rotten egg, during winemaking.

The sulfate reduction sequence is also an important pathway in the metabolism of NADPH.

Formation of sulfide from extracellular sulfate involve the consumption of 4 NADPH: one by the 3-phosphoadenylsulfate reductase (Met16p) and 3 by the sulfite reductase (Met5p/Met10p).

Formation of O-Acetylhomoserine from Aspartate also requires NADPH. Hom6p catalyzes the transformation of aspartate to homoserine in a reaction where 2 molecules of NADPH are needed. In total, the formation of homoserine, precursor of cysteine and methionine, requires a total of 4 NADPH and the synthesis of methionine from glucose requires 7 molecules of NADPH.

The SRS is therefore sensitive to modification of the NADPH pool as illustrated by the fact that zwf1Δ mutant, lacking the glucose-6-phosphate dehydrogenase activity, a major source of NADPH, is auxotrophic for methionine because SRS is not available under genetic background [START_REF] Slekar | The yeast copper/zinc superoxide dismutase and the pentose phosphate pathway play overlapping roles in oxidative stress protection[END_REF]. (cystathionine cleavage to form homocysteine) (Cherest and Kerjan, 1992;Cherest and Kerjan, 1993).

A second pathway could be proposed as contributing to cysteine synthesis, based on O-acetyl serine (OAS) pathway reported in E. coli and plants [START_REF] Ravilious | Structural biology of plant sulfur metabolism: From assimilation to biosynthesis[END_REF][START_REF] Nakatani | Enhancement of thioredoxin/glutaredoxin-mediated L-cysteine synthesis from S-sulfocysteine increases L-cysteine production in escherichia coli[END_REF].

Through this metabolic route, serine is acetylated to OAS by L-serine-O-acetyl transferases (SAT)

Cys1p and Cys2p. Then, acetate is substituted by sulfide producing cysteine and acetate through Met17p/MET25p [START_REF] Ono | Cysteine biosynthesis in saccharomyces cerevisiae: A new outlook on pathway and regulation[END_REF], an enzyme with both O-acetyl-serine sulfhydrylase and O-Acetyl-homoserine activities [START_REF] Yamagata | Evidence for the identity of O-acetylserine sulfhydrylase with O-acetylhomoserine sulfhydrylase in yeast[END_REF]. However, no SAT activity has been found in yeasts, and cys3 or cys4 yeast deletion mutants are auxotrophs for cysteine (Cherest and Surdin-Kerjan, 1992). Therefore, this metabolic route is not active in yeast, in which cysteine is only formed through the trans-sulfuration pathway. The de novo synthesis of methionine from homocysteine (Figure 8) consists in a methylation of the sulfur atom, using a methyl group from activated 5-methyl tetrahydrofolate (5-MeTHF). Thus, methionine metabolism is directly related to the metabolism of folates and C1-compounds.

Homocysteine methyltransferase (Met6p) catalyzes the incorporation of methyl group from an activated form of 5-MeTHF to homocysteine, forming methionine and tetrahydrofolate THF (Thomas and Surdin-Kerjan, 1997). Serine hydroxymethyltransferase (SHMT), which converts serine to glycine, recycles THF to 5,10-methyleneTHF, which is in turn reduced to 5-MeTHF by a the 5,10-methyleneTHF-reductase (MTHFR), a flavin adenine dinucleotide (FAD)-dependent enzyme. 

Formation of VSCs deriving from methionine, cysteine and homocysteine catabolism

-Catabolism of methionine Until now, two metabolic routes have been reported in yeast (Figure 9) as involved in the catabolism of methionine: it is one of the amino acids undergoing conversion by the Ehrlich pathway, but it is also a substrate for demethiolase activity (Perpete et al., 2006).

The first step of methionine degradation through the Ehrlich pathway consists of its transamination to 4-methylthio-2-oxobutyric acid (MOBA). Compared to the transamination of other aromatic and branched amino acids, the conversion of methionine has the distinctive feature of using 2-oxo-3-phenylpropanoate as the amino acceptor, instead of the more commonly utilized α-ketoglutarate [START_REF] Urrestarazu | Phenylalanine-and tyrosine-auxotrophic mutants of saccharomyces cerevisiae impaired in transamination[END_REF]. Four different transaminases are potentially involved in the transformation of methionine to its corresponding α-keto acid: Aro8p, Aro9p (aromatic amino transferases) and Bat1p and Bat2p (branched-chain-amino acid aminotransferases). However, overexpressing ARO8 results in an increase in methionol (ME) formation, the main product of methionine degradation through the Ehrlich pathway, suggesting

the key role of this enzyme in methionine transamination [START_REF] Yin | Significant enhancement of methionol production by co-expression of the aminotransferase gene ARO8 and the decarboxylase gene ARO10 in saccharomyces cerevisiae[END_REF]. As the other αketoacids participating in yeast metabolism, MOBA can also be synthesized from central carbon metabolism. The production of methionol by yeast grown in synthetic medium containing ammonium as sole nitrogen source supports this proposal (Bell and Henschke, 2005).

MOBA is then decarboxylated to methylthiopropional aldehyde (methional, MAL), as the result of a side activity of one of the yeast pyruvate decarboxylase. Compared to the other decarboxylase isoenzymes (Pdc1p, Pdc5p, Pdc6p), Aro10p shows a higher affinity for sulfurcontaining 2-oxo acids. Furthermore, the use of methionine as the major nitrogen source induces an upregulation of ARO10 [START_REF] Vuralhan | Physiological characterization of the ARO10-dependent, broad-substrate-specificity 2-oxo acid decarboxylase activity of saccharomyces cerevisiae[END_REF]Perpete et al. 2006). However, it has been demonstrated that a Δaro10 deletion mutant is still capable to produce ME, suggesting a compensation by other pyruvate decarboxylases of the deficient Aro10p activity [START_REF] Romagnoli | Substrate specificity of thiamine pyrophosphate-dependent 2-oxo-acid decarboxylases in saccharomyces cerevisiae[END_REF]Deed et al. 2019) Then, depending of redox potential of the cells, MAL can be reduced into methionol, a higher alcohol, or alternatively oxidized to the corresponding acid, 3-methylthio propionic acid (3MTPAc) [START_REF] Urrestarazu | Phenylalanine-and tyrosine-auxotrophic mutants of saccharomyces cerevisiae impaired in transamination[END_REF]Moreira et al., 2002;Smith et al. 2015). In glucose-grown culture, the reduction of fusel aldehydes is largely favored at the expense of their oxidation (Hazelwood et al. 2008). These reduction or oxidation steps are catalyzed by families of large number of enzymes, namely the alcohol dehydrogenases (encoded by ADH1-6, SFA1, AAD3,4,6,[14][15][16]YCR105W,YPL088W) and the aldehyde dehydrogenases (encoded by ALD1-6), respectively.

Finally, 3-methylthio propyl acetate (3MTPAc) is the acetate esters coming from condensation reaction between ME and Acetyl-CoA. At least two acetyl transferases, encoded by ATF1 and ATF2 are involved in the formation of this acetate ester (Etschmann et al., 2008;Dzialo et al., 55 2017). In the same way, 3MTPA can combine with ethanol to form an ethyl ester, the ethyl-3methylthiopropionate (E3MTP).

The second known pathway for methionine degradation involves a demethiolase activity, resulting in the production of methanethiol and α-ketobutyrate, a carbon skeleton that can be re-utilized. The formation of this thiol is described in more details in part 3.2.4. -Catabolism of cysteine

The catabolism of cysteine (Figure 10) and homocysteine also results in the formation of VSCs, even if, compared to methionine, less attention has been paid to their role as VSCs precursors in the literature.

First, cysteine is an important source of H2S during beverages fermentation, and different metabolic routes have been proposed to explain this conversion. First, cystathionine synthetase and lyase, Cys4p and Cys3p, have been reported as responsible for the cleavage of cysteine and the release H2S in vitro (Singh et al. 2009;Hopwood et al., 2014). However, no validation of the functionality of these enzymes in vivo for the production of sulfide from cysteine is available. The cysteine desulfhydrase, encoded by the gene IRC7, has also been reported to cleave cysteine to H2S (Santiago and Gardner 2015), but the contribution of this enzyme to the catabolism of cysteine is limited to a few number of strains with a full-length IRC7 copy: the yeasts carrying a 38-bp deleted copy of IRC7 display no functional cysteine desulfhydrase activity [START_REF] Roncoroni | The yeast IRC7 gene encodes a β-lyase responsible for production of the varietal thiol 4mercapto-4-methylpentan-2-one in wine[END_REF]. More recently, it has been suggested that Tum1p acts like its human orthologue sulfurtransferase, involved in the production of H2S from cysteine (Huang et al., 2016). Finally, genes coding for vacuolar functions (vacuolar acidification, transport to the vacuole, vesicle fusion) seem to play a role in the cysteine detoxification process by forming H2S (Winter et al., 2014).

Cysteine and homocysteine, due to their structure (α-amino acid), can be transformed by the Ehrlich pathway (Dzialo et al., 2017), through transamination, oxidative decarboxylation and reduction/oxidation reactions mediated by the same enzymes described for methionine catabolism (3.2.2). Thus, the production of higher alcohols 2-Mercaptoethanol (2ME) and 3-Mercaptopropanol (3MP) observed during yeast fermentation likely originate from the conversion of cysteine and homocysteine through this metabolic route (Vermeulen et al., 2006;Landaud et al., 2008, Ugliano et al., 2009a), even if no experimental proof has been provided to date. Finally, 2-Methylthioethanol (2MTE) possibly resulting from the methylation of 2ME is detected in some wines [START_REF] Fedrizzi | Variation of some fermentative sulfur compounds in italian "millesimè" classic sparkling wines during aging and storage on lees[END_REF], but the mechanism responsible for the formation of this molecules has not yet been explored and identified. 

Formation of thiols, thioesters, sulfides and disulfides

In addition of VSCs directly related to the catabolism of methionine and cysteine, other sulfurcontaining molecules are produced during fermentation, including thiols, thioesters, sulfides and disulfides. Thiols are sulfur analogues of alcohols, where sulfur takes place of oxygen in the hydroxyl group of an alcohol. The two main thiols formed during fermentation are methanethiol (MeSH) and ethanethiol (EtSH), with 1 and 2 carbon atoms, respectively. These molecules, responsible of malodors reminiscent of rotten egg, sewage, cabbage or burnt rubber, have very low boiling points (6°C for MeSH and 35°C for EtSH) but can give the wine a "reductive" aroma, as both of them have a low odor threshold (< 0.5 µg/L) [START_REF] Siebert | Selective determination of volatile sulfur compounds in wine by gas chromatography with sulfur chemiluminescence detection[END_REF]Mestres et al. 2000;[START_REF] Leppanen | Determination of thiolacetates and some other volatile sulfur compounds in alcoholic beverages[END_REF], Swiegers et al. 2007., Kinzurik et al., 2020). S-methylthioacetate (SMTA)

and ethylthioacetate (ETA) correspond to the acetylated form of MeSH and EtSH and are together with 3MTPAc (3.2.2.), the major thioesters of wines. The descriptors associated with these molecules, which have perception threshold 10 times higher than their corresponding thiols, are cheese and garlic/onion, respectively (Rauhut et al., 1998). Furthermore, the methylated and ethylated forms of MeSH and EtSH correspond to dimethylsulfide (DMS) and diethylsulfide (DES)

and their dimerised forms, dimethyldisulfide (DMDS) and diethyldisulfide (DEDS). Both these sulfides and disulfides, exhibiting cabbage and onion odors, are rarely detected in wines, and only at concentrations below their perception threshold (Mestres et al., 2000;[START_REF] Bekker | Formation of hydrogen sulfide in wine: Interactions between copper and sulfur dioxide[END_REF]Ugliano et al., 2012;[START_REF] Siebert | Selective determination of volatile sulfur compounds in wine by gas chromatography with sulfur chemiluminescence detection[END_REF][START_REF] Kreitman | Loss and formation of malodorous volatile sulfhydryl compounds during wine storage[END_REF]. However, these molecules must be considered in an oenological context, because they can serve as precursors to the formation of thiols, whose perception threshold is much lower.

Elucidating the origin of these families of VSCs in wine is complex and confusing, because they can be formed either by enzymatic or by non-enzymatic processes occurring both during fermentation and ageing. In addition, VSCs, and particularly thiols, are nucleophilic and consequently extremely reactive compounds, which can be chemically interconverted. All these mechanisms have to be taken into account to understand how thiols, thioesters and (di)sulfides are produced during wine fermentation and aging.

-Yeast-mediated production of thiols and thioesters

The yeast-mediated formation of methanethiol requires a C-S lyase-like or γ-demethiolase enzyme, for which the presence has been reported in fungi, including some yeast species [START_REF] Dias | Conversion of methionine to thiols by lactococci, lactobacilli, and brevibacteria[END_REF]Helinck et al., 2000;Spinnler et al., 2001) and in S. cerevisiae (Arfi et al., 2002;[START_REF] Perpete | Methionine: A key amino acid for flavour biosynthesis in beer[END_REF]. This enzyme catalyses the cleavage of methionine or α-keto-γmethylthiobutyrate (α-KMBA) to methanethiol and α-keto acids. Demethiolase activity is induced by the presence of methionine, but the gene(s) responsible for this activity have not yet been identified (Perpete et al., 2006). The origin of EtSH during fermentation is poorly documented, and the most reasonable hypothesis to explain its formation is the combination of sulfide with ethanol or acetaldehyde [START_REF] Rankine | Nature, origin and prevention of hydrogen sulphide aroma in wines[END_REF][START_REF] Rankine | Formation of α-ketoglutaric acid by wine yeasts and its oenological significance[END_REF]).

S-alkylthioacetates (thioesters) SMTA and ETA are assumed to result from the yeast-mediated acetylation of thiols (MeSH and EtSH, respectively) by Acetyl-CoA, through a metabolic route analogous to the formation of acetate esters from higher alcohols (Walker and Simpson, 1993;Landaud et al., 2008). Two isoforms of Acetyl-CoA transferase, Atf1p and Atf2p, has been reported as involved in the formation of acetate esters (2.2.2.), but their contribution to the formation of thioesters from thiols has not yet been explored.

-Formation of alkylsulfides Two alkylsulfides are detected in wine: dimethylsulfide and diethylsulfide (Fedrizzi et al., 2007, Kinzurik et al., 2015). Because it imparts negative but also positive notes to beverages depending to its concentration, the formation of DMS has been well-studied, with first the identification of two potential precursors in grape juice: S-methyl-methionine (SMM) and dimethylsulfoxide (DMSO). Both SMM and DMSO are chemically converted in DMS (Loscos et al., 2008;Segurel et al., 2005;Bekker et al., 2018). Furthermore, the efficiency of the conversion of SMM to DMS is increased in presence of yeast, with an impact more or less important depending on the strain (Deed et al., 2019). This finding shows a yeast-mediated production of DMS, in addition to its chemical origin. Finally, a chemical formation of DMS and DES, of which the origin has been lesser explored, has been proposed from MeSH and EtSH, respectively (Carrion et al., 2017;Kinzurik and al., 2020). proposed that DMS and DEDS may also have a chemical origin but the underlying mechanism is not elucidated.

-Chemical formation and interconversion between VSCs

As an alternative to its metabolic origin, methanethiol may be formed through chemical reactions. The first one consists in the non-enzymatic conversion of methionine in methional, which is further oxidize leading the formation of methanethiol, by the Strecker degradation (Ballance, 1961;Yu and Ho, 1995;Al-Attabi et al., 2009). This chemical reaction is favoured by increasing temperature. The Strecker degradation of cysteine leads to the release of sulfide. This chemical conversion of amino acids requires the presence of diketones, as diacetyl and 2,3pentadione that are produced during wine fermentation [START_REF] Bradshaw | Ascorbic acid: A review of its chemistry and reactivity in relation to a wine environment[END_REF]Yu et al., 2012;[START_REF] Grant-Preece | Sensorially important aldehyde production from amino acids in model wine systems: Impact of ascorbic acid, erythorbic acid, glutathione and sulfur dioxide[END_REF] Furthermore, MeSH can also derive from the chemical cleavage of SMTA, at low pH (Rauhut et al., 1998), and more generally, thioesters, through their hydrolysis, have been considered as a source of MeSH and EtSH in wine and beer (Bekker et al., 2018).

The origin of EtSH is less documented, and the patterns to explain its formation are speculative.

First, a reasonable hypothesis is that EtSH results from the combination of sulfide with ethanol or acetaldehyde [START_REF] Rankine | Nature, origin and prevention of hydrogen sulphide aroma in wines[END_REF][START_REF] Rankine | Formation of α-ketoglutaric acid by wine yeasts and its oenological significance[END_REF]). Consistent with this, labelling has been recovered in EtSH during yeast fermentation in presence of labeled sulfate, and consequently of labeled sulfide (Kinzurik et al., 2016). However, it is not possible to specify from these data if the incorporation of H2S on the carbon skeleton is of chemical or biological origin. The second possibility is a formation of EtSH by hydrolysis of DEDS from the grape pulp in presence of sulfite (Bobet et al., 1990;[START_REF] Lu | The possible reduction mechanism of volatile sulfur compounds during durian wine fermentation verified in modified buffers[END_REF]. A chemical interconversion exists between MeSH and EtSH, but the mechanisms responsible for the substitution of alkyl-groups is not understood (Kinzurik et al., 2020).

In organic chemistry, molecules containing a free thiol group are described as forming disulfides through reversible redox reactions. Thus, chemical formation of S-S bonds between two molecules of MeSH or EtSH can occur during wine fermentation and storage, leading to the formation of DMDS or DEDS, respectively. The oxidations are promoted in presence of transition metal, as cooper, iron or manganese [START_REF] Vasserot | Study of thiol consumption by yeast lees[END_REF]Kreitman et al., 2017). The reverse reaction, resulting in thiols formation from disulfides, is favorised in presence of sulfite (Kreitman et al., 2017) and this sulfitolysis mechanism has be found to be involved in the formation of EtSH from DEDS (Bobet et al., 1990). 

Environmental conditions affecting VSC production

As a consequence of their extreme chemical reactivity and the complexity of the metabolic network involved in their yeast-mediated formation, a wide range of environmental factors, as the grape juice content in nutrient and heavy metals or the technological itineraries set up for vine cultivation and winemaking, including phytosanitary treatment, addition of SO2, presence of oxygen, yeast species/strains carrying out the fermentation, the use of clarification may have an impact on the production of VSCs during winemaking. The impact of these factors was mainly studied on H2S production. The incidence of the most relevant parameters with regard to the formation of VSCs is detailed in this section.

Nitrogen

Nitrogen is an essential nutrient in fermentation, essential for yeast growth, protein synthesis, optimal fermentation rate. The availability and composition of the nitrogen resource also affect the production of most of the fermentative aromas. Only a fraction of the nitrogen containing molecules from natural environments are assimilable by yeast, consisting of ammonium, amino acids, and small peptides [START_REF] Beltran | Nitrogen catabolite repression in saccharomyces cerevisiae during wine fermentations[END_REF][START_REF] Cai | Differential regulation and substrate preferences in two peptide transporters of saccharomyces cerevisiae[END_REF][START_REF] Marsit | Horizontally acquired oligopeptide transporters favour adaptation of saccharomyces cerevisiae wine yeast to oenological environment[END_REF]. This fraction referred as yeast assimilable nitrogen (YAN) can range from 60 to 400 mg/L in grape juice, depending on viticulture practices, grape variety or climate (Bell and Henschke, 2005). YAN is often the limiting nutrient for yeast growth during wine fermentation. A threshold concentration, of about 120-140 mg/L, below which low biomass formation and slow fermentations are observed, often associated with important sulfide production, is generally accepted [START_REF] Bely | Automatic detection of assimilable nitrogen deficiencies during alcoholic fermentation in oenological conditions[END_REF][START_REF] Varela | Biomass content governs fermentation rate in nitrogendeficient wine musts[END_REF]. Supplementing with nitrogen is a common technique used in oenology to improve fermentation kinetics and to avoid H2S liberation. The extra nitrogen is usually added in the form of ammonium salts (diammonium phosphate (DAP) or diammonium sulfate) and generates an increase in the yeast population and a shortening of fermentation.

In natural environments yeasts have the ability to use a wide range of nitrogen-containing compounds as the sole nitrogen source, but not all are consistently suitable for supporting optimal yeast growth and fermentative activity. Nitrogen compounds are captured by the cell by different permeases. Once inside the cell, ammonia can react with α-ketoglutarate, coming from CCM to produce glutamate or with glutamate to produce glutamine (Figure 12). Glutamine and glutamate represent the principal nitrogen content; amino nitrogen from glutamate and the amide group from glutamine account for 85 and 15 % of the total cellular nitrogen, respectively [START_REF] Magasanik | Nitrogen regulation in saccharomyces cerevisiae[END_REF]. This nitrogen pool can be redistributed by the cell through αketoglutarate, which connect TCA cycle and nitrogen metabolism via several enzymes. S.

cerevisiae cells are able to give priority to good nitrogen sources instead of poor ones by the nitrogen catabolite repression (NCR). This mechanism is designed to minimize the divergence of the cell synthetic capacity to the formation of enzymes and permeases, using firstly the preferred sources available [START_REF] Beltran | Nitrogen catabolite repression in saccharomyces cerevisiae during wine fermentations[END_REF][START_REF] Cai | Differential regulation and substrate preferences in two peptide transporters of saccharomyces cerevisiae[END_REF][START_REF] Marsit | Horizontally acquired oligopeptide transporters favour adaptation of saccharomyces cerevisiae wine yeast to oenological environment[END_REF]. Amino groups present in amino acids inside the cell are recovered by a transamination step where amino group is transferred to 2-oxoglutarate, yielding glutamate and an α-keto acid. Transamination allow yeast cell to grow in media with only one amino acid as sole source of nitrogen (Hazelwood et al., 2008) The central role played by nitrogen availability in the modulation of the formation of fermentative volatile compounds, as higher alcohols, acetate esters… has been widely investigated [START_REF] Rollero | Nitrogen metabolism in three non-conventional wine yeast species: A tool to modulate wine aroma profiles[END_REF]. Nitrogen is also considered a key modulator in the formation of volatile sulfur compounds, in particular of H2S (Bell and Henschke, 2005). As detailed in 3.2.1., sulfide, the end product of the SRS pathway, combines with the nitrogen-containing precursor OAH as the first step of the biosynthesis of sulfur amino acids. When YAN availability is limited, the formation of OAH is deficient compared to the intracellular concentration of sulfide, of which the excess is released from the cells (Swiegers and Pretorius, 2007;Spiropoulos et al., 2000;Jiranek et al. 1995;[START_REF] Vos | The origin and control of hydrogen sulfide during fermentation of grape must[END_REF]. However, some studies reported an increase in sulfide production with nitrogen availability, as a result of an activation of the SRS pathway activity in presence of high concentration of YAN (Linderholm et al., 2008;Ugliano et al., 2009;Butze and Park 2011). These findings point out the complexity of nitrogen management in terms of sulfur compound production.

Much less attention has been paid to the impact of YAN availability on the formation of other VSCs. Ugliano et al., 2009 reported that adding DAP to grape juice leads to an increase in the formation of mercaptans (EtSH and MeSH), thioesters (MTA and ETA) and (di)sulfides (DMS, DES, DMDS and DEDS). These compounds derive from interrelated metabolic and chemical routes (see chapter 3) and share sulfur-containing amino acids as common precursors, for which intracellular levels could be increased with nitrogen content. The incidence of YAN availability on the formation of heavier VSCs is less conclusive. While no effect of this factor on the formation of 2ME, ME or 4MTB was observed during Shiraz fermentation (Ugliano et al., 2009), a decrease in the formation of 2ME, 3MP, 3MTPAc, 3MTPA, 4MTB was reported as a consequence of supplementing grape juice with DAP (Moreira et al., 2011), with different extent depending on the grape variety. These results raise concern about the widespread use of DAP to reduce the occurrence of VSCs in wine prepared from low YAN musts. 

Sulfur amino acids

The concentration of methionine and cysteine may be identified as key factor for the control of VSCs formation during wine fermentation. Indeed, these molecules play first an important regulatory role of the SRS pathway, modulating the production of sulfide and the subsequent sulfur metabolism of yeasts (Linderholm et al., 2008). However, little information is available on the impact of the content of methionine and cysteine in grape juice on the formation of VSCs.

Adding methionine or cysteine differently affects the profile of VSCs produced during fermentation, with an increase in H2S formation at the expense of methionol as a consequence of cysteine addition. To explain this phenotype, a negative regulation of the genes CYS3 and CYS4

or a direct formation of sulfide by cleavage of cysteine have been suggested (Hansen and Johannesen, 2000). Conversely, the presence of high methionine concentration promotes the formation of methionol but decreases the production of H2S (Moreira et al., 2002).

Pantothenic acid

Pantothenic acid (pantothenate) is a central vitamin for the cellular activity, as a precursor of coenzyme A (CoA), the major coenzyme of yeast metabolism. A deficiency in the intracellular availability of CoA will influence the efficiency of many CoA-dependent reactions, as the formation of Acetyl-CoA, a hub compound of carbon, nitrogen and lipid metabolism, by combination of acetate and CoA. Thus, the main effect described of pantothenate deficiency is increased formation of acetate [START_REF] Taherzadeh | The effects of pantothenate deficiency and acetate addition on anaerobic batch fermentation of glucose by saccharomyces cerevisiae[END_REF].

Regarding sulfur metabolism, the formation of OAH from homoserine is an acetyl-CoAdependent reaction. Consequently, a deficiency in pantothenic acid results in a limitation of the combination of sulfide with homoserine, leading to the production of H2S. At the opposite, an addition of pantothenic acid during fermentation prevents the release of sulfide (Wang et al., 2003;Edwards and Bohlscheid 2007). The consequences of a deficiency in pantothenic acid on the formation of other VSCs has not been yet explored.

Yeast strain

Finally, another factor to be considered for the study of the production of VSCs is the yeast strain/species achieving the wine fermentation. The intra-and inter species variability between strains in their capacity to complete the fermentation or in their profile of fermentative aromas has been widely studied [START_REF] Larroque | Effect of saccharomyces and non-saccharomyces native yeasts on beer aroma compounds[END_REF][START_REF] Pérez | Screening of saccharomyces strains for the capacity to produce desirable fermentative compounds under the influence of different nitrogen sources in synthetic wine fermentations[END_REF]. Regarding the production of VSCs, few studies reports a substantial diversity in the production of VSCs between 10 S.

cerevisiae strains (Patrignani et al., 2016) or 3 different wine yeast species [START_REF] Moreira | Heavy sulphur compounds, higher alcohols and esters production profile of Hanseniaspora uvarum and Hanseniaspora guilliermondii grown as pure and mixed cultures in grape must[END_REF].

Also the impact of different Saccharomyces cerevisiae strains on the composition of VSCs (with low and higher boiling points) was already demonstrated and also how a high production of H2S can lead to an increased formation of thioacetic acid esters and other volatile sulfur compounds. (Rauhut et al., 1996) 

Evolution of sulfur compounds

The sequence and dynamics of formation of VSCs is essential to understand the origin of VSCs during winemaking. However, accessing this information represents an experimental challenge due to the volatility and high reactivity of some of these molecules.

During wine fermentation

Because the assimilation of sulfate is essential for supporting the growth (biosynthesis of sulfurcontaining amino acids, formation of molecules involved in the response to oxidative stress, as glutathione), H2S, intermediate of this pathway, is the sulfur compound earliest produced during wine fermentation. The concentration of this compound increases with the fermentation rate, reaching a maximal production in the first days of fermentation and then started to decrease constantly to basal levels. Another peak of H2S occurs towards the end of fermentation and is relatively small compared with the first accumulation. [START_REF] Winter | In situ high throughput method for H2S detection during micro-scale wine fermentation[END_REF]Ugliano and Henschke, 2010) Production of MeSH attaint a maximum concentration at the same time of H2S but after decrease rapidly due to his extremely volatility (volatile at room temperature) or because is stripped with CO2 liberation. The other thiol, EtSH, with a high boiling point, is produced at the same time that MeSH but his concentration remains constant along the fermentation. Formation of thioesters (MTA and ETA) seems to be constant throughout all the fermentation and is at the final states of fermentation when wine is more charged in thioesters. (Kinzurik et al., 2015).

Evolution of VSCs concentration during storage and aging

Non-enzymatic mechanisms as chemical, photochemical and thermal reactions are involved in the dynamics of VSCs during storage, with decrease or increase in their concentration depending on the nature of the molecules (Mestres et al., 2000).

First, DMS, a compound usually absent in young wines, may be produced during aging, as an increase in DMS content of wine was found during storage (Fedrizzi et al., 2007). To explain this formation, a degradation of S-methylmethionine or a directly formation from other thioesters (MTA) or mercaptans (MeSH) have been suggested (Segurel et al. 2005, Loscos et al., 2008).

The concentration of other molecules, as ME and 2ME decreases during aging, likely due to oxidation reactions. A decrease in ME concentration is found during storage of wine in the presence of oxygen, likely due to the direct oxidation to MAL [START_REF] Nguyen | Influence of microoxygenation on reductive sulfur off-odors and color development in a cabernet sauvignon wine[END_REF]. Alternative routes were also proposed, as the esterification of ME to 3MTPAc or the conversion to other molecules, such as methionol-S-oxide, detected in a botryzed red wine (Fedrizzi et al., 2011). A similar trendy is observed with other compounds for which the origin is not yet well documented, as MTHTP or 2MTE (Ye et al., 2016).

Disulfides as DEDS cannot be consumed by yeast lees but with aging the total concentration of this compound decreases and formation of EtSH is incremented maybe by a direct interconversion. However, EtSH also can be consumed by yeast lees so the evolution is marked by an equilibrium between his degradation to EtSH and the uptake by lees [START_REF] Lu | The possible reduction mechanism of volatile sulfur compounds during durian wine fermentation verified in modified buffers[END_REF].

Adding copper salts (copper sulfate or copper citrate) is a common technique used by winemakers in order to remove reductive aromas. The reaction of copper with thioesters or sulfides leads to the formation of disulfides, diorganopolysulfanes and/or metal-sulfhydryl complex (Roland et al., 2016;Kreitman et al., 2017). The mechanism is based on the nucleophilic character of sulfhydryl compound which allows to participate in reactions with electrophiles as copper forming copper sulfides or copper mercaptides. It was assumed that these compounds have a very low solubility in aqueous solutions, which leads to their precipitation and the possibility of separation from wine. However, the solubility values are based on the concentrations of copper and sulfide ions do not consider the solubility of copper sulfide complexes that may remain dispersed. Recent studies have shown that when copper salts are added to wine, original copper sulfides remain in the aqueous phase making it impossible to remove copper conjugates by filtration. All these compounds remain in final wine after bottling and due to the reversible formation of soluble copper-sulfhydryl complexes, MeSH and H2S could be liberated during aging contributing to reductive aromas. [START_REF] Clark | Copper (II) addition to white wines containing hydrogen sulfide: Residual copper concentration and activity[END_REF]2015, Vela et al., 2017;;Kreitman et al., 2017).

A plausible mechanism for S-S group formation in wine is a Cu(II)-facilitated oxidation of thiols resulting in formation of disulfides or polysulfanes (Kreitman et al., 2016). [START_REF] Vasserot | Study of thiol consumption by yeast lees[END_REF] have demonstrated DMDS production in wines incubated with MeSH under oxidizing condition confirming disulfide formation from thiols.

Thiols also can be liberated from disulfides by sulfitolysis, in a reaction which involves SO3 - [START_REF] Kice | Electrophilic and nucleophilic catalysis of the scission of the sulfur-sulfur bond[END_REF]. In a solution of ethanol 10 % at pH 7.2, DEDS was reported to yield two equivalents of EtSH (Bobet et al., 1990). However, it is not clear if the result can be extrapolated to wine matrix because this observation occurred under alkaline condition and disulfide precursors (DEDS and DMDS) are not often detected in wine to any great extent.

Another source of VSCs after bottling are the thioesters MTA and ETA. These compounds are also considered as unpleasant sulfur odours, contributing directly to reduced aromas in wine.

However, the sensory threshold is higher than their corresponding thiols, MeSH and EtSH and liberation after storage can deteriorate wine aroma by creating reductive off-odors. After storage, conversion of thioesters to more potent free thiols is expected to happen by hydrolysis [START_REF] Leppanen | Determination of thiolacetates and some other volatile sulfur compounds in alcoholic beverages[END_REF]. At pH extremes, hydrolysis can proceed through either alkaline or acidcatalyzed hydrolysis. Typical concentration of SMTA in young wines (about 10 µg/L) are sufficient to generate around 5 µg/L (1 µg/L sensory threshold) in accelerated aging conditions (50 ºC and anoxic storage) (Franco-Luesma and Ferreira, 2016). [START_REF] Bekker | Formation of hydrogen sulfide in wine: Interactions between copper and sulfur dioxide[END_REF] showed similar result when Chardonay wine were spiked with SMTA and ETA, resulting in the release of 18 and 39 % of MeSH and EtSH in molar equivalents.

Certain S-amino acids and related compounds (Cysteine, GSH) may also release H2S after storage, through a metal-mediated pathway, but studies are confusing because these compounds may also stabilize H2S.

MET2 L-homoserine-Oacetyltransferase

Catalyzes the conversion of homoserine to O-acetyl homoserine

ARO8

Aromatic aminotransferase I 

IRC7

Cysteine desulphydrase

Involved in the production of thiols and convertion of cysteine to H2S 

Fermentation media

Synthetic must

A synthetic must (SM) aiming to mimic the composition of a normal grape juice was used in this study. In this work, we used a concentration of 210 g/L sugars (50/50 mixture of glucose and fructose) and the pH was adjusted to 3.2, unless specification. Total yeast assimilable nitrogen (YAN) concentration was modified depending on the requirements of the experiment. In general, YAN is added in form of a mixture of ammonium (NH4Cl) and organic nitrogen from amino acids at 200 mg YAN/L. Lipids were added in the form of β-phytosterols at 2 mg/l to satisfy yeast requirements during anaerobic growth. Tables 5 to 10 detail the composition of the SM synthetic medium with 210 g/L sugars, 200 mg/L YAN and 2 mg/L phytosterols (SM200 used as control) as well as the different solutions used for its preparation. 

Compounds Quantity (1 L)

Iron chloride (III), 6H2O 20 g 

Natural must

A natural grape juice was used in this project from the grape variety Viognier. Grape juice came from the experimental unit of Pech Rouge, close to Narbonne (UE PR). Total sugar concentration was 208 g/L and total YAN 38 mg/L. 162 mg/L of nitrogen were added in form of DAP.

Fermentations and kinetics

Fermenters from 300 mL to 2 L were used in this project.

300 mL fermenters

The 300 ml glass fermenters are equipped with a water-filled bell jar that allows the CO2 release without letting in O2 to maintain anaerobiosis. They have a rubber septum that allows insertion of a syringe needle for sampling without disturbing anaerobiosis. A magnetic stirrer is placed at the bottom of the fermenter to homogenize the medium and cells throughout the fermentation.

Fermenters are placed on a stirring raco inside a temperature-controlled chamber.

Fermentation kinetics are monitored using two techniques:

- 

1 L fermenters

These fermenters have a similar structure to the 300 mL fermenters: a bell on the top of the fermenter to allow the release of CO2, a rubber septum and a stirring bar. The temperature of the fermenter is measured by a probe immersed in a gap in the fermenter filled with water. To maintain a stable temperature, the fermenters are placed in a temperature-controlled chamber 

2 L fermenters

Two L fermentation were developed in four 2-L jacketed glass autoclavable bioreactors (Applikon  , Delft, Netherlands) coupled to a gas phase chromatography system GC Compact 4.0 (Interscience, Breda, Netherlands) for carbon and sulfur volatile compounds analysis in the headspace.

The bioreactors were equipped with a direct drive stirring systems (150 rpm) coupled to Rushton impellers (diameter 45 mm). The temperature in each bioreactor was controlled by a Huber cryostat (Offenburg, Germany) with liquid coolant circulation in the jacket. Each cryostat was coupled to a Pt 100 sensor for temperature control. The amount of CO2 released was measured automatically using a thermal gas mass flow controller (Brooks  Instrument, Hatfield, USA) for online measurement of the rate of CO2 production (dCO2/dt).

Fermentation set up and fermentative kinetics

The fermenters are filled with SM or natural grape must. Pasteurisation to avoid possible spoilage by other microorganisms takes place at 100 ºC for 10-15 minutes depending on the volume of the fermenter. As pasteurisation results in deoxygenation, the fermenters are aerated for 20-40 min, a time that allows an equilibrium oxygen concentration to be reached between the headspace and the liquid. The fermenters are then inoculated at 10 6 cells/mL with the selected yeast and placed in the rack to start the fermentation.

In the 1 L and 300 mL fermenters, the fermentation kinetics and state of fermentation are correlated to the weight losses produced throughout the fermentation, due to the release of CO2 associated with sugar consumption by the yeast. Weight is monitored every hour in the 300 mL fermenters, and every 20 minutes in the 1 L fermenters. The raw data is transferred to an inhouse software program that calculates the total CO2 production and the CO2 production rate.

The processed data is then stored in a database (Alfis).

In the 2 L fermentation, the progress of the fermentation is measured by the release of CO2 using a flow sensor. The parameters are calculated by the same software and the data is stored in the same database.

For 300 ml fermenters where weight is measured manually, CO2 liberated and CO2 production rate (vCO2, t) is calculated by use of the following formula:

CO2,t = CO2,t-1 + 𝑊𝑒𝑖𝑔ℎ𝑡 𝑡-1 -𝑊𝑒𝑖𝑔ℎ𝑡 𝑡 𝑉𝑜𝑙𝑢𝑚𝑒𝑛 𝑡 vCO2, t = 𝑑𝐶𝑂 2,𝑡
𝑑𝑡 Samples (0. mL) were centrifuged (14000 rpm, 5 min), and the pellet were resuspended in the same volume of PBS 1X buffer. A 1:50 dilution was made to obtain a population between 1000 and 10000 cells/mL, in a volume of 0.5 mL and 5 µL of propidium iodide at 100 µg/mL was added to the cell suspension and vortexed immediately afterwards. After 10 min incubation at room temperature and in the dark, the samples were analysed.

Chemical analyses of aromas

Sulfur compounds analyzed

Sulfur compounds analyzed were purchased in Sigma Aldrich (St Louis, MO) and were the L-malic acid was obtained from Sigma Aldrich and ethanol was from VWR (Fontenay sous Bois, France). A stock solution of 10 g/l of each compounds was prepared and stored at -80ºC to avoid compounds reactivity. These solutions are used to prepare calibration curves each set of analyses.

following: Etanethiol [75-08-1], dimethyldisulfide [75-18-3], diethyldisulfide [352-93-2], thiophene [110-02-1], S-Methylthioacetate [1534-08-3], dimethyldisulfide [624-92-0], ethylthioacetate [625-60-5], diethyldisulfide [110-81-6], 3-(methylthio)-propanal [3268-49-3], 2- mercaptoethanol [60-24-2], MTHTP [13679-85-1], 2-methylthioethanol [5271-38-5], 3 

Synthetic wine preparation

The synthetic wine was made by dissolving 6 g/l of L-malic acid into 1 L of 12 % ethanol solution and PH was adjusted to 3.4 with 1M NaOH. Synthetic wine is used as matrix to prepare the different points in the calibration curve.

Calibration of standard curves

For the heavier compounds, 6 different concentrations of each sulfur compounds and 25 µL of EMTA standard solution (250 mg/L) were added into a Pyrex tube (Supelco, Bellefonte, Pennsylvania, USA) sealed with a Teflon cap and a seal together with 5 ml of synthetic wine.

Similar DLLE was performed for tubes from calibration curves. For the lighter compounds, 25 µL of TP solution (250 mg/L) and 6 different concentration of sulfur compounds were added into a 10 mL crystal vial (VWR, Bruschsal, Germany). The standard curve for individual sulfur compounds was built up by plotting the sulfur response ratio of target compound and the internal standard against the concentration ratio.

Heavy sulfur compounds extraction and quantification

-Extraction

Heavier sulfur compounds are extracted by double liquid-liquid extraction (DLLE). 5 ml of sample, previously centrifuged to remove cells (4000 rpm, 5 min) are stocked at -20 ºC. Samples are kept in an ice bath to avoid any possible evaporation. A standard solution of 250 mg/l of TP was prepared in cold ethanol. 5 mL of sample, 25 µL of standard solution and 1 mL of dichloromethane were added into a 15 ml Pyrex tube, fitted with a Teflon stopper and a seal (VWR, Bruschsal, Germany). Then, tubes were slightly agitated in a shaking plate during 20 min and centrifuged (2000 rpm, 5 min). Organic phase was recovered in a 4 ml vial. The process was repeated two times. At that point, samples were dried with Na2SO4 to remove traces from aqueous phase recovered during the process. At last, organic phase is evaporated with a nitrogen flux until obtain 500 µL of sample and transferred to an adapter placed into a 2 mL vial.

-

Chromatographic analyses

Samples were analyzed with a Trace 1300 GC system gas chromatograph (TermoFisher Scientific) equipped with a Thermo Scientific Triplus RSH Sampler used in liquid mode, and coupled to a Thermo Scientific ISQ 7000 single quadrupole mass spectrometry detector (Thermo Scientific). 

Light sulfur compounds extraction and quantification -Sample preparation

To quantify lighter volatile sulfur compounds, 7 mL of synthetic medium sample were added together with 25 µL of a TP standard solution (250 mg/L) to an empty 15 mL screw cap headspace vial. No further sample preparation was necessary.

-

Chromatographic analyses

Vials were placed into a sample tray where they were transferred to the Dynamic Headspace Systeme (DHS) module at 30 ºC. To recover analytes in the headspace, vials were incubated 5 min with 400 mL of nitrogen gas at a 30 mL/min flow rate and trapped at 25 ºC on a Thermal Desorption Unit (TDU) tube packed with Tenax TA (020810-005-00). The tube was then transported to the TDU, were analytes were desorbed. TDU was programmed from 20 (held for 0.5 min) to 270 ºC (held for 3 min) with a rate of 60 ºC/min. Compounds were focused at -30ºC on a Tenax packed liner in the CIS (012438-010-00) (PTV inlet). Once compounds were desorbed, a temperature from -30ºC to 270ºC at 12ºC/s was settled at the inlet to inject compounds into the analytical column. A flow of 17 mL/min, a septum purge flow of 3 mL/min, a purge flow to split vent of 13 mL/min at 0.1 min and a vent flow of 50 mL/min were stablished. The carrier was used was helium (BIP quality, Air Liquide, Paris, Frace) at a flow rate of 1 mL/min in constant flow mode.

A 7890 GC system (Agilent, Santa Clara, CA) coupled to a 5975C single quadrupole mass spectrometry detector (Agilent) were used to separate the compounds. Maestro Software Control (Gerstel, Mulheim an der Ruhr, Germany) controlled the instrument and Chemsatation Software (Agilent) was used to analyze the data. The gas chromatograph was fitted with a 30m x 0.25mm x 0.1 µm ZB WAX (Phenomenex, Torrance, CA). The column temperature settled during the running set was the following: 40ºC (held for 0.5 min) to 1001C at 5ºC/min, to 150ºC at 15ºC/min, to 235 ºC at 7.5ºC/min, to 250ºC at 15ºC/min (held for 1 min). The mass spectrometer quadrupole temperature was set at 150 ºC, ion source was set at 230 ºC and transfer line held at 240 ºC. Selected Ion Monitoring (SIM) with a positive ion electron impact at 70 eV was used to record mass spectra. Detection peaks are detailed in table 12. 

Quantification of sulfur compounds in gas-phase

For analysis of volatile compounds (H2S, MeSH, EtSH, DMS and DES), headspace gas was sequentially pumped from 2 L bioreactor for 1 min at a flow rate of 15 mL/min through a dedicated heated transfer line at 90 °C. Gas phase passed in a sampling loop of 50 µL to feed the analysis channel of sulfur compounds while carbon compounds were concentrated in a cold trap (Tenax) at 5°C.

After concentration step, carbon compounds were desorbed from Tenax at 280 °C for 1 min.

The injector temperature was 250 °C with split flow at 2 mL/min. The GC Compact 4.0 was equipped with a programmable oven containing a MXT-Wax column (30 m × 0.25 mm ID, 0.5 µm film thickness) from Restek (Lisses, France). Helium at a constant pressure of 80 kPa was used as the carrier gas. The oven temperature program was: 40 °C for 2 min, increase to 160 °C at a rate of 8 °C/min, hold at 160 °C for 10 s, increase to 220 °C at a rate of 15 °C/min, and hold at 220 °C for 3 min. Flame Ionization Detector (Thermo Fisher Scientific, Toulouse, France) was set at 150 °C.

An O.I. Analytical (Texas, USA) Model 5380 pulsed flame photometric detector (PFPD) was used in for chromatographic analyses of sulfur compounds. The detector equipped with a 2 mm internal diameter combustor was set at 250°C and fed with 11.5 ml/min of H2, 10 ml/min of air 1 (added to the combustor) and 10 ml/min of air 2 (supply to the external wall of the combustor and ignitor volume) as make-up gas. The gas flow rates used gave a pulsing rate for the detector of 3.85 Hz. The voltage of the photomultiplier tube (PMT) was 620 V. The trigger level that sets the PMT current at which a pulse is detected was 480 mV. The start and stop times of the integration gates for the detection of sulfur chemiluminescence were set to 6 and 24 ms respectively. The injector temperature was 70 °C. The sample gas phase (50 µl by the sampling loop) was injected with split flow at 10 mL/min. A Rtx-1 (30 m  0.25 mm I.D., 5.0 µm film thickness) fused-silica capillary column from Restek ® (Lisses, France) was used as the analytical column, with carrier gas helium at a constant pressure of 97 kPa. The oven temperature was fixed in isothermal mode at 150 °C.

The areas of the peaks from carbon and sulfur compounds were acquired with Chromeleon™

Chromatography Data System (CDS) Software (Thermo Fisher Scientific , Toulouse, France).

The simultaneous carbon and sulfur compounds analysis frequency is thus one per bioreactor every 2 hours.

Transcriptome experiments

RNA extraction and purification

To extract a suitable amount of RNA,, the cell population is quantified and a volume corresponding to 10 9 cells was recollected in sterile tubes. Cells were recollected by centrifugation (3000 rpm, 2 min) and resuspended in 750 µl of H2O treated with diethylpyrocarbonate (DEPC). Samples were centrifuged again (4000 rpm, 15 secs, 4ºC) and supernatant discarded. Cells were then immediately frozen in a methanol bath and stocked at -80 ºC.

RNA extractions were performed on frozen samples that were mechanically lysed with beads and trizol by vortexing during 15 min at 2500 rpm. Liquid phase was transferred to a 15 mL double cap tube and glass bead were rinsed out with 0.5 ml of trizol and transferred to the same tube.

Volume was then adjusted to 4 mL with Trizol. Tubes were incubated at room temperature during 5 min and 800 µl of chloroform were added. After 3 minutes at room temperature, samples were centrifuged twice in a row (10000 rpm, 15 min, 4ºC and 3400 rpm, 2 min, 4ºC). Aqueous phase was then transferred carefully to another tube where an equal volume of iced isopropyl alcohol was added. Emulsion was mixed slowly by several inversions and kept at room temperature for the duration of 10 min. Samples were centrifuged (10000 rpm, 10 min, 4ºC) and supernatant discarded. Pellet was detached with 1.5 ml of 75 % ethanol by repeated inversions and recovered by centrifugation (10000 rpm, 5 min, 4ºC). After transfer to an Eppendorf tube, pellet was dried with vacuum evaporator (Speed-Vac, Savant Instruments). Finally, 150 µl of H2O treated with DEPC were incorporated to rehydrate RNA. Concentrations were calculated with a full-spectrum UV-Visible spectrophotometer (Nanodrop, ThermoFisher, Waltham, Massachusetts, EEUU).

The volume equivalent to 100 µg of total RNA was purified with RNeasy Kit (Qiagen, Hilden, Germany) to remove possible phenol and proteins traces and as much DNA as possible. After purification, RNA concentration was measured again with NanoDrop (TermoFisher, Waltham, Massachusetts, EEUU) and quality was verified using a Agilent RNA 6000 Nano capillary electrophoresis chip kit with an Agilent 2100 Bioanalyzer.

Indirect labelling

To obtain cDNA from expressed RNA, a total of 100 ng of purified RNA was used for the labelling with the Low input Quick Amp Labelling one color kit (Agilent Technologies). ARN was denatured in presence of T7 promoter primers and control RNA during 10 min at 65 ºC. A Reverse 

Microarray scan

Microarrays were scanned with a Genepix 4000B scanner (Axon Instrument) using the Genepix PRO7 software. It measures the intensity of fluorescence from the pixels in all deposit areas. The gain value used for scanning microarrays was 585 PMT1 and 655 PMT2. Then the final digitization with a resolution of 5 µm was carried out. The file that contains the design of the slide used (GAL file) was superimposed on the microarray scan. Each spot was detected and associated with a gen. A filter step was done, where spots not hybridized or with irregular appearances are discarded. Finally, a digital file with the raw information for each chip is generated.

Microarray data treatment and analysis

Statistical analysis was done with R.4.0.4 software. The limma package (Smith and Speed 2003) was used for normalization between arrays by the quantile method and the PCA analyses were done using the FactoMineR package (Lê, Josse and Husson, 2008). The differential analysis was performed using the limma package, in which for each gene, a linear model is applied to assess whether the gene is statistically differentially expressed (over-or under-expression). This model takes into account the duplicate probes on each slide. Two genes were considered significant differently expressed when logFC was at least 1.0 (positive or negative) and p-value was below 0.05. Some genes are quadriplicats and not duplicates but these genes have two different identifications (IDs). Sorting takes place by ID, they are considered as two different genes.

For a functional analysis of the defined genes, the list of genes was analyzed using the web-based tool GeneCodis (http://genecodis.cnb.csic.es/; adjusted p-value = 0.05). The genes were input into the web-based tool and analyzed the annotations in regard to the biological processes and metabolic pathways using the GO database (Robinson, Grigull, Mohammad, & Hughes, 2002) and KEGG database (Kyoto Encyclopedia of Genes and Genomes)

(https://www.genome.jp/kegg/pathway.html).

Deletants construction

PCR: DNA amplification

A thermal cycler with a heated lid (T3 thermal cycler, Biometra) was used to carry out the PCR 

Gel agarose electrophoresis

Linear DNA fragment amplified by PCR can be separated on agarose gel according to their size.

Electrophoresis gel contained 1 % of agarose in a TAE buffer (TrisHCl, acetic acid and EDTA) with 0.2 µg/mL of ethidium bromide (BET). Migration conditions were different depending on fragments length.

Yeast transformation with LiAc

A protocol based in exogenous DNA penetration during heat shock in cells made competent by lithium acetate (LiAc) treatment was used to insert an antibiotic resistence cassetes in the place of genes selected.

Yeast cells were harvested by centrifugation (2500 rpm, 5 min) at exponential phase (DO600nm= 1.8 -2.2). Pellet was washed with Tris-HCl buffer 10 mM (pH 7.5), resuspended in 50 mL of LiAc buffer (LiAc 0,1 M, Tris-HCl 10 mM, pH 7.5) and incubated 40 min at room temperature with moderate agitation. Cells were collected by centrifugation and resuspended in 2.25 ml of LiAc buffer. 100 µL of cells suspension were added together with 10 ng of plasmid fragment and 10 µL of salmon sperm DNA (10 mg/mL) previously denaturized by heating at 100ºC, for the period of 5 min. Solution was incubated 10 min at room temperature. After addition of 300 µL of PEG4000 50% solution (v/v, LiAc buffer), solution was incubated successively 10 min at room temperature and 15 min at 42 ºC. Cells were recollected by centrifugation (1400 rpm, 5 min), resuspended in 0.5 mL and incubated overnight at 28 ºC. Next day, cells were washed with Tris-HCl buffer 10 mM and resuspended in 0.5 mL of H2O miliQ. Finally, cells were spread out into YEPD agar plates with the selective antibiotic.

Primer Sequence (5`-3`)

C-ARO8del_F CACTAAGTTAAACCCTGCAGTTGATACAGACATTGAATAGGACAACCGATCGTTACTATCTTCGTACGCTGC AGGTCGAC C-ARO8del_R TACAAAAATACGTACGTCCTTTTTTCACCTTATATATATTCTTCCAATGTATTTACCTCT GCATAGGCCACTAGTGGATCTG C-ARO9del_F ATATCCCAGTGTAAACATAAAAATACACACATACCACAATTACACTCTCTCATCGACTCATTCGTACGC TGCAGGTCGAC C-ARO9del_R TACAAAAAACTACAATTTATATATGATATGCAAATAACACATAGGTTTAATCTTCACTGTGCATAGGCCAC TAGTGGATCTG IR10-ATF1del_F AAAATAAAAAACGGCACTTCATCAGTATCACAAATACCATCAATTTATCAGCTCTCATGATTCGTACGCTGC AGGTCGAC C-ATF1del_R GGGTTATTTACACGACATAATCATATTGTCGAATAATATCAGTCAAGCATCATGTGAGATGCATAGGCCACT AGTGGATCTG IR10-ATF2del_F ACAGTACTGAGACTTTCAAACGAATAATAACTTCAGCAATAAAAATTGTCCAGGTTAATTTTCGTACGCTGC AGGTCGAC IR10-ATF2del_R TGCTTGCCTTTTGTACGAGCTCGGCCGAGCTATACGAAGGCCCGCTACGGCAGTATCGCAGCATAGGCCAC TAGTGGATCTG IR10-BAT1del_F TTCGTTAGAATAAATCACCCTATAAACGCAAAATCAGCTAGAACCTTAGCATACTAAAACTTCGTACGCTGC AGGTCGAC C-BAT1del_R TCTGAGAGGAATTCTCGTTTTTTTTTTTTGGGGGGGAGGGGATGTTTACCTTCATTATCAGCATAGGCCACT AGTGGATCTG C-BAT2del_F ACTAACTACTAAAATTTTAGAAATTTAAGGGAAAGCATCTCCACGAGTTTTAAGAACGATTTCGTACGCTGC AGGTCGAC IR10-BAT2del_R AAAACGCTCTAGTTTTATTCTTTTTAACTTTTAATTACTTTACGTAGCAATAGCGATACTGCATAGGCCACTA GTGGATCTG IR10-MET17del_F CCTTCGTGTAATACAGGGTCGTCAGATACATAGATACAATTCTATTACCCCCATCCATACATTCGTACGCTGC AGGTCGAC IR10-MET17del_R TTATACATAATTTTACAACTCATTACGCACACTCATGGTTTTTGGCCAGCGAAAACAGTTGCATAGGCCAC TAGTGGATCTG IR10-STR2del_F TATANATGTGCCGATTCGGGACCTACATAAACAAGAGAGAGAAGAGGAACAGAAGAAAAATTCGTACGCT GCAGGTCGAC IR10-STR2del_R CCGGACAATCAGCATTAAAATTTTCTACAGAGTTTTCTAATACATATAAACATTTAGGCTGCATAGGCCACT AGTGGATCTG C-CYS3del_F CCTATACACATAGACATTTGCACCTTATACATATACAGACAAGACAAAACCAAAAAAAATTTCGTACGCTGC AGGTCGAC C-CYS3del_R AAAAGGATATTTATCGTACTTAAAAAGGTCCGGTCGAAGGCAGAGACGTGGCACTGGCGAGCATAGGCCA CTAGTGGATCTG
Table 10. Sequence (5`-3`) of primers used for antibiotic resistance cassette amplification.

Primer

Sequence (5`-3`) Chapter 1

IR10-ARO8ver_F TTTCACTTTCTCGAGGTCCAA IR10-ARO8ver_R AGTGCACTCTTGCGGATTTT IR10-ARO8int_R TGGTCCTGCTTTGGAGAACT IR10-ARO8int_F GCAGGACCATGACGAATTTT IR10-ARO9ver_F CCATCATTGGGGTAGGAAAC IR10-ARO9ver_R AACCGTGACCATTTAGTTGCTT IR10-ARO9int_R CGGGCATCTGTATCCAAAGT IR10-ARO9int_F TTACCAGTTGGCCCAAAGAC IR10-ATF1ver_F CCCAACAAAAATTCGAGACAA IR10-ATF1ver_R CGAGGGAGTGACAACATGAA IR10-ATF1int_R TAGTTGTGAGCGGCAATCTG IR10-ATF1int_F GCGGCTAATTTGTCTTCCAG IR10-ATF2ver_F CGTTTCTTCGAGGTCTGTGA C-ATF2ver_R TTATACCCGACCGAGAGCAG C-ATF2int_R ACGATCCGTAATCGGTTTTG C-ATF2int_F AATTGCCAAAACCGATTACG IR10-BAT1ver_F CGCAAAATCAGCTAGAACCTT IR10-BAT1ver_R CGCACAATGGCTTGCATA IR10-BAT1int_R TGCCAGTGACTTTGTTGAGG IR10-BAT1int_F GTTCCGTCCGGATAAGAACA C-BAT2ver_F AGCCGTACGTGAGTGAGAGG IR10-BAT2ver_R GATCACTGCAAAATCCAGGAA IR10-BAT2int_R GTTGGTAACCCCTTGAAGCA C-BAT2int_F GTTTCCACGCCTGATAGAGC IR10-MET17ver_F ACCGAAGTGTCGAAAAGGTG IR10-MET17ver_R TTTTTCTTCTCGACTGCGAAT C-MET17int_R GATATCCTTCGGCAGGTTGA IR10-MET17int_F GTGCCGGTGGTTACTTCTGT C-STR2ver_F ATGATAGCGCCTCTGCACTT IR10-STR2ver_R CTTTGACGAGGAGGGTCAAG IR10-STR2int_R TTGTTTCGGCAGGTATGTCC IR10-STR2int_F CGTCAATGAACGCTCTGAAA C-CYS3ver_F CGTGCCAGATTGAATTTTGA C-CYS3ver_R CGCATGCATATGCCTTTATG C-CYS3int_R CCACCCTTGATTCTGAAGGA C-CYS3int_F GCGGTCTCTATCGGTGATGT
How to modulate the formation of negative volatile sulfur compounds during wine fermentation?

Many environmental and technological factors affect yeast metabolism during wine fermentation, and consequently, modulate the overall profile of compounds produced throughout the process. To provide an overview on the production of VSCs during wine fermentation, this first chapter was dedicated to assessing the variability of VSCs profile depending on relevant factors that may modulate their production. This allowed to investigate the variability between strains in their capacity to produce VSCs but also to identify the environmental factors with a strong impact on VSCs formation.

Our first objective was to evaluate the diversity of wine yeast in their ability to produce VSCs. The profile of production of 17 sulfur compounds was compared between 22 S. cerevisiae strains, most of them commercially available and 18 non-saccharomyces. From the complete dataset, 4 strains, producing substantial VSCs amounts, with different profiles were selected for further experiments.

In a second part, the impact of environmental factors on sulfur compound production by the 4 selected yeasts was investigated. From information in the literature, 7 factors were included in our study:

-SO2 and sugar concentration and pH: SO2 is a chemical agent widely added during the winemaking process, usually in form of metabisulfite salts, to avoid both oxidation and microbial spoilage. This compound can be use as inorganic sulfur source to sustain yeast growth. The relative proportion of free SO2 and ion bisulfite (HSO3 -), the major form of sulfide in wine, depends on pH. Furthermore, SO2 combines with the aldehyde or ketone group in sugars. A Box-Benkhen experience was designed to evaluated the coordinated impact of these three parameters.

-Yeast assimilable nitrogen (YAN) availability -Pantothenic acid content -Presence of sulfur amino acid (methionine or cysteine) in excess.

Data on the profile of VSCs production by S. cerevisiae strains and the impact of YAN, pantothenic acid, methionine and cysteine concentrations has been published in FEMS Yeast Research, constituting the core of this chapter. The other results of this study are presented at the end of the chapter.

INTRODUCTION

Wine aroma is one of the most important determinants of quality, because the perception of volatile molecules through their interactions with the consumer's olfactory senses strongly contributes to the acceptance or rejection of the product. Wine aroma consists of thousands of volatile molecules from different origins: the primary or varietal aromas, present in berries and typical of the grape variety; the secondary aromas produced through yeast metabolism during alcoholic fermentation and, finally, the tertiary or post-fermentative aromas, due to chemical reactions during ageing (Robinson et al. 2014).

In wines, volatile sulfur compounds (VSCs) are an important class due to their abundance and their strong impact on the final quality of wines due to a very low perception threshold. Sulfur compounds are considered as a 'double edged-sword' as some of them positively contribute to wine aroma, whereas others are considered as off-flavors (reductive aromas) undesirable in wines. Indeed, the implementation of strategies promoting the formation of positive VSCs is often accompanied by an increase in the formation of sulfur off-flavors [START_REF] Lattey | Wine quality and consumer preferences: Understanding consumer needs[END_REF], highlighting the importance to comprehensively address the formation of sulfur-containing molecules during winemaking.

Generally, mercaptans with a positive impact on wine quality, such as 3-mercaptohexan-1-ol (3MH), 3-mercaptohexyl acetate (3MHA) or 4-mercapto-4-methylpentan-2-one (4MMP) originate from precursors in grapes, mainly as glutathionylated, cysteinylated, cysteinyl-glycine or glutamyl-cysteine Sconjugated forms (Tominaga et al. 1998;Bonnaffoux et al. 2021). Once the thioester bond in precursors is cleaved through βlyase and/or endopeptidase activities, these varietal aromas provide wines with notes of box tree, grapefruit or passion fruit (Tominaga et al. 2000). By contrast, a majority of VSCs originating from yeast metabolism during alcoholic fermentation have a detrimental effect on wine quality. The profile of VSCs produced by yeast during fermentation is highly dependent on the yeast strain/species used (Spinnler et al. 2001[START_REF] Moreira | Heavy sulphur compounds, higher alcohols and esters production profile of Hanseniaspora uvarum and Hanseniaspora guilliermondii grown as pure and mixed cultures in grape must[END_REF]Patrignani et al. 2016). Usually associated to rotten egg, cabbage, garlic, onion, cheese or burnt rubber notes, VSCs are often referred to as reduced or reductive aromas. They include hydrogen sulfide (H 2 S), methanethiol (MeSH), ethanethiol (EtSH), dimethyl sulfide (DMS), diethyl sulfide (DES), dimethyl disulfide (DMDS), ethylthio acetate (ETA), S-methylthio acetate (SMTA) or methionol (ME) among others (Smith et al. 2015). VSCs separate in highly volatile compounds characterized by a boiling point lower than 90 • C, which can be easily removed from wine through simple racking or aeration, or volatile compounds with boiling points over 90 • C, more difficult to eliminate through evaporation (Moreira et al. 2002).

Due to its very low sensory perception threshold, the metabolism of H 2 S by Saccharomyces cerevisiae during wine fermentation has been extensively characterized. Briefly, this compound is formed from inorganic sulfur compounds (sulphate and possibly sulfite) through the sulphate assimilatory pathway (Cherest and Surdin-Kerjan 1992; Thomas and Surdin-Kerjan 1997) and can further combine with O-acetyl homoserine as the first step in the biosynthesis of the sulfur amino acids cysteine and methionine (Spiropoulos et al. 2000;Swiegers and Pretorius 2007;Landaud, Helinck and Bonnarme 2008). The different genes involved in the biosynthesis of these sulfurcontaining amino acids as well as the underlying molecular mechanisms have been well-described (Huang et al. 2017;Noble, Sanchez and Blondin 2015;Ugliano et al. 2009;Linderholm et al. 2008;Spiropoulos et al. 2000). Conversely, information on metabolic precursors and pathways involved in the formation of other VSCs is incomplete, and mainly concerns the formation of ME, 3-(methylthio)-propanoic acid (3MTPA), (methylthio)propyl acetate (3MTPAc) and ethyl 3-(methylthio)-propanoic acid (E3MTP), which derive, through the Ehrlich pathway, from keto-(methylthio) butyric acid, a common intermediate with the methionine biosynthesis pathway. It has also been suggested that the catabolism of cysteine and homocysteine through the Ehrlich pathway may respectively result in the production of 2mercaptoethanol (2ME) and 4-methylthiobutanol (4MTB; Moreira et al. 2002;Mestres, Busto and Guasch 2000;Swiegers et al. 2005). As regards highly volatile thiols, an S-lyase enzymatic activity and/or a non-enzymatic process may contribute to the formation of MeSH [START_REF] Perp Ète | Methionine catabolism in saccharomyces cerevisiae[END_REF], while ethanethiol likely originates from a chemical or biological combination of H 2 S with ethanol or acetaldehyde (Rauhut 2017). Other compounds, such as 2-Methylthioethanol (2MTE), ethylthiopropanol (ETP) or 2methyl-tetrahydrothiophen-3-one (MTHTP) were also detected in wines with reductive off-odors, but their origin remains to be elucidated. Finally, it is important to also consider that VSCs are extremely active chemically, and can evolve depending on medium physicochemical parameters or react with one another or with other compounds resulting in the formation of additional molecules (Vela et al. 2018;Kinzurik et al. 2020). As an example, dimerization of ethanethiol by creation of a disulfur bond results in the formation of diethyl disulfide (DEDS).

As a consequence, VSC concentrations in wines depend on both environmental factors (grape juice content in nutrient and heavy metals) and on the technological itineraries set up for vine cultivation and winemaking, as phytosanitary treatment, addition of SO 2 , yeast species/strains carrying out the fermentation, use of clarification. . . In particular, H 2 S formation during fermentation is modulated by yeast assimilable nitrogen (YAN), pantothenic acid and biotin availability (Bohlscheid et al. 2011;[START_REF] Ugliano | Volatile and color composition of young and model-aged Shiraz wines as affected by diammonium phosphate supplementation before alcoholic fermentation[END_REF]. Thus, while, in presence of nitrogen, excess inorganic sulfur was used to a large extent for the synthesis of sulfur amino acids from O-acetylhomoserine, insufficient availability of this precursor when nitrogen is limiting resulted in sulphate accumulation within cells and later diffusion into the medium. Then, the reductive conditions related to low pH and anaerobiosis favored the spontaneous conversion of sulphate into H 2 S (Jiranek, Langridge and Henschke 1996;Swiegers and Pretorius 2007;Rauhut 2017). In the same way, low concentrations of pantothenic acid, a vitamin (B5) used as cofactor in coenzyme A synthesis (Sandoval et al. 2014), increased H 2 S production during wine fermentation, an increase likely related to a deficiency in O-acetylhomoserine (Edwards and Bohlscheid 2007). It has been additionally reported that H 2 S formation was enhanced when cysteine was provided in the medium in large excess, i.e. over 50 mg/L (Robinson et al. 2014). Methionine and cysteine are amino acids in low concentrations in grape juice, normally below 10 mg/L (Petrovic, Aleixandre-Tudo and Buica 2019). However, taking into account their catabolic network, these sulfur amino acids can be considered as important precursors for VSCs synthesis. Their effective contribution, and more generally, the impact of environmental factors on the formation of unpleasant sulfur compounds, until now poorly documented, is worthy of investigation.

In this study, we evaluated the variability of VSCs formation during wine fermentation, first investigating intra-species diversity in S. cerevisiae strains regarding their capacity to produce these molecules. Then, we examined the incidence of environmental parameters identified as the most relevant to modulate VSCs production, i.e. YAN, pantothenic acid and sulfur amino acids availability.

MATERIAL AND METHODS

Yeast strains

In this study, 22 S. cerevisiae strains were selected (Table 1). Eleven were provided by Lallemand SA (Montreal, Canada); the rest (11) were selected from the INRAE yeast collection in which strains are stored at -80 • C in a mix of YEPD medium (10 g/L yeast extract, 20 g/L peptone and 20 g/L dextrose) and glycerol (15%). Cryopreserved yeast cultures were thawed at room temperature and streaked on Yeast Peptone Dextrose (YPD) agar. For precultures, one colony of each strain was used to inoculate a sterile 50 mL tube containing 20 mL YEPD medium. Strains were grown for 24 h at 28 • C with a 190 rpm agitation. After that, tubes were centrifuged during 5 min (4500 rpm, 4 • C) and the pellet was washed twice with MilliQ R H 2 O before resuspension in 15 mL of water containing 9 g/L NaCl. Finally, 1 × 10 6 CFU/mL were inoculated in each fermentor to carry out fermentation. All fermentations were performed in duplicate. 

Nitrogen impact

To test the impact of nitrogen on VSCs production, four different conditions were assayed with 100, 200, 300 and 400 mg/L YAN.

To achieve this, SM was supplemented with a mix of an amino acids solution with NH 4 Cl.

Pantothenic acid impact

We added different concentrations of pantothenic acid (10, 25, 50, 100 and 250 μg/L) to SM with 200 mg/L YAN (devoid of pantothenic acid) to find out the impact of this vitamin on VSCs production.

Sulfur amino acids impact

To assay the impact that sulfur amino acids may have on the modulation of VSCs production, we increased 20-fold the concentrations of either methionine or cysteine and of methionine plus cysteine. Conversely, we also tested media depleted of methionine, cysteine, or methionine plus cysteine. All these media, summarized in Table 2, had similar assimilable nitrogen with slight variations only in the ratio between amino acids and ammonium nitrogen.

Fermentations were carried out at 22 • C in 300 mL bioreactors containing 250 mL of synthetic must and equipped with fermentation locks to maintain anaerobiosis. Fermentations were monitored by a fermentation robotic device (PhenOFerm) that determines CO 2 release by hourly weight measurements. 

Chemical and standards

GC-MS calibration procedure

A synthetic wine was made by dissolving 6 g of L-malic acid in 1 L of a 12% ethanol solution, and the pH was adjusted to 3.3 with 1M NaOH. Standard solutions of 10 g/L were individually prepared in cooled ethanol (-20 • C) and stored at -20 • C. An internal standard solution was made by dissolving 10 g/L (w/w) of TP and 10 g/L (w/w) EMTA in ethanol and stored at -20 • C.

Different volumes of sulfur compounds standard solutions were added to synthetic wine to obtain standard curves by plotting the sulfur response ratio of the target compound and the internal standard against the concentration ratio.

Light VSCs determination

Lighter volatile sulfur compounds (EtSH, DMS, DES, SMTA, DMDS, ETA and DEDS) samples were prepared adding 7 mL of synthetic medium sample and 25 μL of internal standard (TP) to an empty 15 mL screw cap headspace vial. No further sample preparation was necessary.

Samples were transferred from the sample tray to the Dynamic Headspace System (DHS) module at 30 • C. Analytes in the headspace vial were purged after 5 min incubation with 400 mL of nitrogen gas at a 30 mL/min flow rate and trapped at 25 • C on a Thermal Desorption Unit (TDU) tube packed with Tenax TA (020810-005-00). The TDU tube was transported and desorbed in the TDU programmed from 20 (held for 0.5 min) to 270 • C (held for 3 min) with a rate of 60 • C/min. Desorbed compounds were focused at -30 • C on a Tenax packed liner in the CIS (012438-010-00) (PTV inlet). After desorption, the inlet was programmed from -30 • C at 270 • C at 12 • C/s (held for 7 min) to inject trapped compounds onto the analytical column. The injection was performed in the PTV Solvent Vent mode with a total flow of 17 mL/min, a septum purge flow of 3 mL/min, a purge flow to split vent of 13 mL/min at 0.1 min and a vent flow of 50 mL/min.

The compounds were separated by the 7890 GC system (Agilent, Santa Clara, CA) coupled to a 5975C single quadrupole mass spectrometry detector (Agilent). The instrument was controlled with Maestro Software Control (Gerstel, M ülheim an der Ruhr, Germany) and the data analyzed with Chemstation Software (Agilent)). The gas chromatograph was fitted with a 30 m × 0.25 mm ZB WAX (Phenomenex, Torrance, CA), 0.1 μm film thickness. The column temperature was programmed from 40 • C (held for 0.5 min) to 100 

Heavy VSCs determination

Heavier sulfur compounds (2ME, MTHTP, 2MTE, E3MTP, 3MTPAc, 3MP, ME, ETP, 4MTB and 3MTPA) were extracted using double liquid-liquid extraction (DLLE). A total of 5 mL of each sample were placed in a 15 mL pyrex tube with a Teflon cap, 20 μL of internal standard solution and 1 mL of dichloromethane were then added to the solution. The mixture was shaken during 20 min on a shaker plate at 150 rpm and the samples were then centrifuged at 2000 rpm for 20 min at 4 • C. The organic phase was collected with a crystal syringe into a 4 mL vial. This procedure was repeated twice. The organic phase was then dried with 20 mg Na 2 SO 4 and transferred to a 1.5 mL vial. The sample was evaporated under nitrogen flux to a final volume of 0.5 mL and transferred to an insert vial.

Samples were analyzed with a Trace 1300 GC system gas chromatograph (ThermoFisher Scientific, Waltham, MA) equipped with a Thermo Scientific Triplus RSH Sampler used in liquid mode, and coupled to a Thermo Scientific ISQ 7000 single quadrupole mass spectrometry detector (ThermoFisher Scientific). The instrument was controlled and the data analyzed with the Chromeleon 7.2 software (ThermoFisher Scientific). The gas chromatograph was fitted with a 30 m × 0.25 mm DB-FFAP, 0.25 μm film thickness (Agilent). The carrier gas was helium flow rate 1.0 mL/min in constant flow mode. The initial temperature is held for 0.5 min. Then it increases by 1 

Statistical analysis

Data analysis was performed with a statistical treatment and graphically (boxplots) represented using the R software version 3.6.1. (http://cran.r-project.org/). The boxplots were designed according the method described by [START_REF] Tukey | Exploratory Data analysis[END_REF]. The adjacent values are calculated using 1.5 times the interquartile space (the distance between the first and the third quartile). The principal component analysis (PCA) was carried out with the FactoMineR package [START_REF] Le | FactoMineR: An R package for multivariate analysis[END_REF]. Normality of residual distributions and homogeneity of variance were studied using standard diagnostic graphics; no violation of the assumptions was detected.

All the experiments were performed in duplicate or triplicate. To assess the consistency and reproducibility of VSCs measurements, additional IR10 fermentations were carried out in five replicates for two experimental conditions and intra-class correlation coefficients were calculated from the global IR10 dataset using a two-way random model provided by the R package irrICC [START_REF] Quan | Assessing reproducibility by the within-subject coefficient of variation with random effects models[END_REF]. No significant variation was detected in the independent determination of VSCs concentrations in the seven biological replicates. Furthermore, the intraclass correlation coefficients ranged between 0.95 and 1, resulting in a mean intra-measurement reliability of 98%. (Supplementary data 1). This reproducibility analysis indicated the feasibility of our approach for assessing the incidence of environmental variables on VSCs formation.

RESULTS

Diversity in VSCs production among S. cerevisiae strains

To have an overview of the production of VSCs by S. cerevisiae wine yeasts, fermentations were carried out using 22 different strains (Table 1) on a chemically-defined grape must containing 200 g/L sugars and 200 mg N/L with a non-limiting pantothenic acid concentration (1 mg/L). The comparison of the production profiles of 17 VSCs measured at the end of fermentation revealed an important variability in the formation of these molecules, depending on their nature (Fig. 1).

First, only 10 (SMTA, ETA, MTHTP, 2MTE, E3MTP, 3MTPAc, ME, ETP, 3MTPA and 2ME) of the 17 compounds analyzed were detected in the wines. The concentrations of the other molecules (EtSH, DMS, DES, DMDS, DEDS, 3MP and 4MTB) were below the detection threshold, indicating either a very limited, or even non-existent production by yeast or considerable losses through evaporation, due to the low boiling points of these molecules (e.g. EtSH with a 35 • C boiling point).

Interestingly, some compound such as ME or MTHTP were synthetized by all the strains, even if in variable amounts, between 1.5 and 6.1 mg/L and from 32 to 515 μg/L for ME and MTHTP in the highest and lowest producer, respectively (Table S2, Supporting Information). Conversely, other molecules were synthetized by some strains only. Thus, SMTA was only detected in four media (fermented by strains IR01, IR10, MTF914 and MTF2113), at concentrations varying between 13 and 47 μg/L, while 10 of the 22 strains were able to produce 3MTPAc at concentrations above the detection threshold, from 24 upto 234 μg/L. As a consequence, important variations existed among strains in their capacity to produce VSCs, and a PCA of the data set, for which the first three dimensions explained more than 78% of the variance (Fig. 1), allowed to differentiate low VSCs producers (as EC1118) from high producers (including ECA5, MTF914, IR10, UCD522 and MET2292). Furthermore, it clearly appeared that VSCs profiles differed between high producers: as an example, ECA5 was characterized by an intensive formation of ME, 3MTPA and 3 MTPAc while MTF914 displayed a great ability to produce SMTA and E3MTP. From these observations, four strains (IR01, MTF914, ECA5 and IR10) with strongly contrasting in VSCs profiles were selected for further investigations.

Impact of nitrogen availability

First, the impact of YAN availability on fermentation performances and VSCs production profile by the four selected trains was assessed during fermentations with variable YAN concentrations: 100, 200 (control), 300 and 400 mg N/L, with 210 g/L sugars and 1.5 mg/L pantothenic acid.

As expected, YAN availability widely affected the fermentation performances of all the strains, with a strong decrease in fermentation rate and a doubled fermentation duration when nitrogen was limiting (MS100 compared to MS300) (data not shown). However, irrespective of the initial YAN content, all the fermentations were completed, with residual sugar concentrations below 0.6 g/L. Regarding the formation of the main compounds deriving from central carbon metabolism (CCM), no major variations according to YAN concentration were found in the production of glycerol, pyruvic and acetic acids. However, strain ECA5 produced almost five times less acetic acid than the other strains.

Downloaded from https://academic.oup.com/femsyr/article/21/5/foab038/6311812 by guest on 15 September 2021 It is noteworthy that the production of succinic acid substantially changed depending of YAN initial content in the medium, decreasing with the increase in nitrogen availability (Supplementary data 3). ECA5 was least affected with succinic acid production varying from 0.78 g/L in MS100 to 0.51 g/L in MS400, in comparison with strains IR01 or MTF914 for which succinic acid concentrations reached 1.00 g/L in MS100 and 0.40-0.45 g/L in MS400.

Overall, the quantification of the 10 measurable VSCs at the end of fermentation for each modality revealed important differences in their production profiles according to nitrogen availability, which were more or less pronounced depending on the strain used to carry out fermentation. The only exception was 2-MTE produced at a concentration of around 48 μg/L regardless of the initial YAN content.

First, the production of SMTA and ETA, both involving the acetylation of either MeSH or EtSH, displayed a bell-shaped curve according to nitrogen availability in the medium, with a maximum production observed at 300 mg/L for all strains (Fig. 2). This maximum value depended on the strain, varying, in the case of SMTA, between 8.7-9.6 μg/L for ECA5 and MTF914 and 6.9-4.9 μg/L for IR01 and IR10. The maximal ETA production was comprised between 0.81 μg/L (MTF914) and 3.4 μg/L (IR01). SMTA production in MS300 was increased 7.5 times (MTF914) and 4.5 times (IR10) with respect to the lowest production (MS400). ETA was not found in MS100 or MS400 for all strains or maybe its concentration was under the limit of detection. Interestingly, 2ME production displayed the same evolution pattern according to YAN availability for all the strains, with a maximum production at around 300 mg N/L.

The VSCs directly deriving from methionine catabolism through the Ehrlich pathway (ME, 3-MTPAc, 3MTPA and E3MTP) were detected in all the wines (Fig. 2). Overall, the production of these molecules exhibited moderate variations depending of YAN, and depending on the strain, the maximum production was obtained for an initial nitrogen content comprised between 200 and 300 mg/L YAN. However, some exceptions to this general pattern were observed. Interestingly, 3MTPAc behaved differently from the other compounds, with a substantial increase with YAN availability. While the final content of 3MTPAc in wine produced by IR01, IR10 and MTF914 in presence of 300-400 mg/L YAN was around 20 μg/L, this compound did not reach the detection limit (5 μg/L) at the end of fermentation carried out with 100 mg/L YAN, except in ECA5 fermentation. In this latter case, the formation of 3MTPAc increased from 18 (100 mg/L YAN) to 236 μg/L (400 mg/L YAN). At the same time, a decrease in the formation of 3MTPA was observed when nitrogen availability in the medium increased, during fermentations achieved with strain ECA5 (from 735 to 301 μg/L) and to a lesser extent with IR01 (from 368 to 288 μg/L). With respect to the 3MTPA production by strains MTF914 and IR10, no significant differences were observed. In addition, ECA5 showed a very high capacity to produce methionine derivatives compared with the other strains. During fermentation with 300 mg N/L, production of ME, 3MTPA and 3MTPAc by ECA5 were 2.3-times, 11-times and 2-times higher than those of the other strains, respectively.

Finally, a slight impact of nitrogen availability was found on the formation of MTHTP and ETP, with variations lower than 30% and a trend towards a lower production at extreme nitrogen levels (100 and 400 mg/L).

Impact of pantothenic acid concentration

Variable concentrations of pantothenic acid in grape juice, generally varying between 140 and 1380 μg/L) have been reported in literature, depending on variety [START_REF] Ournac | Les vitamines du vin[END_REF]. In synthetic media with a composition mimicking that of natural musts, pantothenic acid was often included at a concentration of 1.5 mg/L [START_REF] Thomas | The effect of elemental sulfur, yeast strain and fermentation medium on hydrogen sulfide production during fermentation[END_REF][START_REF] Guidici | The effect of nitrogen deficiency and sulfur containing amino acids on the reduction of sulfate to hydrogen sulfide by wine yeasts[END_REF]Spiropoulos et al. 2000;[START_REF] Ough | Effects of certain vitamins on growth and fermentation rate of several commercial active dry wine yeasts[END_REF]. However, these relatively high concentrations do not always correspond to the actual pantothenic acid content found with some varieties or regions, which can be much lower or even limiting [START_REF] Spayd | Free amino acid composition of grape juice from 12 Vitis vinifera cultivars in Washington[END_REF]Ribereau-Gayon et al. 2000). Thus, S. cerevisiae strains MTF914, IR10, ECA5 and IR01 were grown on synthetic must (200 mg N/L and 210 g/L sugars) in presence of variable concentrations of pantothenic acid, i.e. 10, 25, 50, 100 and 250 μg/L, in order to assess the impact of pantothenic acid (from limiting to normal concentrations) on the formation of VSCs.

The S. cerevisiae strains displayed differences in their tolerance to pantothenic acid limitations, as revealed by the comparison of their ethanol production and sugar consumption (Fig. 3). All the strains were able to complete 210 g/L sugar fermentation in presence of 100-250 μg/L pantothenic acid, without incidence on fermentation kinetics. Conversely, providing pantothenic acid at concentrations lower than 50 μg/L resulted in sluggish or even stuck fermentation profiles. ECA5 was the strain most affected by a limitation in pantothenic acid, exhibiting incomplete fermentation in presence of 10 and 25 μg/L pantothenic acid (ethanol production of 43 and 66 g/L, respectively), and a sluggish profile when 50 μg/L vitamin B5 were provided.

IR01 was the most tolerant strain to pantothenic acid availability in terms of fermentation duration, except when a strong limitation in this vitamin was imposed (10 μg/L).

Changes in the production of compounds from central carbon metabolism according to pantothenic acid concentration were also observed (Fig. 3). Limited B5 availability resulted in an increase in the production of glycerol (except for ECA5) and acetic acid. Wine glycerol content varied from 6.7-9.7 (10 μg/L pantothenic acid) to 6.3-6.7 g/L (250 μg/L pantothenic acid), and that of acetic acid between 1.3-2.1 (10 μg/L of pantothenic acid) and 0.3-0.6 g/L (250 μg/L of pantothenic acid). Conversely, the production of succinic acid tended to increase with increased pantothenic acid concentration, with concentrations from 0. 1-0.5 g/L (10 μg/L pantothenic acid) to 0.6-0.8 -g/L (250 μg/L pantothenic acid).

A substantial modulation of the production of all VSCs by the availability of acid pantothenic was evidenced (Fig. 4). First, for all strains, the production of thioesters, SMTA and ETA decreased with an increase in pantothenic acid concentration. The only exception concerned ETA formation by ECA5, with production amounts too low to be quantified. Thus, ETA was produced by the strains IR01 IR10 and MTF914 at levels varying from approximately 25 μg/L when pantothenic acid was strongly limiting (10 μg/L) to less than 3 μg/L in presence of 250 μg/L pantothenic acid. Up to a 10-fold decrease in SMTA content in wines was observed between the two extreme pantothenic acid concentrations. Furthermore, the final content of ETP and in a lesser extent of 2MTE displayed the same evolution, being higher under pantothenic acid-limiting conditions.

An opposite impact of the availability of pantothenic acid on the formation of methionine-derivative sulfur compounds was observed, with a strong increase in the formation of ME and 3MTPA when pantothenic acid was provided at concentrations higher than 50 μg/L. The production of ME and 3MTPA by IR01 increased respectively 2-fold and 1.5-fold in limiting and non-limiting conditions. Furthermore, a larger range of variation in the formation of these compounds were found during ECA5 fermentation, with 3.5 and 2.8 times variation factors. As a consequence, any formation of E3MTP and 3MTPAc, that directly originate from 3MTPA and ME, was suppressed during fermentation in presence of 10 and 25 μg/L of pantothenic acid, for all the strains. On the contrary, E3MTP production was approximately 2.1-4.2 μg/L, depending on the strain, for pantothenic acid concentrations from 50 to 250 μg/L. 3MTPAc was only detected when 250 μg/L pantothenic acid was provided during fermentations carried out with strains IR01, IR10 and MTF914. However, during fermentations with ECA5, an increase in 3MTPAc production was observed, from 1.7 (50 μg/L pantothenic acid) to 109 μg/L (250 μg/L pantothenic acid). More broadly, ECA5 appeared as a high producer of compounds deriving from methionine catabolism while wines produced using MTF914 and IR10 showed the highest content in thioesters.

The formation of MTHTP fits the same pattern as methionine derivatives, with concentrations ranging from 2.6-18.1 μg/L during fermentation containing 10 μg/L pantothenic acid to 94.8-147.5 μg/L in presence 250 μg/L pantothenic acid. As a consequence, the formation of MTHTP increased from 8 to 36 times between the lowest and the highest concentrations of pantothenic acid. However, the origin of this molecule remains unknown. Finally, 2ME production exhibited a specific pattern in response to changes in pantothenic acid availability. Increasing vitamin B5 concentration up to 50 μg/L resulted in an increase in 2ME production up to concentrations ranging from 2.9 mg/L (IR01) to 3.9 mg/L (IR10). Over 50 μg/L pantothenic acid, the formation of 2ME decreased for all strains.

Contribution of methionine and cysteine to VSCs formation

To investigate in which way are produced VSCs and the influence of sulfur amino acids (cysteine, methionine) on their formation, different fermentations were carried out using synthetic media with a modified composition in sulfur amino acids: without either or both sulfur amino acid (0 Cysteine, 0 Methionine, 0 Cysteine Methionine) and with a 20 times increased concentration of either or both sulfur amino acids (20 × Cysteine, 20 × Methionine, 20 × Cysteine Methionine). YAN was adjusted to 200 mg/L for all these experiments All fermentations reached dryness, even in absence of sulfur amino acid in the initial medium. A slight decrease in fermentation performances without methionine was observed, resulting in 40-hour longer fermentation compared with the other conditions. The modification of the composition of the nitrogen resource in sulfur amino acids did not have any major impact on CCM compounds production. Overall, omitting methionine from the medium resulted in an increased production of succinic acid and, to a lesser extent, of pyruvic acid while the formation of acetic acid was similarly increased, particularly when cysteine was also withheld (Supplementary data 4).

Conversely, the production of all the VSCs showed variations in response to the changes in the availability of methionine and cysteine (Fig. 5). Generally, the formation of a given sulfurcontaining molecule was specifically modulated by the concentration of only one of the two sulfur compounds, apart from SMTA that was affected by both methionine and cysteine availability.

Interestingly, the effect of cysteine was focused on four VSCs, SMTA, ETA, 2ME and 2MTE with first a large impact on the production of the two thioesters and 2ME. As an example, the formation of ETA by strains IR10 and MTF914 was nearly suppressed during fermentations without cysteine but was higher than 20 μg/L when this amino acid was provided at 123.2 mg/L in the initial must. Regarding SMTA, increase factors over five were often observed in its production with excess cysteine. Strain IR10 displayed the highest response to cysteine availability, the production of both SMTA and ETA being increased at least 10fold between conditions without cysteine and with excess cysteine. As an example, the production of SMTA by strain IR01, very low in absence of sulfur amino acids (Fig. 5), was increased to 22.4 μg/L in presence of an excess of cysteine. Finally, we observed that cysteine strongly modulated 2ME production by all the strains. In general, there was great variability between strains in their ability to produce 2ME in absence of cysteine, ranging from a few μg/L (27 μg/L, IR01) to a few mg/L (2.5 mg/L, ECA5) in presence of cysteine. However, excess cysteine resulted in a strong increase in the formation of 2ME regardless the strain, with increase factors of five times (IR01) seven times (ECA5), 13 times (IR10) and 30 times (MTF914).

MTHTP production, that was usually unaffected by environmental conditions such as nitrogen or pantothenic acid amounts, underwent a slight increase as a consequence of the use of a high methionine concentration during fermentation with ECA5, IR10 and MTF914.

As expected, excess methionine resulted in a surplus of methionine derivatives (ME, 3MTPAc, 3MTPA and E3MTP) in all strains. Production of E3MTP, ME and 3MTPA was increased by a factor higher than 30 times between fermentation without methionine and with a methionine excess. At the same time, the formation of 3MTPAc increased 90-230 times (IR01, IR10 and MTF914) up to 370 times (ECA5) between the two conditions. In addition, a 2-fold increase in the production of MTHTP during fermentation was found when methionine was added in excess in the medium compared with conditions without this sulfur amino acid.

The production of SMTA, a sulfur compounds that may be synthetized from intermediates of methionine catabolism, was also affected by methionine availability, but to a lesser extent. The production of this compound was increased by between 1.3 and 2.4 times for IR10, MTF914 and ECA5 but up to 28 times for IR01. SMTA was the sole VSCs showing a response to change in methionine and cysteine availability.

Production of ETP and 2MTE did not change significantly, either with excess methionine or excess cysteine.

DISCUSSION

In addition to H 2 S whose formation has been extensively investigated (Spiropoulos et al. 2000;Linderholm et al. 2008;Ugliano et al. 2009;Huang et al. 2017), a wide range of VSCs can be synthetized during fermentation, with even a low level of production negatively impacting wine quality. In this study, we aimed to provide an overview of the production of these molecules during winemaking and to further explore the poorly studied underlying metabolic bases, the knowledge of which is a prerequisite for the design of strategies to control VSC content in wines.

A total of 17 molecules deriving from sulfur, methionine or cysteine metabolism in living organisms were selected on the basis of their frequency of occurrence in wine. Among these molecules, seven were not detected in any of the wines fermented with 22 different yeasts, including EtSH, sulfides (DMS and DES) and disulfides (DMDS and DEDS). This could be explained by evaporation losses, as some of these molecules (i.e. EtSH and DMS) exhibit very low boiling points (around 35 • C), close to fermentation temperature. Another possible explanation is that the fermentation conditions used were not suitable to sustain substantial VSCs formation. In particular, certain An important variability among S. cerevisiae strains in the production of other VSCs included in this study (SMTA, ETA, MTHTP, 2MTE, 2ME, E3MTP, 3MTPAc, ME, ETP and 3MTPA) was showed both qualitatively, in the nature and the profile of synthetized molecules with the formation of 1-6 compounds depending on the strain and quantitatively, in their production amount with increase factors ranging from 1-to 30-fold depending on the compound. These findings complement literature data reporting that the production of light VSCs (DMS, DMDS and DMTS) was highly dependent on the S. cerevisiae strains used during fermentation on Trebbiano grape juice (Patrignani et al. 2016). More generally, substantial differences were shown in the capacity of yeast species/strains to produce VSCs (Buzzini et al. 2005;Tan et al. 2012;[START_REF] Seow | Production of flavour-active methionol from methionine metabolism by yeasts in coconut cream[END_REF]Moreira et al. 2005). Finally, the range of VSCs production detected in this work during S. cerevisiae fermentation on chemically defined media was similar to that from fermentations on natural grape juice (Ugliano et al. 2009;Moreira et al. 2002Moreira et al. , 2005)), in the direction of formation of these molecules directly related to the intrinsic metabolism of yeasts.

The metabolic pathways described as being involved in VSCs formation [START_REF] Perp Ète | Methionine catabolism in saccharomyces cerevisiae[END_REF]Landaud, Helinck and Bonnarme 2008) are related to the sulfur assimilation pathway and to the catabolism of the two sulfur-containing amino acids methionine and cysteine. The main inorganic sulfur source for yeast during winemaking is sulphate, found in grape juice in a range of concentrations extending between 150 and 400 mg/L or even higher (Leske et al. 1997). Furthermore, adding SO 2 at contents no higher than 150 mg/L in red wines and 200 mg/L in white wines (EU regulation No. 606/2009), is a common practice in winemaking because this compound primarily acts as a microbiological protection agent, preventing contamination by spoilage microorganisms (yeasts, fungi and bacteria). In addition, this molecule shows anti-oxidant activity, which is essential for the chemical stabilization of harvest compounds. We previously observed that free SO 2 concentration has a limited impact on VSCs production: among the 17 analyzed VSCs, only a slight increase in the formation of 3MTPAc, 3MPTA and E3MTP was evidenced. Conversely, SO 2 content strongly influences H 2 S production during S. cerevisiae fermentation (Jiranek, Langridge and Henschke 1996). Thus excess sulfur in the cells, which increases with sulfite extracellular content, is likely directly excreted as H 2 S, without triggering changes in the formation of sulfur amino acids and their volatile derivatives.

In this work, the contribution of methionine and cysteine to VSCs production by four S. cerevisiae strains was elucidated, either through increasing their concentration or omitting them in the fermentation medium. The role of YAN and pantothenic acid, a vitamin involved in the de novo synthesis of sulfur amino acids (Slaughter and McKernan 1988) was also investigated. Overall, the formation of sulfur-containing metabolites was affected by these changes, depending on the metabolic processes involved in their synthesis (Fig. 6).

It has been previously reported that, during natural must fermentation, 3MTPAc, 3MTPA and ME were overproduced in response to methionine supplementation (Moreira et al. 2002).

In the present study, when provided in excess in a synthetic medium (20-fold increase) during MTF914, IR10, IR01 and ECA5 strains fermentation, at least 65% of initial methionine was recovered as ME, 3MTPAc, 3MTPA and E3MTP. These quantitative data highlight that methionine is the direct precursor of this group of VSCs, through the Ehrlich pathway via α-keto-ϒmethylthio butyric acid and methional intermediates (Landaud, Helinck and Bonnarme 2008;[START_REF] Perpète | Methionine catabolism in saccharomyces cerevisiae[END_REF]. Interestingly, the absence of methionine in the medium did not prevent the formation at a basal level of methional derivatives, likely produced from the intracellular pool of de novo synthetized methionine to fulfill anabolic requirements. The changes in the production of ME, 3MTPAc, 3MTPA and E3MTP according to the availability of YAN and pantothenic acid support a formation of these molecules mainly through the Ehrlich pathway. First, for the four strains, the production of ME, and to a lesser extent of MTPA and E3MTP reached a maximum level around 200-300 mg/L YAN while the formation of 3MTPAc continuously increased with nitrogen concentration. This behavior is similar to the pattern of variation reported for fusel alcohols, their acetate esters, fusel acids and their ethyl ester derivatives deriving from the metabolism of branched and aromatic amino acids by the Ehrlich pathway (Hazelwood et al. 2008;Rollero et al. 2015;Dzialo et al. 2017). The key metabolic intermediates for the synthesis of these main fermentative aromas are α-ketoacids, shared precursors with the de novo synthesis of amino acids. Thus, the modulation of the production of fusel alcohols and acids has been related to the balance between CCM formation of α-ketoacids and their use for amino acids synthesis, both regulated by YAN availability but with different thresholds and magnitude (Rollero et al. 2017). Furthermore, nitrogen availability-linked expression of genes ATF1/2 involved in the acetylation of fusel alcohols in acetate esters, has to be considered to explain the increase in acetate esters together with YAN content (Verstrepen et al. 2003;Seguinot et al. 2018). Finally, differences between the results presented here and those reported in literature (Moreira et al. 2011;Ugliano et al. 2009) regarding the impact of YAN on the formation of methional-deriving VSCs can be explained by the use of different ranges of nitrogen concentrations.

Just as ME is formed through the Ehrlich pathway from methionine, it is suggested that 2ME is produced in the same way from cysteine (Dzialo et al. 2017). In our experiments, 2ME production behaved as other fusel alcohols deriving from the metabolism of branched chain amino acids (Rollero et al. 2015;Dzialo et al. 2017), reaching maximum production between 200-300 mg N/L. Also 2ME production was increased more than 10-fold in media with surplus cysteine, suggesting an origin from the Ehrlich pathway with cysteine as precursor. Furthermore, a deficiency in pantothenic acid (under 50 μg/L) drastically inhibited the formation of methional derivatives; this was likely due to a limitation of the capacity of yeast to de novo synthetize methionine from carbon central metabolism precursors and H 2 S, because pantothenic acid is essential to the formation of methionine precursors (Sandoval et al. 2014). In agreement with this hypothesis, an enhanced formation of H 2 S has been observed as a consequence of pantothenic acid limitation (Wang, Bohlscheid and Edwards 2003;Edwars and Bohlscheid 2007;Bohlscheid et al. 2011).

Regarding thioesters, SMTA and ETA are directly synthetized through acetylation of MeSH and EtSH, respectively (Rauhut 2017). EtSH results from the chemical or enzymatic combination of H 2 S with ethanol or acetaldehyde (Rauhut and K ürbel 1994). In addition to a chemical formation from H 2 S (Kinzurik et al. 2020), different potential metabolic pathways have been proposed to explain the formation of MeSH during wine fermentation, including demethiolation of methionine or its metabolic precursor α-keto-4-methylthiobutanoic acid [START_REF] Arfi | Evidence for distinct L-methionine catabolic pathways in the yeast geotrichum candidum and the bacterium brevibacterium linens[END_REF]Jia et al. 2016;Deed et al. 2019). Furthermore, chemical interconversions have been established between these highly reactive sulfur-containing molecules (Kinzurik et al. 2020). The formation of both SMTA and ETA were increased in response to excess cysteine, confirming the role of H 2 S as precursor of the formation of these thioesters as cysteine catabolism mainly results in H 2 S liberation. Conversely, only the formation of SMTA was modulated by methionine availability. This indicates that a part of excess methionine was converted to MeSH, further acetylated to SMTA, thus invalidating any potential biological or chemical conversion of SMTA into ETA. Interestingly, a pronounced decrease in the formation of thioesters was found when YAN initial concentration was over 400 mg/L. This observation can be explained by a favored use of methionine and cysteine to fulfil anabolic requirements and promote yeast growth in presence of high YAN concentrations; this is achieved at the expense of methionine and cysteine catabolism, and as a consequence, provokes a decrease in MeSH and EtSH formation and of their further acetylation to SMTA and ETA.

A positive correlation between pantothenic acid availability and thioesters production was expected, because this vitamin is the precursor of Acetyl-CoA, both being involved in the formation of the precursors cysteine and methionine and in the acetylation of MeSH and EtSH. Surprisingly, SMTA and ETA production was diminished in presence of high concentrations of pantothenic acid in the medium. It has been reported that the formation of H 2 S was strongly decreased after correcting pantothenic acid deficiency (Edwards and Bohlscheid 2007). Thus, a possible explanation for the impact of pantothenic acid on thioesters formation is a limitation of MeSH and EtSH synthesis related to the decrease of overall H 2 S production abolishing the vitamin limitation.

MTHTP has been measured in reduced wines at concentrations up to 100 μg/L, imparting unpleasant odors to wines (Moreira et al. 2005). Little is known on the metabolic pathway responsible for the formation of this compound in yeasts. Both cysteine-conjugated 4-mercapto-4-methylpentan-2-one and methionine have been named as potential precursors of MTHTP (Howell et al. 2005;Nawrath et al. 2010). The formation of this compound was mostly stimulated by the availability of pantothenic acid and methionine in the medium, supporting the hypothesis of its formation from methionine. Finally, no significant impact of YAN, methionine, cysteine or pantothenic acid availability on the formation of 2MTE and ETP was found.

Complementary results

Study of combinative effect of SO2, sugars and pH in VSC production by ECA5, IR10 and MTF914 strains. 15) but limiting the number of fermentations to be achieved. The modeling of the response surfaces associated with this experimental design allows us to assess the single effect and quadratic effect of these parameters and their interactions. A substantial impact of SO2 on the production of H2S has been reported (De-Guidi et al., 2021) and a significant impact of the SO2, increasing the production of different VSCs, was expected.

However, no incidence of SO2 availability was observed, regardless the analyzed VSC and the yeast strain used to achieve the fermentation (Figure 15). Furthermore, neither pH or sugars have an impact on VSCs profile. This could be explained by a massive conversion of sulfite to sulfide directly released as gas H2S. A more comprehensive study will be done in chapter 4, in order to determine the possible impact of SO2 in H2S production. 

Volatile sulfur compounds profiles in non-saccharomyces strains.

The capacities of 18 non-saccharomyces strains to produce volatile sulfur compounds was investigated, using the same experimental conditions as previously described (Table 15). In general, lower production of VSCs were observed during fermentations achieved with nonsaccharomyces compared with S. cerevisiae strains. However, the inability of some non-Saccharomyces species to complete the fermentation has to be taken in account for the comparative analysis of sulfur compounds profiles. The only ME was produced by all strains with large variability of production between strains. An additional formation of 3MTPAc was found by strains displaying the highest ME production, suggesting the involvement of alcoholo-acetly transferases in the acetylation of ME in non-saccharomyces strains. Pichia strains (P. kudriavzevii and P. kluyvery) produced the highest concentration of sulfur compounds. Chapter 2

Strain

New insights on the origin of volatile sulfur compounds during wine fermentation and their evolution during aging

Thiols, thioethers, thioesters and (di)sulphides are families included in volatile sulfur molecules. Normally, these molecules are formed during fermentation through yeast metabolism but as a result of their high reactivity associated to the sulfur atom, they can be chemically interconverted or evolve into other compounds during fermentation and ageing.

The principal objective of this chapter was to figure out possible interconnection and new potential pathways affecting sulfur compounds during fermentation and post-bottling, and to classify in enzymatic reactions, carried out by the cell, and chemical reactions produced spontaneously.

In particular, LMD17 S. cerevisiae strains was grown on synthetic must until stationary phase where the fermentation broth was divided into two fractions, one with cells and in the other cells were removed by centrifugation. In these two conditions 8 different sulfur compounds, were supplemented. Captured compound will be incorporated into the yeast metabolism and transformed enzymatically in subsequent products, in the other side, chemical reaction will create new compounds in fermentation without cells.

Second part of the chapter will be focused on the chemical evolution of sulfur compounds profiles after fermentation by an accelerated ageing procedure applied to 3 different types of wine. All of these results will provide us a comprehensive overview of the origin of sulfurcontaining molecules and their evolution post-bottling.

Introduction

The aroma or bouquet of wine is a major determinant of its quality guiding the acceptance or rejection of products by consumers. This characteristic is the result of the tune balance between several thousands of volatile compounds originated from grapes (varietal aromas), produced during fermentation (fermentative aromas) or during maturation of wine (aging aromas). The origin of some families of odorants, including ethyl esters, acetate esters or terpenes has been widely studied as they positively contribute to diversity, uniqueness and freshness of wine. However, other volatile molecules with a negative impact on the sensory properties of products are also produced or released during winemaking. In particular, reductive off-odors, a critical defect of wines, have been reported as mostly due to the presence of volatile sulfur compounds (VSCs) produced by yeasts during the fermentation.

These molecules, which can account up to 10% of the odorous molecules in wine [START_REF] Maga | The role of sulfur compounds in food flavor part III: Thiols[END_REF], have in general a low perception threshold (in the ng/L range) and are associated with unpleasant notes of rotten eggs, cabbage, onion, garlic or rubber, unwanted in wines.

Their accumulation, even at low concentration, can result in the wine spoilage and causes important economic losses for the winemaker.

Sulfur-containing molecules responsible for the reductive sensory character consist of hydrogen sulfide and compounds belonging to the chemical families of thiols -with the exception of varietal thiols imparting to the wine notes of grapefruit, passion fruit and boxwood-, thioesters, sulfides -excluding DMS that can positively influence the sensory properties of wines depending on its content (Smith et al. 2015)-and disulfides. Various factors have been identified as modulating the formation of VSCs at all the stages of the winemaking process, related to (i) viticultural practices, including the use of sulfur-containing pesticides, (ii) the composition of the grape juice including the availability in nutrients and pantothenic acid or the concentration in inorganic sulfur, (iii) the microbial community present in the berries or achieving the wine fermentation and (iv) the post-fermentation technological operations (copper addition,…).

Contrary to H2S

, for which the mechanisms involved in the formation have been welldocumented, many questions regarding the origin of other VSCs have yet to be addressed. Indeed, both chemical and enzymatic reactions have to be regarded to understand the dynamics of VSCs concentration throughout fermentation and during aging. First, the catabolism of sulfur amino acids (methionine and cysteine) and their derivative homocysteine through the Ehrlich pathway is at the core of the formation of many VSCs by yeasts. However, the metabolic origin of other compounds remains poorly understood as well as the possibility of yeast-mediated conversion between VSCs. Then, due to the presence of a sulfur atom, VSCs are chemically very active nucleophilic molecules, that can react each other, particularly through the formation of disulfide bonds (Roland et al., 2016), or with other molecules in the medium, as metal cations or polyphenols (Franco-Luesma andFerreira 2014, 2016).

Consequently, the concentrations of VSCs can vary throughout the fermentation and aging processes because of chemical conversions. Recently, a picture of the chemical and biological pathways for the formation of 11 light VSCs (boiling point below 90°C) deriving from ethanethiol (EtSH) and methanethiol (MeSH) has been proposed, highlighting the complexity of the connections between these molecules (Kinzurik et al., 2020).

The aim of this work was to provide a comprehensive overview of the origin of sulfurcontaining compounds and their evolution during fermentation and aging. In particular, the nature of the formation of 7 light and 11 heavy VSCs, chemical or biological, was addressed and the possible connections between molecules was investigated during the different steps of winemaking. 

Materials and methods

Chemical and standards

VSC

Strain and culture conditions

The S. cerevisiae commercial strain LMD17 (IR10) provided by Lallemand SA (Montreal, Canada), maintained on YEPD agar plates (2% glucose, 1% yeast extract, 2% peptone, and 2% agar) at 4 °C. was used in this work. Precultures were obtained inoculating 200 mL YEPD in 1L-erlenmeyer flask with a single colony. After incubation for 24 h at 28 ºC with 190 rpm agitation, the cell suspension was centrifuged (5 min, 4500 rpm, 4 ºC) and washed 2-times with sterile physiological water (9 g/L NaCl) and suspended in 50 mL physiological water.

Fermentations and sampling procedure

Fermentations were carried out in synthetic must that mimics a natural grape juice [START_REF] Bely | Automatic detection of assimilable nitrogen deficiencies during alcoholic fermentation in oenological conditions[END_REF], with some minor modifications: the carbon source was provided at a total concentration of 210 g/L of a 1:1 mixture of glucose and fructose, a final concentration of 200 mg/L of yeast assimilable nitrogen (YAN) as a mixture of ammonium and amino acids was used and the anaerobic factors were replaced by β-phytosterols at a final concentration of 2 mg/L.

A total volume of 12 L of SM in a glass container was inoculated at 10 6 cells/mL and incubated at 22 ºC with agitation (180 rpm) for 50 h, to obtain cells in stationary phase of wine fermentation. Then, the fermentation broth was divided in two equal aliquots. The first part was further used unchanged (condition in presence of cells) while cells were removed by centrifugation (4500 rpm, 10 min) from the second fraction (condition without cells). For each condition (with or without cells), 36 sub-fractions of 95 mL were then transferred to a 100 ml vial sealed with a rubber cap equipped with a needle to allow the CO2 release. The subfractions were supplemented with 400 µM of a specific VSC (SMTA, ETA, MAL, ME, 3MTPA, 2ME, 3MP and 2MTE) and control experiment, without any VSC addition, was performed.

Each condition was carried out in triplicate. Samples were collected 24 h after spiking the media with VSCs and at the end of fermentation, when the rate of CO2 production was lower than 0.01 g/L/h. The figure 1 Then, 95 mL aliquots of each fractions were transferred in 100 mL sealed vials maintaining anaerobiosis and supplemented with one of the 8 studied VSCs: SMTA, ETA, MAL, ME, 3MTPA, 2ME, 3MP and 2MTE. A control without addition was carried out. Each of the 18 incubation conditions was performed in triplicate. Samples were analysed after 24 and 234 (corresponding at the end of fermentation for assays in presence of cells) hours of incubation.

Light VSCs determination

The determination of light VSCs and the calibration procedure (EtSH, DMS, DES, SMTA, DMDS, ETA and DEDS) were carried out as previously described (Jimenez et al., 2021). Briefly, 25 µL of internal standard (TP) was added 7 mL of synthetic wine or standard solutions in a 15 mL screw cap headspace vial. Analytes of the liquid samples were transferred in a gas phase using a Dynamic Headspace Systeme (DHS) module equipped with a Thermal Desorption Unit (TDU) tube packed with Tenax TA (020810-005-00). The VSCs were quantitated using a 7890 GC system (Agilent), fitted with a 30 m × 0.25 mm x 0.1 µm ZB WAX (Phenomenex, Torrance, CA), and coupled with a 5975 single quadrupole mass spectrometry detector (Agilent). Maestro Software Control (Gerstel, Mülheim an der Ruhr, Germany) and Chemstation Software (Agilent Technologies, Santa Clara, California, USA) were used to control instrument and analyze the data respectively. For quantification, the mass spectra were recorded in selected ion monitoring (SIM) using positive ion electron impact at 70 eV. The ion in bold for each compound was used for quantification and the other ions were used as qualifiers. Standard curves were obtained by plotting the sulfur response ratio of the sulfur compound and the internal standard against the concentration ratio.

Heavy VSCs detemination

Heavier sulfur compounds (2ME, MTHTP, 2MTE, E3MTP, 3MTPAc, 3MP, ME, ETP, 4MTB and 3MTPA) were extracted by a double liquid-liquid extraction (DLLE), as previously detailed (Jimenez et al., 2021). Samples were analyzed with a Trace 1300 GC system gas chromatograph (ThermoFisher Scientific, Waltham, MA) equipped with a Thermo Scientific Triplus RSH Sampler used in liquid mode, and coupled to a Thermo Scientific ISQ 7000 single quadrupole mass spectrometry detector (Thermo Scientific). The separation of the analytes was performed using a 30 m × 0.25 mm x 0.25 µm DB-FFAP, with constant flow rate 1.0 ml/min of helium as carrier gas. For quantification, mass spectra were recorded in Selected Ion Monitoring (SIM) mode with positive ion electron impact at 70 eV.

Statistical measures.

Significal differences between samples were determined using one-way ANOVA coupled with pairwise t test (p < 0.05). The statistical software used was RStudio (Version 1.4.1106)

Results and discussion

Thiols, thioethers, thioesters and disulphides are the main VSCs imparting reductive off-odors to wines. These molecules are formed during fermentation through yeast metabolism, but as a result of their high reactivity, they can also be chemically interconverted or formed from precursors during fermentation and ageing. To further investigate the VSCs origin during winemaking, the S. cerevisiae strain LMD17 (IR10) was grown on synthetic must during 50 h, to obtain cells in stationary phase of alcoholic fermentation. The fermentation broth was then divided into two fractions, the cells being preserved in the first and removed by centrifugation in the second. Each batch was then divided into 9 aliquots, 8 of which were supplemented with 400 µM of a selected volatile compound (and the last one used as a control). The VSCs profiles were measured after 24 h of incubation and at the end of fermentation in presence of yeast and with a similar incubation time for cell-free experiments (Figure 1). All concentrations of VSCs are summarized in supplementary file 1.

Elucidating the origin of VSCs in absence of supplementation

To assess the relative contribution of chemical and enzymatic ways, the formation of VSCs without any supplementation was compared in presence or absence of cells, after incubation times of 24 h and 234 h, which corresponded to the time required for sugar depletion during experiments with yeasts (Control in figure 1, figure 2). The concentration of 8 of the 9 detected compounds (ME, 3MTPAc, 3MTPA, ETP, 2ME, 3MP, 2MTE, SMTA) was substantially increased in presence of cells. Conversely, their formation was not significantly increased during experiments without cells. These observations revealed that the metabolism of yeast is largely involved in the production of these VSCs during wine fermentation, extending the findings from Deed et al. (2019) and Kinzurik et al. (2020) to a wider range of VSCs.

The formation of thioesters according to the experimental conditions conformed to different patterns. First, the concentration of ETA remained close to the initial level -corresponding to the production during the growth phase-in cell-free conditions but was drastically decreased in presence of cells. These variations show that ETA is produced during the first stage of wine fermentation, likely through enzymatic conversion of EtSH or H2S as reported (Kinzurik et al., 2020) and is not further chemically converted but consumed by yeasts and used as precursor for the biosynthesis of other VSCs during the second part of fermentation. SMTA also displayed a specific production profile, with an increase in concentration after 24 h of incubation in the presence of cells (from 5.4 µg/L to 26.4 µg/l), and a subsequent drop (13.7

µg/L). The same pattern was observed in absence of cells but to a lesser extent, with a production in 24 h incubation of 9.2 µg/L instead of 26.4 µg/L. These changes are in line with a transient accumulation of SMTA at the beginning of the fermentation, mainly due to yeast metabolism with a minor contribution of chemical reactions, followed by a chemical or biological degradation of this compound.

Finally, a substantial production of 2ME was observed in presence of cells, consistent with a yeast-mediated synthesis from cysteine through the Ehrlich pathway (Vermeulen et al., 2006;Dzialo et al., 2017). Furthermore, a progressive slow decrease in its concentration was found during incubation of a cell-free sample, suggesting a chemical conversion of this compound. 

Unravelling the chemical and biological connection between VSCs

It is noteworthy that under control condition, i.e. without VSC addition, some compounds were never detected including EtSH, DMS, DMDS, DEDS and 4MTB. Supplementing the medium with a high concentration of sulfur-containing molecules should make it possible to further investigate the origin and pattern of formation of these latter molecules during wine fermentation, and more broadly, to unravel the possible chemical or metabolic connections between VSCs. With this aim, 400 µM thioesters (SMTA, ETA) or compounds deriving from the catabolism of methionine (MAL, ME, 3MTPA), homocysteine (3MP) and cysteine (2ME, 2MTE) were added at the end of the growth phase and the changes in the profile of VSCs formation after incubation in presence or absence of cells were then analyzed (experimental design summarized Figure 1). An increased concentration of a compound during cell-free incubation with a selected VSC compared with the control conditions without addition indicates a chemical connection between the two molecules. Likewise, an increase in the content of a molecule following VSC addition relative to control conditions and higher in the presence than in the absence of cells reflects that the added VSCs is used as a precursor for the biological formation of this compound.

Addition of compounds deriving from methionine catabolism

The analysis of the changes in the profile of VSCs formation resulting from a MAL addition first showed that this aldehyde was largely chemically reduced in ME (26.3 mg/l) or oxidized in 3MTPA (3.3 mg/l) (Figure 3A, purple). However, it is noteworthy that MAL is usually never detected in the medium during fermentation (Etschmann et al., 2008;Deed et al., 2019;this paper), as this transient metabolic intermediate produced intracellularly is highly reactive.

Therefore, an extracellular chemical formation of ME and 3MTPA from MAL produced by yeast and further excreted in the medium during fermentation remains an unreliable hypothesis.

The comparison of the VSCs profiles obtained after incubation in absence or presence of cells revealed a substantial biological conversion of MAL in ME, 3MTPA and 3MTPAc, with production of 36 mg/L, 5.9 mg/L and 147 µg/L at the end of yeast fermentation supplemented with 400 µM MAL, respectively. In addition, the major change triggered by ME supplementation compared to control conditions (Figure 3A, orange versus blue) was a 12-fold increase in the formation of 3MTPAc in presence of cells. Likewise, the observed 69-fold increase in the production of E3MTP in presence of cells was the sole impact of spiking the medium with 3MTPA on the formation of VSCs (Figure 2A, green). These observations, emphasizing the leading role of yeast metabolism in the production of ME, 3MTPA, 3MTPAc and E3MTP were expected as it has been widely reported that MAL is the aldehyde precursor for the synthesis of ME and 3MTPA through the Ehrlich pathway (Hazelwood et al. 2008;Deed et al., 2019) and their further derivatives 3MTPAc and E3MTP, respectively. Interestingly, incubating the cells in presence of 400 µM 3MTPA was the only experimental condition affecting the formation of E3MTP, with a slight increase (9.3 µM) compared to the amount of added 3MTPA (data compared in µM to reflect the stoichiometry of conversions). The increase in 3MTPA production from 2.7 µM (control conditions) to 13 or 49 µM, as a consequence of MAL or ME addition respectively, had no impact on E3MTP production. This result points out the low efficiency of esterification of 3MTPA with ethanol. Along the same lines, the formation of 3MTPAc (2.5 µM) represented only a minor fraction of its direct precursor ME provided in excess (400 µM). This finding is consistent with previous data (Etschmann et al., 2008) reporting a low capacity of S. cerevisiae to produce 3MTPAc even in presence of ME excess, mainly due to a limiting activity of the enzyme involved in the acetylation of ME. Furthermore, these data revealed that overall, the reduction of MAL to ME is favored at the expense of its oxidation in 3MTPA, in agreement with literature data [START_REF] Pripis-Nicolau | Formation of flavor components by the reaction of amino acid and carbonyl compounds in mild conditions[END_REF]. These findings are consistent with the previously described absence or low detection of 3MTPAc in beer or wine, respectively (Landaud et al., 2008). This is likely related to the redox status of the yeast during fermentation, which has to regenerate through its metabolism the excess of reduced cofactors produced during growth and energy production (van Dijken and Scheffers, 1986).

Another unforeseen finding regarding the connection between the methionine derivatives was the increase in 3MTPA and MAL formation after addition of 400 µM ME, significantly higher in presence of cells than in cell-free conditions and observed already after 24 h of incubation. Five alcohol dehydrogenases (Adhp1-3,5-6) have been reported as potentially involved in the conversion of MAL in ME, and more generally, a total of 16 reductases have been identified as catalyzing the interconversions between aldehydes and alcohols in S.

cerevisiae (Hazelwood et al. 2008). Furthermore, 3 aldehyde dehydrogenases (Aldp4-6) are involved in the oxidation of MAL in 3MTPA. Thus, when provided in excess, ME was likely oxidized in MAL by reversible alcohol dehydrogenases, which is further oxidized in 3MTPA.

Conversely, 3MTPA cannot be reduced to ME by biological way, as no change in ME formation was observed when the medium was supplemented with 3MTPA.

More surprising variations in VSCs profile were observed in response to the addition of MAL, with first a transient accumulation of EtSH in presence of cells, detected after 24 h of incubation but which was entirely dissipated at the end of fermentation (Figure 3B). In general, the presence of EtSH was only rarely observed in all the samples of the experimental design and MeSH was never detected under any conditions in our experiments. This is most likely due to their low boiling points (35°C and 6 ºC, respectively) and their high chemical reactivity imparted to the free function -SH in their structure. Likewise, DMDS concentrations of 16.1 and 7.2 µg/l were quantified after 24 h of incubation in presence or absence of cells, respectively, while this compound was not recovered in samples from control conditions.

Lower contents (4.8 µg/l) were measured at the end of fermentation with cells. Finally, adding MAL in presence of yeasts resulted in an increase in the formation of thioesters compared to non-supplemented conditions, in particular of SMTA with concentrations varying from 26.4 to 40.3 µg/L and from 13.7 to 29.0 µg/L after 24 h incubation and at the end of fermentation, respectively. The loss of the VSCs during the incubation period could be explained, either by a low boiling point or by a CO2 stripping mechanism, since losses were higher when the fermentative activity was maintained.

Overall, these results suggest a biologically-mediated conversion of MAL in DMDS, EtSH and thioesters, combined with the contribution of chemical reactions. In yeasts, MeSH has been described as a key centralized hub, involved in particular in the formation of EtSH, thioesters and disulfides through chemical and/or biological routes (Arfi et al., 2006;Kinzurik et al., 2015;Kinzurik et al., 2020). During winemaking, MeSH can be first chemically produced, by Strecker degradation of methionine [START_REF] Isogai | Screening and identification of precursor compounds of dimethyl trisulfide (DMTS) in japanese sake[END_REF] or by the retro-Michael reaction from methional [START_REF] Pripis-Nicolau | Formation of flavor components by the reaction of amino acid and carbonyl compounds in mild conditions[END_REF]. This compound is also biologically synthetized via yeast enzymes, in particular by demethiolation of methionine, α-keto-4-methylthiobutanoic acid (KMBA) coming from methionine transamination or MAL (Arfi et al., 2006;[START_REF] Zhang | Regulating ehrlich and demethiolation pathways for alcohols production by the expression of ubiquitin-protein ligase gene HUWE1[END_REF]Deed et al., 2019;Hebert et al., 2013). Two genes, STR3 and CYS3 have been reported as potentially responsible of these conversions in S. cerevisiae (Xu et al., 2018;Yamagata et al., 1993). Consequently, the production of EtSH, DMDS, ETA and SMTA as a result of adding MAL in excess could be explained a transient formation of MeSH from MAL and the further conversion of this compound. In agreement with this proposal, DMDS was the most abundant compound detected spiking the medium with MeSH (Kinzurik et al. 2020).

More unexpectedly, the formation of 3MP was substantially increased as a consequence of 3MTPA spiking, by + 20 µg/L at the end of fermentation regardless the presence of cells. The mechanism responsible for this chemical conversion remains to be elucidated. Lastly, when ME was added in cell-free or cell-containing samples, an additional accumulation of ETP was found in the medium, likely due to a chemical substation of the methyl group of ME by an ethyl group. 

Addition of thioesters

Adding thioesters triggered first a set of chemical reactions consistent with the high chemical reactivity of these molecules due to their intrinsic electrophilicity (Ouellette J., 2015), favoring nucleophilic attacks. Through this chemical reaction, added ETA and SMTA can be transformed into their associated thiols, EtSH and MeSH. In our experiments, incubating cellsfree medium with an excess of ETA resulted in a substantial accumulation of EtSH (607 µg/l) (Figure 4A). However, both these conversions were supported by the detection of DEDS (28.5 µg/L) and DMDS (24.0 µg/L) during free-cells incubations with 400 µM ETA and SMTA, respectively, as DEDS and DMDS have been reported to be formed by oxidation of EtSH and MeSH through dimerization reactions (Kinzurik et al., 2020;Kreitman et al., 2017;Moreira et al., 2009). The concentrations of DEDS and DMDS measured in the experiments with cells were lower than those obtained in the modalities without cells. As an example, the DMDS concentration at the end of fermentation (in presence of yeasts) spiked with SMTA was 12 µg/L while levels of around 24 µg/L were measured during incubation in absence of cells under the same conditions. In the same way, the presence of cells resulted in a 45% decrease in DEDS concentration during experiments supplemented with ETA. These observations can be explained either by a stripping of these molecules due to the production of CO2 by yeasts, by a capacity of yeast to further catabolize these compounds or by a biological use of EtSH and MeSH limiting their chemical oxidation in DEDS and DMDS. Consistent with the last proposal, it has been reported that a large panel of thioesters are produced through yeast metabolism, combining EtSH or MeSH with Acyl-CoA intermediates (Bekker et al., 2018;Helinck et al., 2000;Landaud et al., 2008) The origin of DMS in wine is not yet fully understood. A chemical formation, involving either the breakdown of SMM, the reduction of dimethyl sulfoxide (Bekker et al., 2018) or the methylation of MeSH (Kinzurik et al., 2020), appears as the most likely source of DMS. A yeast-mediated production of this compound from S-methyl methionine (SMM) (Deed et al., 2019) or potentially by methylation of MeSH (Carrion et al., 2017) should also be considered.

Finally, cysteine, cysteine or gluthatione have been reported as DMS precursors (de Mora et al., 1986;Landaud et al., 2008), even if the mechanisms responsible of these yeast-mediated conversion remain unexplained. However, the DMS produced during fermentation is for the or ETA or from the catabolism of their chemically-produced derivatives, through a metabolic route independent from the Ehrlich pathway that remains to be identified.

The production of 2MTE was specifically increased by a factor of 10 compared to control conditions when fermenting yeast cells were incubated in presence of SMTA. Two different pathways have been proposed regarding the microbial formation of 2MTE: the methylation of 2-ME, synthetized from the degradation of cysteine by the Ehrlich pathway (Dzialo et al., 2017) and the reduction of 2-methylthioacetaldehyde, formed from 5-methylthioadenosine through the methionine salvage route (North et al., 2017;Sekowska et al., 2019). Until now, this latter metabolic pathway has been only reported in bacteria (Rhodospirillum rubrum and Rhodopseudomonas palustris), and there is no experimental verification to support its operation in yeast. However, our results demonstrated a yeast-mediated conversion of SMTA to 2MTE that can be explained by a chemical or biological isomerisation of SMTA to 2methylthioacetaldehyde, further enzymatically reduced in 2MTE. This biological reduction of SMTA extends the knowledge on the metabolic network involved in yeast production of 2MTE. No variation in SMTA formation was founded when the incubation medium was supplemented with 2MTE, in agreement with a one-directional conversion of SMTA to 2MTE.

Finally, a huge increase in the formation of ETP was found incubating the cells in presence of ETA (9333 µg/L) compared to control conditions without addition (27 µg/L), which was accompanied by a larger production of 3MP (104 µg/L with ETA spiking compared to 59 µg/L without spiking). 

Addition of compounds deriving from homocysteine and cysteine catabolism

Overall, the supplementation with metabolites from the catabolism of homocysteine or cysteine through the Ehrlich pathaway (3MP, 2ME and 2MTE) had a limited impact on both the chemical and biological formation of other VSCs. In particular, adding 400 µM 3MP during fermentations or cell-free incubations did not trigger any significant changes in the VSCs profile (Figure 5) as expected since 3MP has been reported as the end product of the degradation of homocysteine by S. cerevisiae through the Ehrlich pathway, without sharing metabolic intermediates with the other routes involved in the formation of sulfur-containing molecules.

Regarding the experiments supplemented by 2ME and 2MTE, compounds deriving from the catabolism of cysteine through the Ehrlich pathway and further methylation of 2ME to 2MTE, only the formation of 3MP was affected (figure 5). The pattern of variation of the production of 3MP according to the presence or absence of yeast was consistent with its chemical formation from 2MTE and a biological production from 2ME. 

Changes in VSCs profile during ageing

VSCs include some chemically very reactive molecules as mercaptans, which can react with each other or with compounds of the wine (cation metals, oxydized polyphenols,…) or through photochemical and thermal reactions to form non-volatile complexes (Kreitman et al., 2016;Franco-Luesma et Ferreira, 2014;Vela et al., 2018;Ugliano et al., 2012).

Consequently, the VSCs profile of wines can evolve during their storage. To investigate these changes in the VSCs concentrations, an accelerated ageing procedure was applied to 3 different types of wines: (i) a synthetic wine produced by growing S. cerevisiae on SM200; (ii) a synthetic wine obtained by growing S. cerevisiae on synthetic medium containing an equimolar mixture of cysteine and methionine as sole nitrogen source (Cys-Met wine), to enrich the wine with VSCs and better analyze the evolution throughout the ageing process;

(iii) a Viognier wine, to assess the contribution of interactions between VSCs and varietal compounds of wines. The wine ageing procedure, consisting in incubating the wines in darkness under anoxic conditions for 9 weeks at 50 °C has been previously developed to investigate the modifications during wine storage of the profile of VSCs (Vela et al., 2017) or fermentative and varietal volatile carbon compounds (Oliveira and Ferreira, 2019).

Experiments were carried out in triplicate and the concentrations of VSCs were measured initially and after 3, 6 and 11 weeks of ageing.

Overall, important changes in the VSCs content were found during the wine storage, as the concentration of only 3 out of the 14 molecules detected, 2MTE, 4MTB and ETP remained unchanged over time for the three wines. This observation is in line with a previous study (Fedrizzi et al., 2011), reporting stable concentrations of 2MTE and 4MTB during Chardonnay aging under anoxic conditions, while these compounds were totally oxidised during wine storage in presence of air. These findings are supported by the absence of chemical connection between 2MTE, 4MTB and ETP produced at very low levels during fermentation and the other VSCs, shown as a result of spiking experiments.

In the literature, contradictory data have been reported regarding the evolution of SMTA during wine storage, which could be related to differences in the grape variety or the aging procedure (Fedrizzi et al., 2011;Ugliano et al., 2012;Ye et al., 2016;Cordente et al., 2021).

Applying a 11-weeks accelerated aging procedure resulted in a progressive decrease in SMTA but also in ETA concentration of both synthetic and natural wines (Figure 6). Furthermore, a substantial decrease in thioester content was found during storage of wines enriched in VSCs, from 332 to 175 µg/L and from 131 to 72 µg/L for ETA and SMTA, respectively. Furthermore, under this last condition, EtSH, initially present at a content of 22.5 µg/L, was totally removed after 6 weeks of storage at 50°C. These changes could be explained by a chemical conversion of SMTA and ETA in their associated thiols, MeSH and EtSH, as previously discussed (3.2.2.)

and reported (Rauhut et al., 1997). The absence of detection of MeSH and EtSH in wine during wine storage could be due either to a further combination of these compounds with cation metals (copper, zinc, iron) to form stable complexes (Kreitman et al., 2016;Franco-Luesma and Ferreira, 2014) or to their dimerization [START_REF] Bentley | Environmental VOSCs--formation and degradation of dimethyl sulfide, methanethiol and related materials[END_REF]. This model of evolution is supported by the observed increase in the DMDS content of the two synthetic wines (with and without VSCs enrichment) during the accelerated aging process, from 0 to 2.4 µg/L.

DMS was produced throughout the storage of Viognier wine, up to 12 µg/L, but not during the aging of synthetic wine. Furthermore, the profile of DMS concentration during the storage of a synthetic wine enriched with VCSs revealed a progressive decrease until exhaustion but no formation of this compound. An increase in DMS during natural wine aging has been widely reported in literature (Fedrizzi et al., 2007;Fedrizzi et al., 2011;Ugliano et al., 2012;Ye et al., 2016). A chemical mechanism involving a slow hydrolysis of S-methylmethionine (SMM) from grapes has been suggested to explain this DMS formation (Segurel et al., 2005;Loscos et al., 2008;Franco-Luesma and Ferreira, 2016). This proposal of a chemical conversion of grape precursor at the origin of DMS is supported by the observations of this work, as the DMS production during aging did not occur when SMM was not provided in the medium (in both synthetic wines).

Modifications in the profile of VSCs with higher boiling point during wine storage were also investigated. First, we observed a fast decrease in the concentration of 2ME until exhaustion in natural and synthetic wine after 3 or 6 weeks of accelerated aging, respectively. This finding reinforces the proposal based on the comparison of VSCs of wines from different vintages of a decreasing tendency of the 2ME content in wines with time (Fedrizzi et al., 2007). The possibility of dimerization of 2ME to bis(hydroxyethyl)disulfite via the formation of disulfide bond, which takes place in a wine medium (Anocibar Beloqui et al., 1995;Silva Ferreira et al., 2003) could be responsible for this evolution. For VSCs-enriched wine, the decrease in 2ME concentration during the first 3 weeks of storage at 50 °C (from 2.8 to 1.2 mg/L) was followed by a slight increase, up to 1.4 mg/L, suggesting that, in this specific condition, in addition to be degraded, 2ME was produced through an independent chemical route: intermediates from the catabolism of methionine and cysteine may accumulate in VSCs-enriched wines, as these amino acids were used as sole nitrogen sources and be further chemically converted in 2ME during aging. The other short carbon chain mercaptan, 3MP, was not detected in Viognier wine, and displayed a similar pattern of evolution than 2ME in synthetic wines, but with lower range of variation.

ME is the only VSCs deriving from Ehrlich degradation of methionine for which the behaviour during aging has been documented in literature. Variable evolutions have been reported, the concentration of ME increasing or decreasing according to the variety of wine and the aging conditions: duration, tanks, presence of SO2, … The decrease of ME was explained by its oxidation to methionol-S-oxide or other unidentified compounds, while an increase was supposed to be related to the degradation of methionine to methional via the Strecker reaction and subsequent reduction (Ye et al., 2016;Fedrizzi et al., 2007;Fedrizzi et al., 2011;Silva Ferreira et al., 2003). The overall increase in ME concentrations observed during the accelerated wine aging carried out in this study supported these proposals as the use of anoxic conditions likely prevented the chemical oxidation of ME. Moreover, larger variations were detected for the Cys-Met wine (+ 22 mg/L) produced using a methionine-enriched medium, compared to synthetic (+ 2.1 mg/L) and natural (+2.3 mg/L) wines, in line with a chemical formation of ME from methionine degradation during wine storage. The 2-fold increase in the concentration of 3MTPA during the storage of synthetic and natural wines also fitted with a contribution of residual methionine as precursor for the chemical formation of VSCs during aging. Finally, changes in the content in E3MTP and 3MTPAc of wine during aging, not investigated until now, were observed with an increase in the E3MTP concentration, likely originating from the slow chemical combination of a small fraction of 3MTPA with ethanol.

Conversely, the concentration of 3MTPAc decreased with aging, which could be explained by the hydrolysis of this compound. Volatile sulfur compounds are known to have a high impact on the organoleptic properties of wines. Some compounds are associated with the reduced character of wines such as H2S, methanethiol, DES, DMDS...and provide wines with the odors of cooked cabbage, onion, garlic, rotten eggs (Mestres et al., 2000). Other compounds have positive contributions as already described for DMS and MTPA, with an increase in the perception of fruitiness (Lytra et al.,2014 ;Pripis-Nicolau et al., 2004). In our conditions, the increase in DMDS, methionol and E3MTP, above their perception threshold could contribute to the reduced character of the wines. Conversely, the increase in DMS and 3MTPA, which contribute to the fruity character of the wines, could counterbalance the impact of the molecules involved in the reduced character. The perception thresholds are very different depending on the molecules, from µg/L to mg/l, so the impact of the different molecules and their interactions must be considered to assess the positive or negative contribution of the evolution of VSCs profile during aging. 

Conclusion

This work offered a comprehensive overview of the origin of VSCs during wine fermentation and their evolution during aging, examining the formation of 18 sulfur-containing molecules.

Yeast takes an important part in these productions, first through the catabolism of sulfur These modifications can be individually beneficial or detrimental to the quality of the wines, and should be considered as a whole with respect to the sensory perception of the wines. 

Chapter 3

A new perspective in the regulation and molecular basis of sulfur compounds formation

The objective of the third part of this thesis project was to provide new knowledge on the molecular basis of the formation of VSCs by S. cerevisiae during wine fermentation and on the regulation by environmental factors of these productions, and more generally of the metabolism of sulfur assimilation by yeast. Two main reasons have driven the setting up of this approach:

-First, understanding the regulatory mechanisms by relevant environmental factors of the synthesis of molecules of which the formation is to be modulated is essential for the design of strategies to conduct the fermentation processes that meet this objective.

-The second possibility to control the formation of target molecules during fermentation is based on strain selection. This requires precise information on the molecular basis (genes involved, regulation,...) underlying these formations.

This work consisted of two parts. In a first approach, we investigated the transcriptomic response of the strain S. cerevisiae LM17 to modifications of fermentation conditions. With this aim, fermentations were conducted using SM200 medium as control and with methionine or cysteine as sole nitrogen source or with a decrease in pantothenic acid concentration.

These factors have been selected on the basis of our previous results (Chapter 1), showing the major impact of these factors on the VSCs profile. The differential gene expression analysis, achieved at two stages of fermentation: 5 g/L of released CO2 (growth phase) and 45 g/L of released CO2 (stationary phase) allowed to unravel how yeast faces these changes by adapting its gene expression pattern. In a second part, a functional analysis of genes involved in the sulfur assimilation pathway and the catabolism of methionine and cysteine was achieved: the VSCs profiles of 9 single-gene deletion mutants during fermentation were

Introduction

Sulfur is one of the core nutrient essential for the biochemical functioning of living organisms, as carbon, nitrogen and oxygen. This element is contained in organosulfur form in 2 amino acids (cysteine and methionine) and 2 vitamins (biotin and thiamine) and is the main actor of the stabilization of the tertiary or quaternary structure of proteins, through the formation of disulfide bonds. It is also present in iron-sulfur proteins, which are involved in key cellular processes as reparation and biosynthesis of DNA, or, at a metabolic level, tricarboxylic acid cycle.

The yeast S. cerevisiae is able to use inorganic sources, sulfate and sulfide, to support the growth, as well as two sulfur amino acids, methionine and cysteine. Inorganic sulfur is embedded in the yeast central metabolism through the sulfate reduction sequence (SRS) or sulfate assimilation pathway (SAP). Once enter the cell through the sulfate transporters Sul1p and Sul2p (Cherest et al. 1997), sulfate anions require be activated to lower their electropotential before their reduction that is an endergonic reaction. Thus, the ATP sulfurylase (coded by MET3) and the APS kinase (coded by MET14) catalyze the two-step phosphorylative adenylation of sulfate to its activiated form, phosphoadenosyl sulfate (PAPS). The reduction of PAPS to sulfite is achieved through a NADPH-dependent dimeric PAPS reductase, encoded by the gene MET16 (Thomas et al., 1990). Consumed or metabolically produced sulfites are then reduced, in combination with the oxidation of three molecules of NADPH, by a sulfite reductase. In S. cerevisiae, this hetero-tetramer enzymatic complex consists of two subunits encoded by the genes MET10 and MET5 (Mountain et al., 1991;Hansen et al., 1994). In a last step, sulfide is incorporated within the carbon chain of O-acetyl homoserine (OAH), produced from homoserine by the L-homoserine-O-acetyltransferase Met2p. The combination of sulfide with OAH to form homocysteine is mediated by a O-acetyl homoserine sulfhydrylase encoded by the gene MET17/MET25 (Sangsoda et al., 1985;Yamagata et al., 1994, Brzywczy et al., 1993). The SRP is the main route responsible of production of sulfide, as the result of an imbalance between its formation and its further use for homocysteine formation (Jiranek et al., 1995). Homocysteine is a key metabolic intermediate for the synthesis of sulfurcontaining amino acids, cysteine and methionine. This precursor can be converted to cysteine via the cystathionine intermediate, through the cystathionine β-synthase Cys4p (Str4p) and the cystathionine-γ-lyase Cys3p (Str1p). The reverse reaction of this transulfuration pathway is catalyzed by the cystathionine γ-synthase Str2p and the cystathionine β-lyase Str3p (Cherest and Kerjan, 1992;Cherest et al., 1993). The de novo synthesis of methionine from homocysteine consists in the methylation of the sulfur atom, using a methyl group from activated 5-methyl tetrahydrofolate (5-MeTHF), by the homocysteine methyltransferase (Met6p) (Thomas and Kerjan, 1997). The SRS is a multi-functional metabolic route, regulated by various well-defined control mechanisms. This pathway is responsive to the intracellular concentration of cysteine, through the involvement of several regulatory elements and transcription factors Met4p, Met28p, Cbt1p, Met30p, Met31p and Met32p (Thomas et al., 1992;Kuras et al., 1996;Blaiseau et al., 1997;Blaiseau et al., 1998, Hansen andJohannesen, 2000), to the availability of amino acids through the regulation of key genes by Gcn4p (Natarajan et al., 2001), and the balance between the intracellular levels of methionine and cysteine mediated by Skp2 (Yoshida et al., 2011).

Many studies reported the presence of volatile sulfur compounds (VSCs), as thiols, thioesters, sulfides, disulfides and methylthiol or ethylthiol derivatives, in yeast-fermented beverages, in particular in wines (Franco-Luesma et Ferreira, 2014, Patrignani et al., 2016, Moreira et al., 2010, Mestres et al., 2002), and the contribution of yeast to these productions is worth considering. Thus, depending on the requirements for protein synthesis, intracellular methionine and cysteine have to be subsequently catabolized. These amino acids and their precursor, homocysteine, may be first used in S. cerevisiae as substrate for the set of enzymes of the Ehrlich pathway, leading to the formation of methionol, 3-methylthiopropionic acid, further esterified in 3-methylthiopropyl acetate and ethyl-3methylthiopropionate respectively, 2-mercaptoethanol and 3-mercaptopropanol (Perpete et al., 2006;Vermeulen et al., 2006;Landaud et al., 2008, Dzialo et al., 2017). Furthermore, a demethiolase activity catalyzing the cleavage of methionine to methanethiol and induced in presence of methionine has also been found in yeast (Arfi et al., 2002;Perpete et al., 2006), but no gene responsible for this activity has yet been identified. Cysteine is, in turn, regarded as an important source of H2S, and different metabolic routes have been proposed to explain this the cleavage of cysteine to sulfide, pyruvate and ammonium as the involvement of Cys4p and Cys3p (Singh et al. 2009;Hopwood et al., 2014), the action of Irc7p, a cysteine desulfhydrase (Santiago and Gardner 2015) or Tum1p, a human orthologue sulfurtransferase (Huang et al., 2016). Finally, a yeast-mediated acetylation of thiols to thioesters has been reported, through a metabolic route analogous to the formation of acetate esters from higher alcohols, possibly involving the Acetyl-CoA transferases Atf1p and Atf2p (Walker and Simpson, 1993;Landaud et al., 2008). However, the enzymatic, molecular and regulatory bases underlying these productions remain overall poorly documented.

As a consequence of the complexity of the metabolic network involved in the formation of VSCs, many fermentation parameters may affect the formation of these molecules during wine fermentation. Yeast assimilable nitrogen (YAN), cysteine, methionine and pantothenic acid content -but not SO2 or sugar concentration or pH-are the factors with the most impact on the formation of VSCs (Jimenez-Lorenzo et al., 2021). During synthetic grape juice fermentation, the production of ethylthioacetate and metabolites associated with methionine catabolism through the Ehrlich pathway showed a maximal production at YAN concentration around 250 mg/L. However, adding DAP during natural grape juice fermentation triggered divergent responses depending on the grape variety (Ugliano et al., 2009;Moreira et al., 2011). Increasing the availability of cysteine results in an increase in sulfide production (Hansen and Johannesen, 2000;Robinson et al., 2014), in the formation of compounds deriving directly from its catabolism (2-mercaptoethanol, 2-methylthioethanol, ethylthioacetate) and more surprisingly of S-methylthioacetate (Jimenez-Lorenzo et al., 2021). By contrast, the response to methionine addition remained focused on the formation of molecules from its catabolism through the Ehrlich pathway. Finally, a deficiency in panthothenic acid resulted in an increased production of sulfide (Edwards and Bohlscheid 2007) and thioesters but a decrease in the production of a but a decrease in the production of methionine-associated Ehrlich derivatives (Jimenez-Lorenzo et al., 2021).

In this context, the main objective of this work was to extent the knowledge on the molecular basis underlying the formation of VSCs by S. cerevisiae during fermentation. The regulation network was first investigated. For this purpose, we took advantage of the differences in the profile of VSCs production between fermentations with or without methionine and cysteine supplementation or pantothenic acid deficiency (Jimenez et al., 2021) and performed a comparative analysis of the gene expression profile of these conditions. This approach also enabled the identification of some key genes involved in the VSCs synthesis. In a second step, a functional analysis of 9 genes taking potentially part to the formation of VSCs was performed to assess their effective contribution.

Material and methods

Yeast strain

The yeast used in all fermentation was the Saccharomyces cerevisiae commercial strain LMD17 (Lallemand). Pre-cultures were prepared by inoculation of a single colony into 5 mL of Yeast Peptone Dextrose (YPD) medium. Strains were growth overnight at 28 ºC with 190 rpm agitation. Tubes were centrifuged (4500 rpm, 5 min, 4ºC) to obtain the pellet which was washed with 15 mL of NaCl solution (9 g/L) in MilliQ® water. Finally, 1x10 6 cells/mL were inoculated in each fermenter. All fermentations were performed in triplicate.

Fermentation media

The synthetic medium used in this work was adapted from that described by Rollero et al., 2015, that Transcriptomic experiments. SM200 composition was modified as follows to figure out the response to methionine and cysteine surplus or pantothenic acid deficiency. The nitrogen source of SM200 was replaced with 250 mg YAN/l only in form of cysteine or methionine (Cys or Met conditions). A slight increment in YAN was adopted because fermentation with only one amino acid as nitrogen source are less efficient in terms of growth. In the third modified medium, the concentration of pantothenic acid was reduced from 1 mg/L in control condition to 10 µg/L (PAD condition).

Functional analysis of genes. Single-gene deletion mutants were grown in SM200 and media enriched with methionine (Met condition) and cysteine (Cysteine condition). In these cases, 250 mg/L of YAN were added in form of ammonium chloride (0.20 g/L) and methionine (2.1 g/L) or in for of ammonium chloride (0.45 g/L) and cysteine (1.15 g/L), respectively.

Fermentations conditions

Transcriptomic experiments. Fermentations were carried out in 1 L fermenters with Muller valves (fermentation locks) in triplicate at 20 ºC under anaerobic conditions with permanent stirring (300 rpm). Fermentation monitoring was based on CO2 release, calculated from automatic measurements every 20 min (Sablayrolles, Barre, & Grenier, 1987). The rate of CO2 production was calculated by second-order sliding-window polynomial fitting over the last 11 measurements in a custom-developed Labview application.

Phenotyping single-gene deletion strain. Fermentations were conducted in 300 mL fermenters with fermentation locks to avoid oxygen enter into the fermenter at 20 ºC with permanent stirring (300 rpm). Fermentation was monitored manually by measuring weight loss correlated to CO2 release. Fermentation was considered complete when the CO2 flow rate was less than 0.01 g/L/h.

Cell population

The number of the cells were determined using an electronic particle counter (Multisizer 3

Coulter Counter, Beckman Coulter) (Allen, 1990). The samples were previously diluted in an electrolyte solution (Isoton, Beckman Coulter to remain in the linear range between 20000 and 80000 cells/mL. The cell aggregates were then removed by sonication with a generator of ultra-sounds (Branson Sonifier, model 250).

Microarray analysis

Gene expression profile was compared between four conditions: SM200, methionine synthetic must, cysteine synthetic must and synthetic must with pantothenate deficiency. For each conditions, 3 independent samples were collected at two different stages of fermentation, normalized according to the production of CO2: 5 and 45 g/L, corresponding to growth and stationary phase of fermentation, respectively. For each sample, a total of 1x10 9

were collected, the cellular suspension was centrifuged (3000 rpm, 2 min, 4ºC) and the cell pellets were washed with DEPC-treated water and directly frozen in a methanol bath at -80ºC. Total RNA was extracted by mechanical lysis with 0.3 mm beads in a solution of Trizol according to the method described by [START_REF] Chomczynski | Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction[END_REF].

RNA was recovered in a solution of 75% ethanol (v/v) by centrifugation (10000 rpm, 5 min, 4ºC) and dried with a Speed-Vac device. Pellets were rehydrated with H2O treated with DEPC and purified with the "RNesay kit" (Qiagen, Hilden, Germany). The RNA concentration was quantified using a NanoDrop. Samples of 100 ng of purified RNA were converted to cDNA and then labelled with the Cy3 fluorochrome using the kit "Low input Quick Amp Labelling onecolor" (Agilent Technologies). Labelled cDNA were then purified using a Qiagen RNeasy minikit (Qiagen, Hilden, Germany). RNA integrity was analyzed with the RNA Nano 6000 Assay Kit on the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, United States). The Gene Expression Hybridization kit (Agilent Technologies) was used for the hybridization. 600 ng of labelled ARN are charged in the microarray chip and incubated overnight in a rotatory oven at 65 ºC during 17 hours. Agilent microarray chips (Agilent Technologies) are used in single color. A slide has 8 hybridization zones whose spot composition corresponds to the 6200 genes of S. cerevisiae, completed by the 39 new genes discovered in Lalvin EC1118®.

Transcriptomic data acquisition and statistical analysis.

Hybridization signals were detected with a GenePix 4000B laser scanner (Axon Instruments).

Array images were acquired and quantified with integrated GenePix Pro 7 software (Molecular devices). Differences in gene expression are evaluated based on the intensity of the fluorescence. Statistical analysis was done with R.4.0.4 software. The limma package (Smith and Speed 2003) was used for normalization between arrays by the quantile method and the PCA analyses were done using the FactoMineR package (Lê, Josse and Husson, 2008).

The differential analysis was performed using the limma package, in which for each gene, a linear model is applied to assess whether the gene is statistically differentially expressed (over-or under-expression). This model takes into account the duplicate probes on each slide.

Two genes were considered significant differently expressed when logFC was at least 1.0 (positive or negative) and p-value was below 0.05.

For a functional analysis of the defined genes, the list of genes was analyzed using the webbased tool GeneCodis (http://genecodis.cnb.csic.es/; adjusted p-value = 0.05). The genes were input into the web-based tool and analyzed the annotations in regard to the biological regulation, comparing the transcriptional response of S. cerevisiae to the use of methionine or cysteine as sole nitrogen source or to a decrease in pantothenic acid concentration.

Fermentations were conducted in triplicate under 4 different conditions, based on a synthetic grape juice SM200 containing 210 g/L sugars and 200 mg N/L, used as control. In the media Cys and Met, the nitrogen source of SM200, consisting in a mixture of ammonium and amino acids representative of natural grape juice, was replaced by 250 mg N/L of cysteine or methionine, respectively. The last modality, PAD, corresponded to the use of a limiting concentration in pantothenic acid, 10 µg/L instead of 1 mg/L in SM200. The variations in the production of central carbon metabolites and VSCs according to the fermentation conditions (supplementary file 1) are consistent with the main features previously reported (Jimenez-Lorenzo et al., 2021). The comparative analysis of mRNA profiles was performed at two sampling times: during the growth phase (production of 5 g/L CO2) when cells are consuming nitrogen sources and during the stationary phase (45 g/L CO2 produced), in absence of growth and nitrogen assimilation.

Global transcriptomic analysis

A principal component analysis (PCA) of the complete dataset based on the expression of 6239 S. cerevisiae genes revealed that 52 % of the variability was explained by the 2 first axis, with a differentiation of individuals according to the sampling time (supplementary file 4). A close clustering of the triplicates was observed for all the samples, except for one biological replicate of Cys condition, which was removed from further analysis to avoid misunderstanding of the results. Regarding the samples collected during the growth phase, with Met and control modalities. Thus, at a first glimpse, the use of cysteine as sole nitrogen source triggered the highest response in gene expression profile at 5 g/L of produced CO2, while for samples collected when 45 g/L of CO2 were released, the deficiency in pantothenic acid had the largest impact.

In agreement with this analysis, the differential analysis (Figure 1) of the PAD condition compared with the control (logFC > 1, p.value < 0.05) showed a total of 318 genes upregulated and 212 genes downregulated (5 g/L of released CO2) and 766 genes upregulated and 618 genes downregulated (45 g/L of released CO2). The use of cysteine as sole nitrogen source also induced important changes in the gene expression profile, with 509 and 148 genes upregulated and 553 and 94 genes downregulated at 5g/L CO2 and 45g/L of released CO2, respectively. The differences in the mRNA profiles between Met and control conditions are smaller, with only 90 genes upregulated and 23 downregulated at 5 g/L of CO2 and 53 upregulated and 62 downregulated genes at 45 g/L CO2 produced.

Furthermore, to identify if sulfur amino acids triggered shared or specific changes in gene expression, the profiles of differentially expressed genes at the two sampling times were compared between Met and Cys conditions. During the growth phase, 60 genes were upregulated and 17 genes downregulated in both Met and Cys conditions, which accounted for approximatively 70% of the genes differentially expressed in presence of methionine compared to the control, but only 7% of the cysteine-regulated genes. This reflected that both sulfur amino acids drove a common transcriptomic response, with in addition a large cysteinespecific response. Surprisingly, during the stationary phase, only 16 genes were differentially regulated in both conditions (8 upregulated and 8 downregulated), consistent with variations in the gene expression profile mediated by the nature of the sulfur amino acid.

Finally, a gene ontology (GO) term enrichment analysis was achieved on both over and under expressed genes lists (Figure 3, supplementary file 6), showing a coordinated pattern of regulation largely focused on metabolism. 

Effect of methionine on gene expression profile

When methionine was used as sole nitrogen source, a large part of over expressed genes compared to the control conditions referred to "transmembrane transport" GO category, including in particular amino acid permeases (DIP5, BAP2, UGA4, PUT4, VBA1, AGP1, GAP1)

and oligopeptides transporters (PTR2, OPT1, OPT2). In particular, the general amino acid permease, GAP1, was one of the most upregulated gene by methionine (Figure 2, 3). It is noteworthy that the expression of the gene coding the methionine transporter, MUP1 (Kosugi et al., 2001), was not affected. The yeast S. cerevisiae is able to use a wide range of nitrogen sources, as ammonium, amino acids, urea, GABA or peptides, to support its growth. Many genes involved in the uptake of nitrogen sources as AGP1, PUT4, GAP1 and OPT1,2 are transcriptionally regulated through the nitrogen catabolite repression (NCR) (Schreve et al.,1998;Wiles et al., 2006;Iraqui et al., 1999;Jauniaux et al., 1990;Jauniaux et al., 1987 ), which prevents the uptake of poor nitrogen sources -methionine, proline, urea,…-in presence of preferred ones-ammonuim, glutamine, asparagine,…-(ter Schure et al., 2000 ;Cooper et al., 1982;Godard et al., 2007). Thus, a different efficiency of NCR regulation may explain the differential expression of transporters genes between Met and SM200 conditions.

Interestingly, 4 of the 7 genes involved in the biosynthesis of arginine (ARG1, ARG5,6, ARG3, ARG8) (Davis, 1986) and the vacuolar basic amino acid transporter VBA1 (Shimazu et al., 2005) were over expressed when methionine was used as sole nitrogen source.

Simultaneously, the four arginine utilisation genes, CAR1-2 involved in its conversion to proline and urea and DUR1-2 responsible for degradation of urea (Cooper, 1982;Coulon et al., 2006), were strongly repressed. This differential expression profile was in line with an orientation of nitrogen metabolism towards the constitution of an arginine intracellular pool during the growth phase of fermentation with methionine as sole nitrogen source.

Transamination of sulfur amino acids requires the transfer of the amino group to αketoglurate, forming glutamate that plays a core role in the redistribution of nitrogen for the de novo synthesis of amino acids. Glutamate is also used as direct precursor of arginine synthesis. Furthermore, arginine is a basic amino acid well-known, contrary to acidic amino acids as glutamate, to be stored in the vacuole during the early stages of growth as a nitrogen reservoir, which is further remobilized when nitrogen becomes scarce (Kitamoto et al., 1988;Crépin et al., 2014;Kawano-Kawada et al., 2018;Cools et al., 2020). The coordinated regulation of the genes related to arginine metabolism triggered by the use of methionine as sole nitrogen source, would be explained by a higher accumulation of intracellular glutamate, subsequently converted in arginine to be stored in vacuole. The strong upregulation of the expression of the gene GDH2 (Miller and Magasanik, 1990), catalyzing the regeneration of αketoglutarate from glutamate, observed under Met fermentation, is consistent with glutamate surplus, which may originate from an imbalance between its formation through methionine transamination and its use for anabolic reactions as methionine poorly support yeast growth (Godard et al., 2007). This would concur with the longer lag phase in Met conditions compared with control, even if total YAN is higher in Met conditions (Supplementary file 2)

During wine fermentation, aldehyde dehydrogenases, catalyzing the oxidation of acetaldehyde to acetate, have been reported to play a central role in the maintain of the intracellular redox balance, in particular regarding the couple NADP/NADPH (Saint-Prix et al., 2004). These enzymes are also part of the pyruvate dehydrogenase by-pass, the sole source of cytosolic acetyl-CoA required for many anabolic processes (Flikweert et al., 1996).

Remarkably, four of the five genes encoding S. cerevisiae aldehyde dehydrogenases ALD2-4,6, were overexpressed in presence of high methionine concentration. The fifth gene, ALD5, is constitutively expressed (Kurita and Nishida, 1999). The 2-fold increase in acetate production (Supplementary file 1) confirmed the significantly higher acetaldehyde dehydrogenase activity during Met fermentations compared to control culture. One plausible explanation for the overexpression of ALD genes would be an increased demand for NADPH, the main reduced cofactor associated with amino acid production, to satisfy the anabolic needs.

Indeed, contrary to culture in SM200 for which a mixture of amino acids was provided, S.

cerevisiae had to produce de novo all other amino acids for protein biosynthesis when grown with methionine as the only nitrogen source, resulting in higher requirements for NADPH.

Consistent with this proposal, the expression level of the MAE1 gene, encoding the mitochondrial malic enzyme also involved in maintaining the NADP/NADPH balance (Boles et al., 1998), was increased in Met fermentation.

Finally, the GO term enrichment analysis of the down-regulated genes in Met conditions showed a response focused on thiamine metabolism, with differential down expression of THI5,11-13, forming a subtelomeric gene family involved in the formation of the thiamine precursor hydroxymethylpyrimidine (HMP) (Wightman and Meacock, 2003), THI21,22 coding a trifunctional enzyme of thiamine biosynthesis (Llorente et al., 1999), THI72, a thiamine transporter (Ceschin et al., 2014) and SNO2,3 and SNZ2,3, which expression is induced in absence of thiamine (Rodríguez-Navarro et al., 2002). Thiamine, biologically active in its pyrophosphate form (TPP) fulfils essential cellular functions as a cofactor of enzymes from glycolysis, tricarboxylic acid cycle or pentose-phosphate pathway and as a protection mediator against stress (Perli et al., 2020;Labuschagne and Divol, 2021). In S. cerevisiae, this cofactor either originates from the assimilation of exogenous thiamine, the less energy consuming and favored route, or is synthesized de novo. Consequently, the activity of the thiamine biosynthesis pathway is accurately adapted to the intracellular levels of this cofactor, through regulation via transcriptional repression (Labuschagne and Divol, 2021).

Accordingly, the under expression of thiamine biosynthesis genes observed when methionine is the only nitrogen substrate may be related to the lower metabolic activity and a subsequent lower thiamine demand compared to the control fermentation (supplementary file 1).

None of the enriched GO functional categories identified in the differential gene expression analysis at 5 g/L released CO2 were found applying the analysis to Met and control transcriptome at 45 g/L produced CO2. This proves that the response observed at 5 g/L is exclusively driven by the direct or indirect adaptation of the metabolism to the use of the nitrogenous substrate to ensure growth. During the stationary phase, only few genes were differentially expressed. At this sampling time, the most significant feature is the over expression of the genes GCV1-3, coding for the 3 specific subunits of the glycine cleavage complex involved in the one-carbon metabolism (Piper et al., 2000), through the regeneration of 5-methyltetrahydrofolate from tetrahydrofolate. In yeast, 5-methyltetrahydrofolate participates to many reactions as methyl-group donor, in particular in the methylation of the thiol of homocysteine to produce methionine (Thomas and Kerjan, 1997). Methylation of -SH group is a key reaction of volatile sulfur compounds metabolism, which is more efficient throughout the fermentation process in presence of high methionine concentrations (Jimenez-Lorenzo et al., 2021; supplementary file 1). The involvement of 5methyltetrahydrofolate as methyl donor in the formation of methylthio-containing compounds may be considered to understand the up-regulation of GCV1-3 genes, in order to regenerate this cofactor from tetrahydrofolate.

Focusing on sulfur metabolism, we first observed the absence of regulation of the SRS genes by methionine. This observation was in agreement with the regulation mode described for this metabolic pathway, for which cysteine plays an essential role (Hansen et al., 2000).

More surprisingly, STR3 which converts cystathionine in homocysteine as the second step in methionine formation from cysteine, was over expressed. Methionine is a more efficient source of nitrogen than cysteine, as far as fermentation carried out with only methionine started faster and got a higher maximum rate of CO2 liberation. This could mean that at the same time as high expressed aminotransferases BAT2 would transformed efficiently methionine to glutamate and MOBA, more methionine would be formed from cysteine by Str3p.

The Ehrlich pathway has been proposed as the main metabolic route responsible for methionine catabolism. This route, widely explored for its contribution to the production of higher alcohol from amino and α-keto acids, relies on enzyme families involved in each of its steps (Hazelwood et al., 2008). Only three genes were differentially expressed when methionine was used as nitrogen source compared to control fermentation: BAT2, over expressed at the 2 sampling times, PDC6 and ARO8 up-regulated only during the growth phase and the stationary phase, respectively. This low response can be explained on the one hand by the fact that these reactions are not catalyzed by a specific enzyme. On the other hand, it is important to consider that the activities of the Ehrlich pathway correspond to secondary activities of these enzymes. For example, the main substrate of alcohol dehydrogenase is acetaldehyde but not methional. It is therefore supposed that the regulation mechanisms governing the expression of their coding genes are mostly related to their primary function.

Nevertheless, it appeared that the cytosolic branched-chain amino acid aminotransferase Bat2p, usually associated to the stationary phase (Colon et al., 2011) participated in the transamination of methionine from the beginning of fermentation. Our results also confirmed the contribution of minor isoform of the pyruvate decarboxylase Pdc6p to the catabolism of amino acids (Dickinson et al., 2003). 

Effect of cysteine on gene expression profile

The differential expression analysis between control and Cys conditions revealed an important remodeling of the gene expression profile when by the use of cysteine as sole nitrogen source. This response was first governed by the low efficiency of cysteine to sustain S. cerevisiae growth and fermentation (supplementary file 1), which explained the under expression of 130 of the 145 genes associated with the GO category "cytoplasmic translation".

Biological processes related to ribosome biogenesis, rRNA processing and maturation, rRNA export from nucleus, ribosomal large and small subunits assembly and biogenesis were therefore significantly enriched in genes down-regulated in presence of cysteine. Another consequence of the poor S. cerevisiae growth on cysteine was the activation of the carbon and nitrogen nutrient reserve systems. The differential expression analysis showed the upregulation by cysteine of genes involved in glycogen biosynthesis process (GDB1, PGM2, GLC3, GLG2, GSY2, IGD1, GAC1), in the transmembrane transport category (46 genes including genes involved in the transport of poor nitrogen sources as DIP5, DUR3, PTR2, OPT2, DAL5, PUT4) and in the catabolism of alternative nitrogen sources as allantoin or proline (DAL1, DAL3, DAL82, DAL2, DAL4, DAL7, PUT1, PUT2). Interestingly, this pattern of regulation is similar to the major changes in the transcriptional profile induced by the entry in stationary phase (Rossignol et al., 2003). In more details, the nitrogen exhaustion occurring at this stage of fermentation induces a general response mediated by the Tor signaling pathway leading to the carbohydrates storage as glycogen and trehalose and the activation of metabolic routes responsible of the use of low-quality nitrogen compounds (Hardwick et al.,1999;Kuruvilla et al., 2001;François et Parrou, 2001). It appears therefore from our observations that the low efficiency of cysteine assimilation by S. cerevisiae would trigger a nitrogen starvation-like response.

The fine-tune management of the intracellular glutamate pool through its conversion in arginine further stored in vacuole that we reported as a consequence of the use of methionine as sole nitrogen source was similarly found during fermentation with cysteine. Under this condition, genes involved in arginine production from glutamate (ARG1, ARG4, ARG5,6) and in vacuolar transport of the AVT and VBA families were over expressed, as well as all the genes of the GABA pathway, (GAD1, UGA1, UGA2), which contributes to glutamate catabolism (Bach et al., 2009). In the same way, 8 of the12 genes of the thiamine biosynthetic process (THI5, THI11, THI13, THI21, SNZ3, SNZ2, THI22, THI12) were under expressed when cysteine was used as sole nitrogen source, as observed with methionine. This observation shows a common response of the thiamine biosynthesis pathway to sulfur amino acids. This metabolic route has been previously reported as over expressed during the growth phase compared with the stationary phase, and therefore directly related to the metabolic activity of yeast (Rossignol et al., 2003;Minebois et al., 2021). This could likely explain the coordinated downregulation of the THI genes observed using sulfur amino acids as sole nitrogen source, as the fermentation performance of S. cerevisiae under these conditions was lower than in SM200

fermentation.

An up-regulation of 16 genes involved in autophagy (relative enrichment = 6.94) and 7 in endocytosis (relative enrichment = 5.93) was observed during cysteine fermentation. This finding could also bet set in relation with the low efficiency of cysteine to support the growth.

The limited metabolic activity resulted in a low intracellular availability in building blocks element as amino acids or nucleic acids. To ensure yeast survival, endocytosis and autophagy enable the turnover of these components, addressing cytoplasmic proteins and organelles to vacuoles through autophagosomes, further degraded by resident hydrolases (Scott et al., 1996). This process requires the presence of proteinase B (PRB1) which is upregulated (logFC = 2.19, pvalue = 0.002) in cysteine fermentation.

While the impact of using methionine as sole nitrogen source on the gene expression profile of sulfur metabolism was limited to a few number of genes, a significant remodeling was triggered by the use of cysteine (Figure 4). First, the sulfate transporter SUL2, all the SRS genes, responsible for the conversion of sulfate to sulfide (MET3,5,10,14,16) and genes involved in the formation of 0-acetyl homoserine and its further combination with sulfide to produce homocysteine (HOM6, MET2,17/25) were under expressed specifically during the growth phase (5 g/L released CO2) in Cys condition compared to control fermentation. Genes participating to the formation of cysteine from methionine, SAM1 and CYS3 were also downregulated. Conversely, we observed a substantial over expression of the genes responsible for the catabolism of cysteine: IRC7, catalyzing the cleavage of this amino acid in pyruvate, ammonium and sulfide, STR2 coding the cystathionine γ-synthase converting irreversibly cysteine to cystathionine and ARO8 and BAT1,2 involved in the transamination of amino acids as the first step of the Ehrlich pathway. This pattern reflects a shift in metabolic activity to use solely cysteine as a source of sulfur, at the expense of the inorganic sulfur compounds provided in the medium. The cytotoxic effect of cysteine, previously described to affect cell growth (Kumar et al., 2006) could be put forward to explain this transcriptional response.

In S. cerevisiae the two principal metabolic routes of cysteine catabolism may result in the formation of pyruvate and H2S. First, 3-mercaptopyruvate resulting from the transamination of cysteine is further converted either to 2-mercaptoethanol or to pyruvate and H2S (Kohl et al., 2019). Through the second pathway, the desulfydrase Irc7p directly cleaves cysteine to pyruvate and H2S. Overall, the catabolism of cysteine provides a sulfide surplus, supported by as otherwise reported (Jimenez, Farines, Camarasa, personal communication). Hydrogen sulfide is considered a toxic compound, causing an increase in intracellular reactive oxygen (ROS) in Aspergillus niger (Fu et al., 2014). The occurrence of a similar pattern in S. cerevisae could explain the over expression of genes in the cellular oxidant detoxification and ROS response (CTA1, GTT1, CCP1, GRX1, CTT1, PRX1, GTO1) during cysteine fermentation. Finally, an increased intracellular availability of pyruvate would explain the up-regulation of genes involved in further use of this metabolic intermediate induced by cysteine (MDH1,2, ALD2, [START_REF]Relative enriched (Adj P.value < 0.01) Gene Ontology (GO) terms associated with S. cerevisiae genes under cysteine (A, B), methionine (C, D) and pantothenic acid deficiency (E, F) conditions at two different samples times (5 and 45 g CO2 released). Bars represent positive (green) and negative (red) enrichment References[END_REF]4,6). Significantly up-regulated and down-regulated genes are highlighted in green and red respectively. Genes that are not significant are highlighted in black.

Transcriptional response to a deficiency in pantothenic acid

Pantothenic acid or vitamin B5 is a key precursor for the synthesis of coenzyme A (CoA) and acyl carrier proteins, involved in major metabolic reactions (Taherzahed et al., 1996). In S.

cerevisiae, pantothenic acid can be imported by the pantothenate-proton symporter Fen2p (Stolz and Vielreicher, 2003) when supplied in the medium, or de novo synthetized from βalanine and α-ketoisovalerate that derives from valine catabolism [START_REF] White | Saccharomyces cerevisiae is capable of de novo pantothenic acid biosynthesis involving a novel pathway of β-alanine production from spermine[END_REF]Perli et al., 2020). A pantothenic acid deficiency affects the growth and the fermentation performances, increases the formation of acetate (Teherzadeh et al., 2016) but also modifies the profile of VSCs formation (Jimenez-Lorenzo et al., 2021). Surprisingly, the expression of none of the genes specific to the formation of pantothenic acid from carbon and nitrogen precursors (ECM31, PAN5,6, FMS1) and its further conversion to coenzyme A (CAB1-5, CIS2, VHS3) was up-regulated by this vitamin deficiency at both 5g/L and 45 g/L of released CO2.

These observations are in agreement with the constitutive low expression of EMC31 and PAN6, described as unaffected by pantothenic acid availability during S. cerevisiae growth on 2% glucose minimal medium (Olzhausen et al., 2009). The only exception was the over expression of PAN6 and CAB1 during the stationary phase. It is therefore possible to envisage that gene expression changes in the pantothenic biosynthetic pathway related to pantothenic acid deficiency may occur after its complete depletion from the medium, at later stages of fermentation.

At a first overall glance, the differential expression analysis between fermentation in SM200 in absence or presence of a pantothenic acid deficiency revealed a response focused on sulfur metabolism. The sulfate transporter SUL1 and SUL2, all the genes of the SRS pathway involved in the conversion of sulfate to sulfide, most of the genes participating in the homocysteine, cysteine and methionine interconversions (MHT1, CYS4, CYS3, STR3) as well as MET2

catalyzing the Acetyl-CoA dependent conversion of homoserine to OAHS were coordinately over expressed under pantothenic acid deficiency at both 5 and 45 g/L of released CO2.

Conversely, especially during the growth phase, genes involved in the catabolism of sulfur containing amino acids (ARO8, BAT1, IRC7) were down-regulated. The transcriptional changes triggered by the pantothenic acid deficiency reflected a mobilization of the sulfur resource towards the formation of sulfur amino acids, necessary for anabolism and growth. In agreement with this proposal, a decrease in the formation of the VSCs compounds deriving from methionine and cysteine catabolism (methionol, 3-methylthiopropionic acid, 3methylthiopropyl acetate, 2-mercaptoethanol, 3-mercaptopropanol) was observed under pantothenic acid deficiency (Jimenez-Lorenzo et al., 2021; supplementary file 4).

Interestingly, the gene ARO10, involved in the catabolism of methionine through the Ehrlich pathway, was downregulated at 5 g/L of CO2 release but upregulated when 45 g/L of CO2 were produced. Moreover, the up-regulation of the SRS pathway when pantothenic acid is limiting could explain the higher production of H2S previously reported (Wang et al., 2003;Edwards and Bohlscheid 2007). The sulfur assimilation pathway is one of the most NADPH consuming metabolic processes, with 4 NADPH molecules required for the assimilation of 1 molecules of sulfate (Thomas and Surdin-Kerjan, 1997). During fermentation, the regeneration of NADP from NADPH is achieved by 3 major routes: the pentose-phosphate pathway (PPP), the mitochondrial malic enzyme (MAE1) and the activity of NADPH-dependent acetaldehyde dehydrogenases Ald6p, Ald5p and Ald P (Celton et al., 2012). During the fermentation under pantothenic acid deficiency, the up-regulation of 3 genes of the PPP, including GND2, coding a NADPH-dependant 6-phosphogluconate dehydrogenase, was likely related to the need to counterbalance an excess NADPH production through the SRS pathway.

Another important transcriptional regulation induced by pantothenic acid deficiency was the down regulation of genes for GO terms categories related to the tricarboxylic acid cycle and the biosynthesis of fatty acids (e.g. FAA1 or EEB1), observed at the two stage of fermentation.

These down regulation might be related to a limited availability of CoA as this cofactor, is produced from pantothenic acid. Consequently, a pantothenic acid deficiency may trigger a limited formation of Acetyl-CoA, largely associated with the activity of TCA and precursor of fatty acid synthesis and elongation.

Figure 5. Differential expression of genes involved in sulfur metabolism between control condition (SM200) and pantothenic acid deficiency. Log FC are represented at 5 g CO2 released (left box) and 45 g CO2 released (right box). Significantly up-regulated and down-regulated genes are highlighted in green and red respectively. Genes that are not significant are highlighted in black.

Functional analysis of genes

To date, no gene has been identified as specific for VSC formation and in general, the metabolic pathways involved in these syntheses share enzymatic equipment with the formation of other molecules. As an example, the formation of ME from methionine involves the same genes as the formation of higher alcohols through the Ehrlich pathway (Hazelwood et al., 2008). Furthermore, the formation of VSCs mainly uses as precursors sulfur amino acids, methionine and cysteine, and their metabolic intermediate homocysteine. Therefore, the VSCs profile likely depends on the interconversion between these 3 compounds. To decipher the role of genes involved in sulfur metabolism and Ehrlich pathway in the formation of VSCs during fermentation, a functional analysis of 9 key genes of these metabolic route was conducted, including ARO8, ARO9, BAT1 and BAT2, coding for transaminases, ATF1 and ATF2, A decrease in the production of some VSCs by the single-gene deletion strains compared to the wild type yeast was expected setting up this approach, since the inactivation of a gene involved in the formation of a molecule is usually associated with a decrease in the production of this compound. Overall, inactivating one of the 9 selected genes did not result in a large number of meaningful decreases in the production of sulfur compounds (Figures 6,7,8 and 9). Moreover, substantial increases in the formation of some VSCs were found as a consequence of some gene deletions, e.g., a 2-fold increase in methionol production by the mutants Δaro8 and Δbat1 compared to LM17. These observations may reflect the involvement of gene families for each step of the sulfur metabolic network. Thus, the deletion of a gene can trigger compensation events, by promoting the activity of enzymes sharing the same function, sometimes at a higher level than the inactivated protein. It's hypothesis

coding
correlates with a previous study where Δaro8 strains produced 10-fold less concentration of methionol, but Δaro8Δaro9 strains produce more methionol than WT strains. It is also worth noting that transaminases and acetyl transferases display a broad spectrum of substrates; consequently, the deletion of one gene coding for these enzymes can set up regulations without any connection with sulfur metabolism. Finally, the formation of VSCs involves a network of highly connected metabolic and chemical reactions. Thus, most of these molecules have different origins and it remains difficult to explain the variations observed in their concentration resulting from a gene deletion.

Transaminases, coded by the genes ARO8,9 and BAT1,2 (Iraqui et al., 1998;Dickinson et al., 2003), catalyze the first step of catabolism of amino acids through the Ehrlich pathway, involved in the formation of ME from methionine and 2ME from cysteine. Regarding this family of enzymes, only the phenotype of the strain ΔAro8 was of interest. The deletion of ARO8 resulted in a decrease in 2-ME production both during SM200 fermentation (from 253 µg/L inLM17 to 119 µg/L in Δaro8) and during SMCys fermentation (from 16.4 to 12.1 mg/L), but had no impact of the formation of ME during SM200 and SMMet fermentation. This result suggests that Aro8p is responsible, at least in part, for the transamination of cysteine. In addition, when cysteine was provided in excess, an increase in ME was found, from 5822 (WT)

to 9735 µg/L (ΔAro8). This likely reflects a redistribution of fluxes towards the methionine catabolism as a result of a lower efficiency of cysteine transamination in the Δaro8 strain.

In S. cerevisiae, acetate ester synthesis is achieved by Alcohol-O-acetyl transferases (AATases)

Atf1p and Atf2p, catalyzing the production of most acetate esters (Cherry et al., 2012;Shen et al., 2016). These enzymes are potentially involved in the acetylation of ME to 3MTPAc. We found that deleting ATF1 completely blocked the formation of 3MTPAc, regardless the fermentation conditions, while the deletion of ATF2 had no impact in this production (Figure 6). This finding demonstrates the key role of Atf1p in the acetylation of ME. An involvement of the acetyl-transferases in the formation of SMTA and ETA from MeSH and EtSH has been previously proposed (Walker and Simpson, 1993;Landaud et al., 2008). A decrease in the formation of SMTA and ETA during SMMet and SMCys fermentation, respectively, was observed as a consequence of both ATF1 and ATF2 deletion, showing the contribution of the two acetyl-transferases to the formation of thioesters by S. cerevisiae during fermentation.

ETA concentration was also decreased in SMCys fermentation, was suggest a major involvement of ATF1 in EtSH acetylation to form ETA. Further investigations on the phenotype of double-gene deletion mutant Δatf1/atf2 should allow to determine if an additional route is involved in the acetylation of ME.

MET17 codes for the O-acetylserine/O-acetylhomoserine sulfhydrylase which connects the SRS with sulfur amino acid metabolism through the incorporation of sulfide to Oacetylhomoserine to form homocysteine, the precursor of methionine and cysteine (Santiago and Gardner, 2015). Growing the Δmet17 strain in SM200 resulted in a strong decrease in the formation of most of the sulfur compounds (Figure 8, supplementary file 5) compared to LM17 (with the exception of 3MP). Furthermore, the formation of ETA by Δmet17 was more than 5-fold increased (Figure 9). This last observation can be explained by an accumulation of H2S produced through the SRS pathway by this strain, that is further acetylated to ETA.

Overall, these findings pointed out the key role of MET17 in the orientation of the sulfur metabolism.

The origin of ETP during wine fermentation remains poorly documented. The most plausible explanation proposed from the chemical structure of molecules is an acetylation of 3MP.

Surprisingly, no ETP was produced by the Δmet17 mutant, regardless of the medium used to carry out the fermentation, revealing the essential contribution of a sulfhydrylase or a secondary enzymatic activity associated with Met17p to the formation of ETP.

CYS3 codes for a cystathionine lyase activity previously described as responsible for the cleavage of cysteine and the release H2S in vitro (Singh et al. 2009;Hopwood, Ahmed and Aitken 2014), but the functionality of this enzymes in vivo for the production of sulfide from cysteine has not been validated until now. Null mutants of CYS3 were auxotrophs for cysteine (Cherest et al., 1993) so only fermentations in cysteine enriched must were carried out. A substantial decrease in the formation of EtSH and its acetylated form ETA during SMCys fermentation was shown as a consequence of CYS3 deletion. This observation can be explained by a reduced availability of H2S, the precursor for the formation of EtSH and ETA (Rauhut and Kurbel, 1994;Kinzurik et al., 2016), being the first experimental evidence of the involvement of Cys3p in the hydrolysis of cysteine to pyruvate, ammonium and H2S by yeast during fermentation. 

Conclusion

Understanding the molecular basis underlying the VSCs production by yeast and the regulatory mechanisms underlying its modulation by environmental factors is essential for the design of relevant strategies for fermentation control aimed at reducing the formation of these off-flavors. This study revealed a shared response of the gene expression profile to the addition of a sulfur-containing amino acid (methionine and cysteine), condition that caused a

VSCs overproduction. This response reflects the adaptation of yeast metabolism to the use of a less efficient nitrogen source for sustaining growth. Additional changes in the transcriptome were triggered specifically by using cysteine as sole nitrogen source, with in particular a remodeling of sulfur metabolism towards the formation of VSCs. The response induced by pantothenic acid deficiency is focused on sulfur metabolism, with remobilization of sulfur amino acids for growth, at the expense of VSCs production. The functional analysis of 9 genes involved in sulfur metabolism failed to show a direct exclusive involvement of these genes in the production of VSCs, apart from the contribution of ATF1 in acetylation of ME to 3MTPAc. This is probably related to the complexity of the metabolic network of VSC formation, where each step relies on families of enzymes. Furthermore, we found that the inactivation of a specific gene resulted in important changes in all the VSCs profile, decreasing the formation of some compounds but increasing that of other ones. These findings indicate that controlling the VSCs formation through genetic approaches will be challenging and complex. Conversely, the management of yeast nutrition and of the fermentation technological itinerary appears to be a promising prospect for meeting this objective. 

Introduction

Reductive off-flavors, considered as a main fault in many beverages as wine, beer and cider, are mainly related to sulphur containing molecules (McGorrin, 2011). Thus, the formation of hydrogen sulphide (H2S) during beverage fermentation has been subjected of extensive research due to the rotten-egg characteristic aroma of this molecule (Swiegers and Pretorious 2007;Franco-Luesma et al., 2016). However, other volatile sulphur compounds, referred as

VSCs are also involved in the reductive fault. They are in general associated with garlic, cabbage, onion descriptors (Mestres et al., 2000) with the exception of dimetylsulfide (DMS) appreciated at low concentrations for the bouquet of some red wines (Segurel et al., 2004).

VSCs are differentiated by their boiling point in two classes: light VSCs (boiling point below 90ºC), including hydrogen sulphide (H2S), ethanethiol (EtSH) and methanethiol (MeSH) and heavy VSCs (boiling point above 90 ºC), as methionol (ME), 2-mercaptoethanol (2ME) and 3mercaptopropanol (3MP). Light VSCs have a very low detection threshold and consequently, low production of these compound may spoil the wine. Heavy VSCs display higher sensory thresholds. However, their presence in wine, often at concentration close to their detection threshold, is a real problem due to the difficulty to remove them by evaporation (Darriet et Pons, 2017).

The origin of VSCs in wine is complex to elucidate, as biological and chemical mechanisms are simultaneously involved in the formation and the interconversions of these molecules. During wine fermentation, sulphur, an essential component to sustain the growth, is mainly provided in an inorganic form, as grape juices usually contains substantial sulfate amount (160 to 700 mg/L) but very low concentration of sulphur amino acids, cysteine and methionine (< 20 mg/L) (Montevecchi et al., 2010). Sulfate are assimilated through the sulfate reduction sequence (SRS), which can result in the H2S production depending on the balance between its activity and anabolic requirements in sulphur containing amino acids (Jiranek et al., 1995).

Intracellular H2S is then used as sulfur source for the biosynthesis of sulphur containing amino acids, methionine and cysteine, via its combination with O-acetyl-homoserine and the formation of homocysteine (Spiropoulos et al., 2000;Bell and Henschke 2005). The further catabolism of methionine, homocysteine and cysteine, achieved according to the anabolic requirements to support the growth, is responsible for the formation of a wide range of VSCs (Tan et al., 2012;Tagaki and Ohtsu, 2016;Jimenez-Lorenzo et al., 2021). H2S is also chemically and/or biologically connected to the formation of other VSCs as MeSH, EtSH and DMS occurring both during fermentation and aging (Kinzurik et al., 2020, Franco-Luesma et Ferreira;2016). More generally, the nucleophilic thiols are very reactive compounds, involved in many interconversion reactions with other sulphur-containing molecules as thioesters (Smethylthioacetate SMTA, ethylthioacetate ETA) and disulfides as dimethyldisulfure (DMDS) (Bobet et al., 1990;Rauhut et al., 1998). In addition, free thiols can react with other molecules of grape juice or wine, forming conjugated complexes with quinones (Nikolontonaki and Waterhouse, 2012), aldehehydes (Baert et al., 2015) or metals (Franco-Luesma andFerreira 2014, 2016).

It has been widely reported that the VSCs production by yeast is modulated by genetic and environmental factors, including the strain/species used to conduct the fermentation, the composition of the grape juice, the use of sulfur dioxide (SO2) as antioxidant or antimicrobial agent (Wang et al., 2003;[START_REF] Winter | Effects of rehydration nutrients on H 2 S metabolism and formation of volatile sulfur compounds by the wine yeast VL3[END_REF]Ugliano et al., 2011;Bohlscheid et al., 2010). In particular, the nature and availability of yeast nitrogen source control the formation of thioesters and VSCs produced by the catabolism of sulfur amino acids via the Ehrlich pathway (Ugliano et al., 2011;Jimenez et al., 2021). Furthermore, a deficiency in pantothenic acid, a vitamin precursor of coenzyme-A, results in an over production of H2S (Wang et al., 2003;Edwards and Bohlscheid 2007) but also of the metabolites synthetized through the cysteine catabolism combined with an under production of methionine-deriving VSCs (Jimenez et al., 2021). SO2 can be used as an exogenous inorganic sulfur source (Macris and Markakis, 1974) and consequently adding sulfite can have an impact on the VSCs profile. However, only the impact of sulfite concentration on the formation of H2S has been investigated, showing a moderate effect (De Guidi et al., 2021).

Usually, studies on VSCs production during wine fermentation focused on H2S formation, assessed by qualitative approaches, or on heavy VSCs, but not enough attention was paid to light VSCs. This is mainly related to experimental and analytical hurdles, due to the low boiling point of these molecules that hinders their sampling and quantification in liquid phase.

Furthermore, little is currently known about the dynamics of production of VSCs, despite the interest of considering both the sequence of production and the transient production of compounds to elucidate and understand the pattern of VSCs during fermentations. In this context, this work aims to provide a deeper understanding of the origin of VSCs during wine fermentation considering the dynamics of formation of both light and heavy compounds depending on relevant fermentation parameters to modulate their final production. For this purpose, a new on-line GC device, allowing a fine monitoring of the synthesis dynamics of the main sulfur compounds was used. Different fermentations were performed with SO2 addition, pantothenic acid deficiency, presence of excess methionine or cysteine with a monitoring of both the accumulation of light VSCs in the headspace (online GC) and the concentration of heavy VSCs in liquid phase (offline measurements).

Material and methods

Yeast strain

The yeast used in all fermentation was the Saccharomyces cerevisiae commercial strain LMD17 (Lallemand). Precultures were prepared by inoculation of a single colony into 5 mL of Yeast Peptone Dextrose (YPD) medium. Strains were grown overnight at 28 ºC with 190 rpm agitation. Tubes were centrifuged (4500 rpm, 5 min, 4ºC) to obtain the pellet which was washed with 15 mL of NaCl solution (9 g/L) in MilliQ® water. Finally, 1x10 6 cells/mL were inoculated in each fermenter.

Fermentation media

A synthetic must (SM200), as described by Rollero et al., 2015, mimicking An O.I. Analytical (Texas, USA) Model 5380 pulsed flame photometric detector (PFPD) was used in for chromatographic analyses of sulfur compounds. The detector equipped with a 2 mm internal diameter combustor was set at 250°C and fed with 11.5 ml/min of H2, 10 ml/min of air 1 (added to the combustor) and 10 ml/min of air 2 (supply to the external wall of the combustor and ignitor volume) as make-up gas. The gas flow rates used gave a pulsing rate for the detector of 3.85 Hz. The voltage of the photomultiplier tube (PMT) was 620 V. The trigger level that sets the PMT current at which a pulse is detected was 480 mV. The start and stop times of the integration gates for the detection of sulphur chemiluminescence were set to 6 and 24 ms respectively. The injector temperature was 70 °C. The sample gas phase (50 µl by the sampling loop) was injected with split flow at 10 mL/min. A Rtx-1 (30 m  0.25 mm I.D., 5.0 µm film thickness) fused-silica capillary column from Restek (Lisses, France) was used as the analytical column, with carrier gas helium at a constant pressure of 97 kPa. The oven temperature was fixed in isothermal mode at 150 °C.

The areas of the peaks from carbon and sulfur compounds were acquired with Chromeleon™ Chromatography Data System (CDS) Software (Thermo Fisher Scientific , Toulouse, France).

The simultaneous carbon and sulfur compounds analysis frequency is thus one per bioreactor every 2 hours.

Results

A dedicated fermentation device was used to assess the dynamics of production of highly volatile sulfur compounds (H2S, MeSH, EtSH, DMS and DMDS) throughout the fermentation.

Fermentations were conducted in a 2 L fermentor coupled to a pulsed flame photometric 

Dynamic of VSCs production during fermentation

The dynamics of production of VSCs was first investigated during fermentation under control conditions, close to a standard wine fermentation. This fermentation was characterized by a maximum CO2 production rate of 1.27 g/L/h (Figure 1A) and a duration of 210 h required for the complete exhaustion of sugars. H2S was the only VSC detected in the headspace of the fermenter. The production of H2S was maximal since the beginning for fermentation, (Figure 2A), when the cells displayed a high fermentative activity. Then, the amount of H2S detected in the gas phase decreased with the fermentation progress to be undetectable after 60 % of culture. This profile is in agreement with a production of H2S mainly focused during the first stage of fermentation, likely during the growth phase.

Regarding The kinetics of production (Figure 2) revealed that SMTA, ME, 3MTPA and ETP were produced from the start of fermentation, with a continuous formation of SMTA and 3MTPA throughout the fermentation, while most of ME and ETP was produced from the first half of culture ( 75% and 60 % of total production after 40 % of fermentation progress for ME and ETP, respectively). Conversely, 3MTPAc and E3MTP were efficiently produced during the last stage of fermentation, as 75 % of 3MTPAc was produced between 60 % and 100 % fermentation progress and E3MTP was detected only at the end of fermentation (data not shown). 2ME, 2MTE and 3MP were detected in samples collected from 20, 40 and 60 % of fermentation progress indicating that these molecules were produced during the last stages of fermentation. 

Impact of SO2 and pantothenate in dynamic of VSCs production

To go further in the understanding of the dynamic of VSCs formation during fermentation, the incidence of two environmental factors identified as modulating the VSCs profile, namely SO2 addition and pantothenic acid deficiency, was analyzed. As previously reported (Jimenez et al., 2021), a pantothenic acid deficiency resulted in a 20 % decrease in the maximal fermentation rate (1 g/L/h) and consequently in a longer fermentation time (220 h) combined with a higher production of glycerol, acetate and pyruvate but a decrease in succinate formation (Figure 1; supplementary file 2). Fermentation supplemented with SO2 also lasted longer, but this was here related to a 5 h longer lag phase, with no effect on maximum rate of CO2 production (1.27 g/L/h) (Figure 2). No major modification in the formation of central carbon metabolites was observed (supplementary file 2).

The online detection of light VSCs in the headspace with PFPD detector showed that H2S was released during PAD or SO2 fermentations, but not EtSH, MeSH, DMS or DES. The profile of H2S detection observed during assay supplemented with SO2 condition was similar to the control pattern (Figure 2), with a peak of sulfide accumulation and gradual decrease until 150 h. The maximum detection was achieved when around 10% of sugars were consumed for both conditions, and accordingly, the 6 h delay to reach this maximum was directly related to the extended lag phase with SO2. H2S was not apparently overproduced in the gas phase in presence of SO2 within the limits of the methodology used; however, a slight increase of H2S was produced under SO2 condition after 70% of fermentation progress. More surprising was the H2S evolution along fermentation with pantothenate deficiency, with a specific pattern which has been noted for both independent biological replicates (Figure 1). A first peak of H2S accumulation in the gas phase was observed around 10 % of fermentation, immediately followed by an important decrease in the detection of this molecule. H2S was then actively produced, as indicated by the peak observed at 20 % of fermentation progress and, finally, the area (relative concentration) gradually decreased until the end of fermentation. Overall, during PAD fermentation, H2S was detected in the headspace for a longer period of time than during SM200 or SO2 fermentation.

EtSH, DMS, DES, DMDS, DEDS, MAL, E3MTP and 4MTB were never detected in the liquid samples from PAD and SO2 fermentations.

Overall, the addition of SO2 did not significantly affect the VSCs final production (Figure 2), apart from 3MTPA, produced in higher amounts (410 and 207 µg/L, during SO2 and SM200 fermentations, respectively). However, differences were found in the dynamics of production of some VSCs, with an earlier formation of 3MP, 2ME and 3MTPAc in presence of SO2. Under these conditions, these compounds are detected at concentrations above the detection limit from a fermentation progress of 40%.

Pantothenic acid deficiency triggered more substantial changes in the VSCs production profile throughout the fermentation. First, an increased production of SMTA was found since the beginning of fermentation when pantothenic acid was limiting compared to control conditions: SMTA concentration increased gradually from 3.5 (5 % CO2 released) to 19.8 µg/l (end of fermentation) while a final concentration of 8.03 µg/L was measured for the control fermentation. Furthermore, ETA was detected in samples from PAD fermentation, at concentration increasing from 0.1 µg/ to 1.9 µg/l between 40% of fermentation progress and the end of experiment.

Compounds potentially deriving from cysteine or homocysteine catabolism (2ME, 2MTE, ETP and 3MP) (Figure 2F, 2G, 2H, 2I) were also overproduced during PAD fermentation compared to control conditions. The dynamics of these VSCs concentrations showed that they were synthetized from the first stages of the fermentation, with a progressive formation throughout the process. At the end of fermentation, the concentration of 2ME, 3MP, 2MTE

and ETP were 43, 48, 36 and 363 % higher than those measured in control condition, respectively.

Contrarily, ME and 3MTPA were founded at lower concentrations when pantothenic acid was limiting compared with control conditions. More generally, similar dynamics of formation compounds related to methionine metabolism from Ehrlich pathway (ME,3MTPA,2MPTAc) were observed between the two conditions (Figure 2H, 2I, 2J). 

Methionine-cysteine fermentation

To further investigate the dynamics of formation of light VSCs during S. cerevisiae fermentation, the composition of the medium was modified in order to promote the formation of these molecules. Fermentations enriched with methionine, cysteine or both sulfur amino acids were therefore carried out.

Using a mixture of methionine and ammonium as sole nitrogen source had a limited impact on the fermentation profile, with a slight decrease in the maximal fermentation rate (1.18 g/L/h), without impact on the fermentation duration. A decrease in the formation of organic acids (succinic acid and pyruvic acid) was the only major difference in the production of central carbon metabolite between Met and SM200 conditions (Supplementary file 2). The use of cysteine combined with either methionine or ammonium as nitrogen source affected the maximum fermentation rate, from 1.27 g/L/h (control conditions) to 0.65 g/L/h (Cys and Met/Cys conditions), with an extended fermentation time (287 h and 297 h for Cys and Cys/Met conditions) (Figure 1A). The production of central carbon metabolites was also modified, particular for Cys/Met conditions with an increased formation of both αcetoglutarate (+260 %) and glycerol (+29 %).

As regard to the accumulation of extremely volatile compounds in the headspace of the fermenter, H2S, EtSH, MeSH and DES were detected during Met/Cys modality, but only H2S

and EtSH with cysteine and ammonia as nitrogen source. Finally, the use of a mixture of methionine and ammonium resulted in the exclusive formation of H2S in the gas phase.

Focusing on Met/Cys fermentation, H2S production (Figure 3B), starting preceded the CO2 release, observed from 28 h. H2S progressively accumulated in the headspace, with however, the presence of a short first plateau, between beggining and 8% of fermentation progress. A saturated signal was detected with the applied analytical procedure, from 15% to 40% of fermentation. Despite a slight decrease in the production rate, H2S kept on being released until the end of fermentation. A similar pattern of H2S formation was observed when nitrogen source consisted in an equimolar mixture of cysteine and ammonium: under this condition, the H2S signal directly increased until a maximum level and remained saturated from 15% of fermentation progress to the end, indicating a constant extreme H2S production throughout the fermentation. Surprisingly, the profile of H2S accumulation in the gas of Met fermentation was quite different, being detected only after 50 % of fermentation. The H2S signal quickly increased to a maximum level at 80 % of fermentation, to then decreased.

The detection of MeSH (Figure 3B) in the gas phase of Met/Cys fermentation started concomitantly to H2S, but quickly decreased after reaching a maximal level at the beginning (2% of CO2 released) of fermentation. Interestingly, MeSH was detected in the headspace throughout the fermentation process, but at a low constant level (5% of the maximal area)

between 20 % and 100 % of fermentation progress, indicating a low formation of this compound all along the culture. DMS was later detected, from 4% of fermentation progress in Met/Cys fermentation. This VSCs accumulated in the headspace to a maximal level, observed at 16% of fermentation progress, and then continued to be produced until the end of the fermentation, but less efficiently.

Finally, EtSH (Figure 3A) was detected in the gas phase of both fermentations carried out with excess of cysteine (Cys, Met/Cys), with a similar dynamic pattern: the accumulation of EtSH in the headspace started rapidly in Met/Cys (8% fermentation progress) and later in Cys fermentation (20% of fermentation progress), and progressively decreased, accounting for 50 % of the maximal level at the end of fermentation.

The use of a mixture of methionine and cysteine as nitrogen source allowed to detect 15 from 17 analyzed VSCs in the liquid samples (no detection of DES and DEDS). Comparing the VSCs revealed that only 4 molecules, (SMTA, ME, 3MTPA, 3MTPAc) were produced in the 3 fermentation conditions. ETA, EtSH, 2ME, 2MTE, 3MP and ETP were specific to the presence of cysteine, while DMDS, MAL, 4MTB and E3MTP were produced only when methionine was provided as nitrogen source. Interestingly, the evolution of concentrations of EtSH and DMS in liquid samples collected throughout the fermentation displayed a pattern close to the dynamics of accumulation of these compounds in the headspace of fermentation tanks. This underlines the feasibility of the online monitoring device to study the formation of VSCs during fermentation.

Compounds deriving from the methionine metabolism by Ehrlich pathway were overproduced in Met and Met/Cys fermentations but underproduced during Cys fermentation compared to control conditions. Under all the conditions, the acid 3MTPA and the alcohol ME displayed a similar dynamic of production, being essentially formed from the 

Discussion

Knowing the dynamics of VSCs production is a key piece of information to elucidate and understand the mechanisms involved in their formation during wine fermentation. Indeed, the formation of these molecules is achieved through a complex network interweaving both chemical and biological reactions, and the knowledge of their formation sequence can help to define the relationships and interconnections between these compounds. However, accessing to these dynamics faces methodological problems, arising from the low quantities of VSCs produced, their high reactivity and their low boiling point, which make their detection and quantification difficult. This is especially true for VSCs, rapidly transferred to the gas phase after their production, and of which the formation is therefore complicated to demonstrate in liquid samples. Consistent with this, light VSCs are rarely found in young wines (Kreitman et al., 2017). However, these compounds are important intermediates, contributing to the final VSCs profile through their biological or chemical conversion to other heavier molecules (Kinzurik et al., 2020). In this work, an innovative experimental approach based on the detection of light VSCs in the gas phase and the quantification of heavier compounds in liquid samples was developed to monitor the formation of VSCs throughout the fermentation process. In particular, the use of a PFPD detector directed connected with a compact GC provided for the first time an accurate on line information on the sequential accumulation of 5 light VSCs (H2S, EtSH, MeSH, DMS, DES) in the headspace, allowing a precise monitoring of the dynamics of synthesis. However, our approach currently allows to detect the presence of VSCs in the headspace and to monitor its evolution, which depends on their production rate in liquid phase but also on many physicochemical mechanisms, related to the rate of CO2 release which causes losses by stripping, to the chemical properties of each of the studied compounds as their partition coefficient between gas and liquid phases (Ki) ... All these data will have to be further taken into account to further determine, the production rate of these compounds in liquid phase from the currently measured signal.

H2S, a metabolic intermediate with a condition-dependent formation dynamic throughout the fermentation

H2S was the only light VSCs detected in the gas phase regardless of fermentation conditions.

During control fermentation (SM200), this molecule was mainly produced during the first stage of fermentation, corresponding to the growth phase. This formation can be explained by the activity of the SRS pathway responsible for the assimilation of sulfate, the main sulfur source in SM200, required to fulfil the anabolic requirements in sulfur amino acids during the growth (Linderholm et al., 2008). It has been reported that sulfite, an anti-oxidant and antimicrobial chemical agent widely used in winemaking, was an additional preferred sulfur source for yeast (Jiranek et al., 1996). This inorganic sulphur compound channels into the SRS route through the sulfite reductase (Linderholm et al., 2008;). Interestingly, adding 100 mg/L SO2 had no impact on the profile of the H2S area obtained using the PFDF detector, during most of the fermentation. Only accumulation was found after 70 % of fermentation progress, specific for the presence of SO2. Similar patterns of H2S production in two peaks (one at the beginning and one at the end of fermentation) were already showed (Ugliano et al., 2009; Winter and Curtin 2012) using timely measurements. A possibly accumulation of H2S at the end of fermentation would explain the higher production of H2S in presence of SO2 previously reported (De-Guidi et al., 2021). However, the mechanism underlying this extra production remains to be elucidated.

Conversely, when cysteine accounted for a large part of nitrogen resource (Cys and Met/Cys conditions), the presence of H2S was detected in the gas phase from the beginning of fermentation, with a high level of accumulation maintained throughout the process. This overproduction of H2S compared with the control fermentation is explained by the cysteine catabolism, identified as one of the major source of H2S (Winter et al., 2014). Different metabolic routes have been proposed to explain this conversion, involving cystathionine synthetase and lyase, Cys4p and Cys3p, (Singh et al. 2009;Hopwood, Ahmed and Aitken 2014), cysteine desulfhydrase encoded by the gene IRC7 (Santiago and Gardner 2015) or a sulfur transferase Tum1p (Huang et al., 2016). During Met/Cys fermentation, the observation of H2S saturation after 10 % of fermentation suggested that the formation of H2S from cysteine catabolism the formation through the SRS efficient at the beginning of culture. As cysteine was poorly assimilated by S. cerevisiae, it likely remained available and was metabolized throughout the fermentation process. A pantothenic acid deficiency also caused important modifications in the dynamic profile of H2S in the gas phase, with a first early short phase of accumulation, observed during the exponential phase, followed by a second accumulation period, maintaining a substantial level until the end of the process. This pattern indicates that the H2S production under pantothenic acid deficiency relies on two different mechanisms of formation or involved a specific regulation. The first formation likely involves the SRS pathway, for which all the genes are substantially up-regulated at the first stage of fermentation with pantothenic acid deficiency (Chapter 3). One plausible explanation for the second phase of accumulation is a contribution of cysteine catabolism, supported by the increased formation of other compounds directly deriving from the degradation of this amino acid, 2ME and ETA, during the second part of PAD fermentation compared to the control condition (this work;Jimenez et al., 2021).

Finally, the use of an equimolar solution of methionine and ammonium as nitrogen source prevented the formation of H2S during the first half of the fermentation and only a little accumulation was showed at the last third of fermentation, suggesting a different but unknown mechanism of H2S production at late stages of fermentation. The synthesis of VSCs deriving from cysteine and homocysteine catabolism (2ME, ETA, 2MTE, 3MP) was also depleted. This results, all together, showed that methionine, when present as sole sulfur amino acid, was for a large part assimilated through the Ehrlich pathway. The conversion of this compound to cysteine, through the formation of S-adenosyl methionine further converted in homocysteine (Cherest andKerjan 1992, Cherest andKerjan, 1993), was adjusted to the anabolic requirements, preventing its further degradation.

Evidence of transient accumulation of methional and DMS

Investigating the dynamics of VSCs concentrations throughout the fermentation enabled to highlight transient accumulation of MAL and DMS, rarely or never detected in final wines, helping to understand the genesis of the overall VSCs profile.

First, a transient production of MAL was found in liquid samples when methionine was provided in excess (Met and Met/Cys conditions) during the first part of the fermentation.

This accumulation reflected an important activity of methionine transamination to form glutamate. This reaction is essential to sustain the growth using methionine as nitrogen source, as glutamate is part of the core nitrogen metabolism, redistributing nitrogen for the de novo synthesis of the other amino acids (Crepin et al., 2017;Magasanik and Kaiser, 2012).

Methional can be either oxidized to 3MTPA or reduced in ME through the Ehrlich pathway, depending on the redox status of the cell (Hazelwood et al., 2008). Interestingly, the level of MAL accumulation and the rate of its further consumption were correlated with the rate of formation of ME and 3MTPA. The higher and longer MAL accumulation during Met fermentation was associated with a lower rate of formation of ME and 3MTPA, compared with MET/Cys conditions. These findings confirm the exclusive contribution of the Ehrlich pathway to the formation of ME and 3MTPA from methionine via methional during wine fermentation. Furthermore, the differences in the efficiency of MAL conversion between the 2 conditions might be explained by a negative regulation by ammonium.

More unexpectedly, a formation of DMS was observed during the first part of fermentation both in gas and liquid phases. A decrease in the DMS liquid concentration occurred from 40 % of fermentation progress, while substantial amounts were detected in the headspace of fermentation tank until the end of fermentation, in agreement with DMS losses by CO2 stripping, as previously reported (Segurel et al., 2005). Regarding the origin of DMS in wine, two precursors from grapes, dimethylsulfoxide (DMSO) and S-methylmethionine (SMM) have been identified, which can be chemically or biologically converted to DMS (Loscos et al., 2008;Segurel et al., 2005;Bekker et al., 2018;Deed et al., 2019). Furthermore, a chemical formation of DMS, has been proposed from MeSH, of which the underlying mechanism has been lesser explored (Carrion et al., 2017;Kinzurik and al., 2020). Since neither DMSO or SMM were added in the medium, we can hypothesize a yeast-mediated conversion of methionine to DMSO or SMM. Our results could also point to a chemical conversion of MeSH produced by yeast to DMS.

Sequence of VSCs formation during fermentation

The detection of VSCs in the gas phase combined with off-line monitoring of VSC formation in the liquid phase throughout fermentation conducted using an equimolar mixture of cysteine and methionine as a nitrogen source addressed the formation sequence of sulfur compounds and their interconnections. Overall, compounds directly deriving from methionine catabolism (ME, 3MTPA, MeSH, SMTA) were earlier produced compared to homocysteine-and cysteine-deriving VSCs (2MP, 2MTE, 2MP, ETP, ETA, EtSH), reflecting a preferential use of methionine at the beginning of the process at the expense of cysteine, in line with a higher efficiency of methionine than cysteine to support yeast growth (Cooper et al., 1982).

MeSH and DMDS were, with MAL, the compounds produced the earliest during fermentation, with a maximal detection achieved at only 5% of fermentation progress (Figure 4).

Interestingly, the decrease between 5 and 20 % of fermentation progress in MeSH and DMDS amounts in gas and liquid phases, respectively, was correlated to the increase in SMTA and DMS content of liquid samples. The main precursor identified for the formation of MeSH during fermentation is methionine. MeSH can be biologically produced through the cleavage of methionine or α-keto-γ-methylthiobutyrate by a S. cerevisiae γ-demethiolase, leading in the associated formation of pyruvate and ammonium (Arfi et al., 2002;Perpete et al., 2002) or chemically synthetized by the Strecker degradation of the amino acid (Ballance, 1961;Yu and Ho, 1995;Al-Attabi et al., 2009). Furthermore, both DMDS and SMTA have been reported

as chemically or biologically related to MeSH (Kinzurik et al., 2021), DMDS resulting from the formation of disulfide bond between 2 molecules of MeSH, and SMTA being produced through biological or chemical acetylation of MeSH (Walker and Simpson, 1993;Landaud et al., 2008). The sequence of VSCs found during Met/Cys fermentation supports an early formation of MeSH -of which a small fraction is transiently dimerized-from methionine, involving likely a yeast demethiolase and combined with the catabolism of this amino acid through the Ehrlich pathway to fulfil the intracellular nitrogen pool and sustain the growth.

MeSH is further acetylated in SMTA, a chemically more stable compound that accumulates in wine, and likely used as precursor to DMS, through a methylation mechanism that remains to be elucidated.

The origin of EtSH during fermentation is poorly documented, and the most reasonable hypothesis to explain its formation is the combination of sulfide with ethanol or acetaldehyde (Rauhut and Kurbel, 1994). This proposal was supported by recent data, showing a rapid and massive yeast-mediated formation of EtSH as a consequence of spiking the fermentation medium with H2S (Kinzurik et al. 2020). The EtSH profile both in the gas and liquid phase observed during Met/Cys fermentation was consistent with these findings, as this compound was detected with a short delay compared to H2S. Furthermore, the increase in ETA content, occurring simultaneously with a decrease in EtSH content, mostly between 40 and 80 % of fermentation progress, was in agreement with an acetylation of EtSH to ETA. During wine fermentation, a balance can exist between the free forms of thiols and their acetylated forms (thioesters). The acetylation of thiols is assumed to be a yeast-mediated reaction through a metabolic route analogous to the formation of acetate esters from higher alcohols (Walker and Simpson, 1993;Landaud et al., 2008). Conversely, a chemical mechanism is responsible for the formation of thiols from thioesters (Rauhut et al., 1998;Bekker et al., 2018). The sequential formation of thiols and thioesters that we observed indicates that the biological acetylation of thiols is more efficient than the chemical hydrolysis of thioesters during fermentation.

Finally, 3MP and 2MTE are two VSCs sometimes present in wine at level above their threshold level and associated with sweat odor, roasted and cauliflower flavour notes (Moreira et al., 2010, Vermeulen et al., 2005, Mestres et al., 2000). The dynamics of VSCs formation revealed a sequential formation of 3MP and ETP on one hand, and of 2ME and 2MTE on the other hand, during fermentations achieved in presence of cysteine (Cys and Met/Cys conditions).

These compounds were not produced when methionine was the only sulphur amino acid provided in the medium. This pattern reflects a formation of 3MP and 2ME from the catabolism of homocysteine and cysteine through the Ehrlich pathway, as previously proposed (Vermeulen et al., 2005;Landaud et al., 2008). These compounds likely may be then either ethylated or methylated, in ETP and 2MTE, respectively. 

GENERAL DISCUSSION

This work was dedicated to deepen our knowledge on the formation of volatile sulfur compounds during wine fermentation and ageing, addressing in a comprehensive approach the metabolic, chemical and molecular origin of these molecules, elucidating their dynamics throughout the process and investigating how genetic and environmental factors may affect their production. The complete and detailed overview of the formation of 17 VSCs during fermentation provided by this study is the first step to design strategies to avoid wine spoilage through the presence of these molecules, responsible for the reductive fault of wines. This project relied on the implementation and use of appropriate methodologies for the quantification of VSCs as the availability of these analytical methods had often emerged as a hurdle to conduct studies on this topic. Therefore, due to large range of boiling points of the VSCs included in our project, from 35 (EtSH) to 247 ºC (3MTPA), two different techniques of extraction were developed. Light VSCs (EtSH, DMS, SMTA, DMDS, DES, ETA and DEDS) were extracted using a Dynamic Headspace System (DHS) combined with GC Thermal Desorption Unit (TDU) before GC-MS analysis. Heavy sulfur compounds (2ME, MTHTP, 2MTE, E3MTP, 3MTPAc, 3MP, ME, ETP, 4MTB and 3MTPA) were extracted using double liquid-liquid extraction (DLLE) and subsequently analyzed by GC-MS.

The first objective of this project focused on identifying the genetic, environmental and technological factors that can modulate the formation of sulfur compounds. To begin with, the diversity in the capacity of 40 wine yeasts to produce VSCs depending on their genetic background was investigated, comparing the profile of 17 different molecules at the end of synthetic grape juice fermentation. While no VSCs were detected at significant levels in wines produced with non-Saccharomyces species, the 22 S. cerevisiae strains produced from 1 to 6 different sulfur-containing compounds in a 1-to 30-fold concentration range. These differences in VSCs production pattern between S. cerevisiae strains is in line with the important metabolic variability already reported within this species, for the synthesis of central carbon metabolites or fermentative aromas [START_REF] Lema | Contribution of saccharomyces and nonsaccharomyces populations to the production of some components of albarino wine aroma[END_REF]Stribny et al., 2015).

We also show here that the 18 species of non-Saccharomyces wine yeasts differ from S. cerevisiae by their low capacity to synthesize VSCs, which is definitely of technological interest. Overall, it appears that the choice of the(s) strain(s) carrying the fermentation is a prerequisite to control the formation of VSCs. In addition, this study allowed us to select four yeasts with different VSC profiles for further study.

Yeast metabolism, and consequently, the formation of the resulting compounds, depends on many environmental factors as grape juice content in sugars, vitamins, nitrogen or heavy metals but also on the technological itineraries set up during the cultivation of vine and winemaking (phytosanitary treatment, addition of SO2, use of clarification…). Regarding VSCs, the initial concentration of sugars and SO2, the total nitrogen content or vitamin availability have been proposed as main parameters affecting their production by yeast (Wang et al., 2003;[START_REF] Winter | Effects of rehydration nutrients on H 2 S metabolism and formation of volatile sulfur compounds by the wine yeast VL3[END_REF]Ugliano et al., 2011;Moreira et al., 2011;Bohlscheid et al., 2011).

However, only a limit range of VSCs have been considered in these studies, which hinders a global vision and understanding of the impact of these factors on VSCs production. We therefore evaluated the impact of technological/environmental parameters on the profile of 17 VSCs by first addressing the role of SO2, a chemical agent widely added during the winemaking process as metabisulfite salts to avoid both oxidation and microbial spoilage. The concentration of free SO2, which enters the cell by passive diffusion, depends on both the pH (balance between free and protonated forms) and the sugar content, as this chemical active compound may combine with aldehyde or ketones. So, in a first approach, the combined effect of pH, sugars and SO2 concentrations was investigated through a Box-Benkhen experimental design, coupled with a response surface model, using the 4 selected S. cerevisiae strains. While an effect of SO2 availability on the VSCs profile of wine was expected, as this compound was reported as used as sulfur source by yeast (Macris and Markakis, 1974), no significant effect was found, regardless of the strain or the VSCs quantified in the liquid phase. We then hypothesized that the excess sulfur from SO2 consumption was directly released as H2S in the gas phase. This proposal could be further tested experimentally with the strain LMD17 (IR10) using a cutting-edge fermentation device developed in the hosting laboratory to detect 5 light VSCs (H2S, EtSH, MeSH, DMS and DES) in the headspace of fermenters by coupling with a pulse flame photometric detector. Surprisingly, adding 100 mg/L SO2 did not have a significant impact on the dynamics of H2S detection, as a similar profile was found compared to control fermentation without addition, apart from a slight accumulation occurring during the last 5% of fermentation. These data suggest that, contrary to the generally accepted view at least for H2S, SO2 additions have only a limited or no impact on the VSC formation profile. However, these results should be generalized to other yeast strains and using a wider range of SO2 dose. On the other hand, the question of the metabolic role of SO2 in winemaking, even if difficult to understand because of the important chemical reactivity of this molecule, would deserve more investigations, especially through the implementation of quantitative analysis approaches of its fate throughout the fermentation process.

We then set out to determine the effect of the availability of assimilable nitrogen, pantothenic acid and sulfur amino acids -in this case, using overstated conditions-on the formation of sulfur-containing compounds. This experimental approach allowed us to show that these 4 parameters significantly modulated the VSCs profile, with effects depending both on the VSC and the factor. YAN availability exerts a bell-shaped effect on formation of compounds deriving from the catabolism of methionine and cysteine though the Ehrlich pathway, as well as on the formation of thioesters. Interestingly, the response of compounds derived from methionine and cysteine catabolism via the Ehrlich pathway is specific to the addition in excess of their precursor sulfur amino acid: methionine for ME, 3MTPAc, 3MTPA and E3MTP and cysteine for 2ME and 2MTE; conversely, the formation of thioesters, SMTA and ETA is both modulated by methionine and cysteine availability. Pantothenic acid is the precursor vitamin of the synthesis of Acetyl-CoA [START_REF] Leonardi | Biosynthesis of pantothenic acid and coenzyme A[END_REF], a metabolic intermediate with a key role in the yeast-mediated VSCs synthesis, being in particular, required for the formation of O-acetyl homoserine, which further combines sulfide to form homocysteine and for the acetylation of thiol in thioesters (Brzywczy and Paszewski, 1993).

An important redistribution of fluxes was triggered by a pantothenic acid deficiency, with a strong decrease in the formation of methionine-deriving compounds combined with an increased production of thioesters. All these results revealed that it is possible to modulate the production of VSCs by managing environmental or technological parameters, for example by supplementing with pantothenic acid musts deficient in this vitamin. However, to define these strategies and in a context of improving the overall quality of wine, it will be necessary on the one hand to consider all the parameters and their interactions, and on the other hand to evaluate the consequences on the global sensory profile, at the level of the formation of positive aromas and by going up to sensory analysis. An additional perspective to this work will be to evaluate the impact of other parameters, such as oxygenation, phytosterol content, nutrients additions in the course of fermentation..., already shown to affect yeast carbon and nitrogen metabolism [START_REF] Rollero | Nitrogen metabolism in three non-conventional wine yeast species: A tool to modulate wine aroma profiles[END_REF].

The second part of this project was to elucidate the origin of VSCs during wine making, by identifying the chemical, metabolic and molecular mechanisms underlying their formation and the interconversions between these different molecules during fermentation and wine storage. For this purpose, we used a dedicated experimental design, based on the monitoring of the evolution of the VSCs profile during the incubation of samples spiked with some specific sulfur-containing molecules, but we also relied on the functional analysis of key genes of sulfur assimilation metabolic network and on the determination of dynamics of the formation of these compounds. This approach emphasized that ME, 3MTPAc, 3MTPA and E3MTP originate exclusively from the yeast-mediated catabolism of methionine and its associated α-ketoacid -4methylketobutyric acid-by the Ehrlich pathway, with in particular a sequential formation of methional, then of ME and 3MTPA, and finally of 3MTPAc and E3MTP corroborating this metabolic scheme. In addition, an increase in the formation of these compounds were exclusively triggered incubating samples supplemented with intermediates of methionine assimilation through the Ehrlich pathway in presence of cells. Furthermore, the functional analysis of the genes ATF1 and ATF2, selected as potentially responsible for the formation of acetate esters (Cherry et al., 2012) revealed that Atf1p but no Atf2p was the principal enzyme catalyzing ME esterification to 3MTPAc. However, it was not possible to identify the enzymes involved in the other steps of methionine conversion through functional analysis of target genes, because these reactions of the Ehrlich route involve families of enzymes (Hazelwood et al., 2008), for which activities may offset each other.

The origin of 2ME, 3MP, 2MTE and ETP during wine fermentation, has been little explored until now. Several findings reported in this thesis point to a major contribution of biological mechanisms to the formation of 2ME and 3MP, likely involving the Ehrlich pathway conversion of cysteine and homocyscteine, respenctively: (i) the absence of formation of these compounds during incubation of fermentation samples without cells; (ii) the dynamics of formation of these compounds during fermentation, occurring in the first stage of fermentation, simultaneously to nitrogen sources assimilation and (iii) the decrease in the formation of 2ME and 3MP observed deleting the genes ARO9 and BAT2 coding for transaminases involved in the assimilation of cysteine and homocysteine. The origin of 2MTE and ETP remains poorly understood. No direct relationship between these molecules and the other VSCs has been shown in this work both during fermentation and aging, excepted an increased formation when cysteine was provided in excess. Furthermore, we have observed a sequential formation of 2ME and then 2MTE Y on one hand, and of 3MP and then ETP on the other hand. However, it was not possible to determine whether chemical or enzymatic methylation/ethylation reactions are involved in this processes.

Our experimental approach has also allowed us to go further in the understanding of the complex relationships between H2S, thiols (EtSH, MeSH), thioesters (ETA, SMTA) and disulfides (DMDS, DEDS). We demonstrated that MeSH and H2S are the first VSCs produced throughout the fermentation process using methionine and cysteine as sole nitrogen sources.

Even if a chemical formation of MeSH from methionine has not been experimentally refuted, its yeast assimilation as a sulfur and nitrogen source, essential for sustaining growth, is the most plausible explanation to the MeSH formation at the early stage of the fermentation, through a demethiolase activity.

Usually, the formation of H2S is achieved through the SRS route (Ugliano et al., 2009;[START_REF] Winter | In situ high throughput method for H2S detection during micro-scale wine fermentation[END_REF]. However, when cysteine is present in excess, we observed a downregulation of all genes of the SRS (Chapter 3) but a massive production of H2S likely involving Irc7p or Tum1p, for which the activity was overexpressed under these conditions (Chapter 3). These enzymes catalyze cysteine degradation to pyruvate and H2S (Santiago and Gardner 2015;Huang et al., 2016). This dual formation of H2S supports the biphasic dynamics of its accumulation in the gas phase observed when methionine and cysteine are used as nitrogen source: the first one is likely related to a formation through the SRS route, and the second one to the catabolism of cysteine (Chapter 4). Under these conditions, the delayed formation of EtSH compared with H2S is in agreement with this thiol formation through a chemical combination of H2S with ethanol or acetaldehyde, as previously proposed (Rauhut and Kurbel, 1994).

During the winemaking process, interconversions between thiols and their esterified thioester forms have been described and it is difficult to determine which reactions occur during fermentation and storage: thioesters, through their hydrolysis, have been considered as a source of MeSH and EtSH in wine and beer (Bekker et al., 2018) while yeast acetyl-CoA transferases have been assumed to be responsible for the acetylation of thiols to thioesters (Walker and Simpson, 1993;Landaud et al., 2008). The sequence of VSCs production is in agreement with the acetylation of a large fraction of MeSH to SMTA that accumulates in wine while a small fraction is chemically dimerized to form DMDS and another part is used as precursor to DMS, through a methylation mechanism that remains to be elucidated. In addition, the increase in ETA content, occuring simultaneously with a decrease in EtSH content, mostly between 40 and 80 % of fermentation progress, proves that an acetylation of EtSH to ETA occurs during fermentation. Conversely, our data indicate that the balance between these two families of compounds is in favor of a conversion of thioesters into thiols during the aging of wines. This work on the identification of VSCs origin shows that the presence of volatile compounds in wines results from complex interactions between biological formation and chemical reactions during all the winemaking process, which it is imperative to know and understand to decrease the negative sensory impact of VSCs in wines. On the other hand, this study has raised questions, in particular by establishing relationships between different compounds, such as MeSH and EtSH, or 2ME and 2MTE, whose chemical or biological mechanisms remain to be elucidated. In this objective, isotopic tracer experiments to identify the fate of target molecules could be implemented, in association with the study of the response of the VSCs profile to potential precursor additions. Finally, our results, obtained in general using a synthetic grape juice, will have to be confirmed on natural grape juice, in particular to take into account the chemical interactions between VSCs and certain compounds of the environment, like polyphenols and metals.

As a third objective of this project, the regulation of the assimilation of sulfur compounds and their further metabolism was addressed, based mainly on the study of the response of the gene expression profile to environmental modifications relevant to the study of VSC formation: a deficiency in pantothenic acid or an excess in sulfur-containing amino acids, methionine and cysteine. Differential analysis of gene expression first showed a common general response to the use of methionine or cysteine as sole nitrogen source, related to the lower efficiency of these sulfur amino acids to sustain yeast growth. Thus, the yeast adapts its metabolism to lower cellular activity, for example by controlling the intracellular glutamate pool, which has a key role in the redistribution of nitrogen for growth, via the formation and vacuolar storage of arginine, or by adjusting the energy-consuming de novo synthesis of thiamine to the lower glycolytic flux.

Our data also highlight the very different roles of methionine and cysteine in the regulation of metabolic pathways involved in the assimilation of sulfur sources and the formation of VSCs. Thus, methionine only contributes marginally to the regulation of this metabolic network, since only 3 genes involved in the Ehrich pathway (BAT2, ARO8 and PDC6) are differentially expressed between control and excess methionine conditions. Conversely, a large remodeling of the gene expression profile is observed when cysteine is used as the only nitrogen source, reflecting its key regulatory role: a down regulation of many genes involved in the assimilation of inorganic sulfur sources and the further combination of sulfide with Oacetyl homoserine to produce homocysteine as well as of genes responsible for cysteine synthesis was observed, combined with the overexpression of genes potentially involved in the catabolism of cysteine, validating their contribution: STR2, ARO8 and BAT1,2 but also IRC7, catalyzing the cleavage of this amino acid in pyruvate, ammonium and sulfide. The cytotoxic effect of cysteine, previously described to affect cell growth (Kumar et al., 2006) could be put forward to explain this transcriptional response, as genes involved in the cellular oxidant detoxification and ROS response were also overexpressed.

Interestingly, a pantothenic acid deficiency also triggered important gene in the yeast transcriptome, with an opposite response compared to cysteine excess. Sulfate transporters (SUL1 and SUL2), all the genes of the SRS pathway and most of the genes participating in the homocysteine, cysteine and methionine interconversion (MHT1, CYS4, CYS3 and STR3) were coordinately overexpressed under pantothenic acid deficiency. Contrarily, aminotransferases involved in the catabolism of sulfur amino acid (ARO8, BAT1) were down-regulated. These transcriptional changes reflected a mobilization of the sulfur resource toward formation of cysteine and methionine, required for anabolism and growth. which agree with the decrease in cysteine and methionine byproducts as mentioned above. This gene expression profile is in line with the overall lower formation of VSCs, found under pantothenic acid deficiency.

More generally, the gene expression profile observed during this study highlighted regulatory mechanisms explaining the differences in the VSCs profiles depending on fermentation conditions. However, some observations are not fully understood, such as the differences in ME, 2ME and 3MP production levels between fermentations using either a mixture of cysteine and methionine or a mixture of methionine and ammonium as nitrogen source. This may be related to the regulatory role of ammonium on the uptake of other nitrogen sources, but this needs to be demonstrated experimentally.
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  projet, de 35 (EtSH) à 247 ºC (3MTPA), deux techniques d'extraction différentes ont été développées. Les CSVs légers (EtSH, DMS, SMTA, DMDS, DES, ETA et DEDS) ont été extraits à l'aide d'un système d'espace de tête dynamique (DHS) combiné à une unité de désorption thermique de GC (TDU) avant l'analyse GC-MS. Les composés sulfurés lourds (2ME, MTHTP, 2MTE, E3MTP, 3MTPAc, 3MP, ME, ETP, 4MTB et 3MTPA) ont été extraits à l'aide d'une double extraction liquide-liquide (DLLE), puis analysés par GC-MS.

  process. Combined with the determination of heavier VSCs in the liquid phase at 7 stage of fermentation progress, this information obtained helped us to understand the global metabolism of VSCs production by yeast.

Figure 1 .

 1 Figure 1. Evolution of fermentation parameters through time in a fermentation at 24 ºC. Yeast strain used was EC1118 and the medium is a synthetic must with 200 g/L of sugars and 330 mg/L of assimilable nitrogen.

Figure 2 .

 2 Figure 2. Central carbon metabolism in S. cerevisiae during oenological fermentation.
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 3 Figure 3. Pentose phosphate pathway.

Figure 4 .

 4 Figure 4. Schema of carbon, nitrogen and sulfur metabolisms and implication in formation of the principal fermentative aromas (modified fromSwiegers et al., 2005) 
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 6 Figure 6. Sulfate reduction pathway (SRS) and sulfur-containing amino acids formation in S. cerevisiae.
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 7 Figure 7. Two different pathways of cysteine anabolism. In S. cerevisiae only CT-pathway is active (From Ono et al. 1999) -Formation of methionine
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 8 Figure 8. Origin of the methyl group of methionine and methionine formation (From Thomas and Surdin-Kerjan 1997)

Figure 9 .

 9 Figure 9. Catabolism of methionine in S. cerevisiae.
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 10 Figure 10. Possible cysteine catabolism. Hypothetical formation of 2-mercaptoethanol, 2-methylthioethanol and 2mercaptoethylacetate

Figure 11 .

 11 Figure 11. Hypothetical biological (green) and chemical pathways (black dashed) for the formation of different VSCs found in wine. Green arrows represent yeast-mediated conversion and black dashed arrows represent conversion that are chemically and/or biochemically mediated. (FromKinzurik et al., 2020) 
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 12 Figure 12. Nitrogen metabolism central pathways(From Magasanik and Kaiser, 2002) 

  Using the PhenOFerm system. A robotic arm picks up each fermenter every hour and places it on a scale which records the weighings by a PlateButler® software. 80 fermentations can be recorded at the same time. The raw data is collected in a RobView software where the fermentation parameters are calculated (CO2 released, CO2 production rate). Or -Manually, weighting the fermenters in a balance between six and two times a day, depending on the progress of the fermentation.
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 1 Figure 1. Picture of a 300 mL fermenter

(

  12 -18 ºC) and the desired temperature is reached by means of a heating lamp that switches on and off according to the temperature. The fermenters are placed on a balance that records the weight every 20 minutes and transfers the raw data to the RobView software, which calculates the fermentation parameters.

Figure 2 .

 2 Figure 2. Picture of a 1L fermenter
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  Methylthio= propanoic acid ethyl ester [13327-56-5], 3-Methylthiopropyl acetate [16630-55-0], 3-mercapto-1-propanol [19721-22-3 ME [505-10-2], ethylthiopropanol [18721-61-4], 4methylthiobutanol [20582-85-8], Acid 3-(methlythio) propanoic [646-01-5] and ethyl(methylthio) acetate [4455-13-4].

  Chromeleon 7.2 software (Thermo Scientific) was used to control the instrument and analyze the data. Gas chromatograph was equipped with a column of 30mx0.25mmx0.25µm DB-FFAP. A constant flow of helium (1 ml/min) was stablished. 2 µL of sample volume were injected in splitless mode. The temperature settled during the running set was the following: Initial temperature increases by 1 ºC/min to 45 ºC, by 3 ºC/min to 120 ºC, then by 3 ºC/min to 120 ºC, and finally 20 ºC/min to 240 ºC. Final temperature was held during 8 min.Injector temperature was held at 250 ºC. The mass spectrometer quadrupole temperature was set at 150 ºC, the ion source at 230 ºC and the transfer line at 250 ºC. Selected Ion Monitoring (SIM) with a positive ion electron impact at 70 eV was used to record mass spectra.

  transcryptase-PCR reaction (RT-PCR) was performed in order to obtain the complementary DNA strands. In this reaction, mix is incubated 2 hours at 40 ºC in a polymerization step followed by the inactivation of enzymes by increasing temperature to 70 ºC during 15 min., An in vitro transcription was done to allow fluorochrome labelling to cDNA. Cy3 fluorochrome was incorporated to the reaction and mix is incubated 2 hours at 40 ºC. Labelled cDNA was then purified with Qiagen RNeasy mini-kit and eluted in 30 µL of H2O miliQ. During cDNA labelling, samples have to be manipulated protected from light. A control step with NanoDrop 1000 (ThermoScientific) was made to confirm that RNA was properly transcript and labelled, which allow to estimate Cy3 incorporation (550 nm, wavelength). Amplification yield must be greater than 660 ng and FOI labelling efficiency (number of dye molecules per 1000 nucleotides) must be greater than 4. These values are calculated by the following formula:-Amplification yield: ([cRNA]ng/µl x 30 µL)/100 x 0.02 -FOI = ([Cy3] pmol/µL x 324.5)/[cRNA]ng/µL6.3. Microarrays hybridizationAgilent chips (Agilent Technologoies, Santa Clara, CA, USA) are used in single color. A slide has 8 hybridization zones (8 x 15 k) whose spot composition corresponds to the 6200 genes of S. cerevisiae, completed by the 39 new genes discovered in Lalvin EC1118®The Gene Expression Hybridization kit (Agilent Technologies) was used for the hybridization. 600 ng of labelled ARN were mixed with fragmentation buffer 25X (1 µL), blocking agent 10X (5 µL) and completed with nuclease free H2O to 50 µL. RNA were fragmented by heating 30 min at 60ºC and reaction was stopped by cooling on ice for 1 min. After that hybridization buffer (Gex 2X) is added to obtain a total volume of 50 µL. A hybridization support with 8 different compartments inside an aluminum hybridization chamber (G2534A, Agilent Technology) was used to facilitate deposition. 40 µL of samples are deposited carefully in the center of the compartments, avoiding formation of bubbles and the contact with the sides of the support. The Agilent chip was positioned with his active side down, hybridization chamber was closed and placed in the rotatory oven at 65 ºC during 17 hours. Then, the chip is washed three times, two baths with Wash1 (ref 5188-5325, Agilent Technology) followed by a bath with Wash2 (ref 5188-5326, Agilent Technology) preheated at 37 ºC. Microarray was recovered slowly from second bath, completely dried by centrifugation (1 min, 2000 rpm) and stored in dark at room temperature.

(

  "Polymerase Chain Reaction") reactions. For antibiotic resistance cassettes amplifications KAPA HiFI HotStart kit (Roche) was used in a reaction which involved 10 ng plasmid, 300 nm of each primer, 10 ml of HiFi fidelity buffer, 200 µM of dNTPs and 1U of KAPA HiFi polymerase, in a total volume of 50 µl. The PCR program was based on 35 amplification cycles comprising three steps:(i) denaturation of the 2 DNA strands by heating 20 seconds at 98 ºC, (ii) hybridization of primers to target DNA. Temperature varied depending on GC composition of primers, and duration was normally fixed at 30 seconds. (iii) elongation of the DNA fragment by heating 1 min at 72 ºC. At the end of the 35 cycles, an additional step of 5 min at 72ºC was performed. Primers used listed in table 13 and 14.Deletion of genes were confirmed by two approaches: first, a PCR reaction was done to amplify the region where gen was previously located. Antibiotic resistance cassettes lengths are different to gen sizes, so PCR amplification and posterior separation by electrophoresis gel allowed us to differentiate between WT strains and deletants strains. When lengths of antibiotic resistance cassettes were similar, a second approach was used. A primer outside the gen open ride frame (ORF) and a primer inside the gen ORF were used to amplify a fragment of 1000 pb. As intern primers are specific from the gene sequence, PCR reaction of positive deletants will not amplify any sequence of DNA, confirming the incorporation of the antibiotic resistance cassettes.To verify cassette incorporation an Ex Taq polymerase enzyme (Takara Bio, Kusatsu, Shiga, Japon) was used in a reaction composed of 2 µL of DNA obtained by rapid extraction, 100 nm of each primer, 2.5 mL of corresponding buffer, 2 µL of dNTP mix and 1U of Ex Taq polymerase in a total volume of 25 µL. The PCR program was based on 35 amplification cycles in three steps: (i) denaturation of DNA strands by heating 10 seconds at 98ºC, (ii) hybridation of primers, with our selected primers temperature was settled at 55ºC during 30 seconds, (iii) elongation of the DNA product. Duration varied depending on DNA length, 1 min per kb was selected at 72ºC. An addition step of 10 min at the end of the 35 cycles to complete elongation was performed at 72 ºC.

  Sulfur compound standards were purchased from Sigma Aldrich (St Louis, MO) EtSH [75-08-1], DMS [75-18-3], DES [352-93-2], thiophene (TP) [110-02-1], SMTA [1534-08-3], DMDS[624-92-0],ETA [625-60-5], DEDS[110-81-6], 3-(methylthio)-propanal (MAL) [3268-49-3], 2ME [60-24-2], MTHTP [13679-85-1], 2MTE [5271-38-5], E3MTP [13327-56-5],3MTPAc [16630-55-0], 3-mercapto-1-propanol (3MP) [19721-22-3 ME [505-10-2], (ETP)[18721-61-4], MTB [20582-85-8], 3MTPA [646-01-5] and ethyl(methylthio) acetate (EMTA) [4455-13-4].

  • C/min to 45 • C, by 3 • C/min to 120 • C, then by 3 • C/min to 120 • C and finally 20 • C/min to 240 • C. Final temperature is held during 8 min. The injector was held at 250 • C. The sample volume injected was 2 μL in splitless mode. The mass spectrometer quadrupole temperature was set at 150 • C, the ion source was set at 230 • C and the transfer line was held at 250 • C. For quantification, mass spectra were recorded in Selected Ion Monitoring (SIM) mode with positive ion electron impact at 70 eV.

Figure 1 .

 1 Figure 1. Principal component analysis for volatile sulfur compounds production (MTHTP, ETP, 3MTPA, 3MTPAc, ME, E3MTP, SMTA and DEDS) by 22 S. cerevisiae strains. The first three dimensions (Dim1, Dim2 and Dim3) explain respectively 36.73%, 25.21% and 16.08% of the variability in VSCs production between individuals.

Figure 2 .

 2 Figure 2. Effect of YAN availability (100, 200, 300 and 400 mg N/L) on the production of VSCs during fermentation on synthetic media. Concentrations of volatile sulfur compounds (SMTA, ETA, 2ME, ETP, E3MTP, ME, MTHTP, 2MTE, 3MTPAc and 3MTPA; μg/L) measured at the end of fermentation by S. cerevisae strains ECA5 ( ), IR01 ( ), IR10 ( ) and MTF914 ( ). The values represented the averages of duplicate biological experiments ± standard error (SD).

Figure 3 .

 3 Figure 3. Incidence of pantothenic acid availability on wine fermentation. (A) Fermentation parameters during synthetic media fermentation containing variable concentrations of pantothenic acid, with the strains S. cerevisiae ECA5, IR01, IR10 and MTF914. [sugars]res: residual sugars concentration; Rmax: maximal fermentation rate; T ferm : fermentation duration. n.s.: not significant. (B) Boxplots of the production of central carbon metabolites (acetate, α-ketoglutarate, pyruvate, succinate, ethanol and glycerol; g/L) during fermentation by the S. cerevisiae strains ECA5, IR01, IR10 and MTF914 depending on pantothenic acid concentration (10: , 25 , 50, 100 and 250 μg/L). Biological duplicates were performed for each condition. The bold central line corresponds to the median. The edges of the boxplots are the 1st and 3rd quartiles. The endpoints of the boxplots are calculated using 1.5 times the interquartile range (the distance between the 1st and 3rd quartile).

Figure 4 .

 4 Figure 4. Effect of pantothenic acid availability (10, 25, 50, 100 and 250 μg/L of pantothenic acid) on the production of VSCs during fermentation on synthetic media. Concentrations of volatile sulfur compounds (SMTA, ETA, 2ME, ETP, E3MTP, ME, MTHTP, 2MTE, 3MTPAc and 3MTPA; μg/L) measured at the end of fermentation by S. cerevisae strains ECA5 ( ), IR01 ( ), IR10 ( ) and MTF914 ( ). Values represent the average of duplicate biological experiments ± standard error (SD).
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Figure 5 .Figure 6 .

 56 Figure 5. Effect of the availability of sulfur amino acids on the production of VSCs during fermentation on synthetic media. Concentrations of volatile sulfur compounds (SMTA, ETA, 2ME, ETP, E3MTP, ME, MTHTP, 2MTE, 3MTPAc and 3MTPA; μg/L) measured at the end of fermentation by S. cerevisae strains ECA5 ( ), IR01 ( ), IR10 ( ) and MTF914 ( ). 0 Cys: medium without cysteine; 0 Met: medium without methionine; ×20 Cys: medium with a 20-fold increase in cysteine concentration compared to reference synthetic medium; ×20 Met: medium with a 20-fold increase in methionine concentration compared to reference synthetic medium; YAN concentration was adjusted to 200 mg N/L for each condition. The values represented the averages of duplicate biological experiments ± standard error (SD).

  SO2 (or sulfite), largely used as chemical agent to avoid both oxidation and microbial spoilage, can enter the cell by passive diffusion and further reduced to sulfide in the SRS. A potential role of this molecule, used as sulfur source, is therefore expected on VSCs production. The active form of sulfite, free SO2, depends on both pH and sugar availability. So, to investigate the impact of SO2 in the production of sulfur compounds, we decided to rely on a Box-Benkhen model allowing to study the impact of 3 factors (pH, sugar and SO2), tested at 3 levels (summarized Table

Figure 7 .

 7 Figure 7. Simple, quadratic and interaction effect of pH (P), sugars (S) and SO2 (SO) in the production of three volatile sulfur compounds by the strains ECA5, IR10 and MTF914. (+) positive effect (-) negative effect. Green: p < 0.001; blue: p < 0.01; orange: p < 0.05; white: NA

  standards were purchased from Sigma Aldrich (St Louis, EEUU) EtSH [75-08-1], DMS [75[20582-85-8], 3MTPA [646-01-5] and ethyl(methylthio) acetate (EMTA) [4455-13-4].

  summarized the experimental design.Accelerated aging experiments were conducted using 3 different media: a natural Viognier grape juice, the synthetic medium SM previously described and a synthetic medium enriched with cysteine and methionine. For this last condition, the nitrogen source consisted in 200 mg/L methionine, 200 mg/L cysteine and the required amount of the mixture of ammonium and amino acids for a final concentration of 200 mg N/L. The Viognier grape juice containing initially 208 g/L of sugar and a 38 mg/L of YAN was supplemented with 162 mg/L of YAN as diammoniun phosphate (DAP).Fermentations were carried out in 1 L fermenters, at 22 °C under agitation at 210 rpm. At the end of fermentation, an accelerated aging procedure, adapted fromDenat et al., (2020) was performed. Samples were centrifugated and 95 mL of final wine were transferred to 100 mL vials. To create an anoxia environment, a flow of argon was applied to each vial for 10 min, before sealing them with a rubber cap. Vials were stored in the dark at 50 ºC during 21, 42 and 63 days. A control condition was reserved at room temperature during 63 days.

Figure 1 .

 1 Figure1. Experimental procedure implemented to analyse the metabolic and chemical connections between VSCs during fermentation. Cells were grown for 50 h in synthetic grape juice at °C. The fermentation broth was divided in two fractions: one remained unchanged while cells were removed from the second by centrifugation. Then, 95 mL aliquots of each fractions were transferred in 100 mL sealed vials maintaining anaerobiosis and supplemented with one of the 8 studied VSCs: SMTA, ETA, MAL, ME, 3MTPA, 2ME, 3MP and 2MTE. A control without addition was carried out. Each of the 18 incubation conditions was performed in triplicate. Samples were analysed after 24 and 234 (corresponding at the end of fermentation for assays in presence of cells) hours of incubation.

Figure 2 .

 2 Figure 2. Evolution of the concentrations of VSCs during incubation without supplementation. Concentrations expressed in µg/L. T0: start of the incubation; w cells 24 h: incubation in presence of cells for 24 h; w cells EF: incubation in presence of cells for 234 h (end of fermentation); w/o cells 24 h: incubation in absence of cells during 24 h; w/o cells 24 h: incubation in absence of cells during 234 h. Experiments were conducted in triplicate. Samples labelled with the same letters are not significantly different (ANOVA and t-test)

Figure 3 .

 3 Figure 3. Evolution of the concentrations of VSCs during incubation after spiking with compounds deriving from methionine catabolism. Concentrations expressed in µg/L. Control: control without addition; + MAL: supplementation with 400 µM MAL; + ME: supplementation with 400 µM ME;. + 3MTPA: supplementation with 400 µM 3MTPA; Bef. add.: concentration just before spiking; w cells 24 h: incubation in presence of cells for 24 h; w cells EF: incubation in presence of cells for 234 h (end of fermentation); w/o cells 24 h: incubation in absence of cells during 24 h; w/o cells 24 h: incubation in absence of cells during 234 h. Experiments were conducted in triplicate and the mean values are reported. Raw data are available in supplementary files.

Figure 4 .

 4 Figure 4. Evolution of the concentrations of VSCs during incubation after spiking with thioesters. Concentrations expressed in µg/L. Control: control without addition; + SMTA: supplementation with 400 µM SMTA; + ETA: supplementation with 400 µM ETA; Bef. add.: concentration just before spiking; w cells 24 h: incubation in presence of cells for 24 h; w cells EF: incubation in presence of cells for 234 h (end of fermentation); w/o cells 24 h: incubation in absence of cells during 24 h; w/o cells 24 h: incubation in absence of cells during 234 h. Experiments were conducted in triplicate and the mean values are reported. Raw data are available in supplementary files.

Figure 5 .

 5 Figure 5. Evolution of the concentrations of VSCs during incubation after spiking with compounds deriving from cysteine catabolism. Concentrations expressed in µg/L. Control: control without addition; + 2ME: supplementation with 400 µM 2ME; + 2MTE: supplementation with 400 µM MTE; Bef. add.: concentration just before spiking; w cells 24 h: incubation in presence of cells for 24 h; w cells EF: incubation in presence of cells for 234 h (end of fermentation); w/o cells 24 h: incubation in absence of cells during 24 h; w/o cells 24 h: incubation in absence of cells during 234 h. Experiments were conducted in triplicate and the mean values are reported. Raw data are available in supplementary files.

Figure 6 .

 6 Figure 6. Evolution of the concentrations of VSCs (µg/L) during aging. Concentrations expressed in µg/L. An accelerated ageing procedure (incubation at 50 °C under anaerobiosis) was applied to synthetic wine (), Viognier wine () and synthetic wine obtained with a synthetic grape enriched with methionine and cysteine (). Samples were collected after 21, 42 and 63 days of incubations. Experiments were conducted in triplicate and the mean values are reported. Errors bars represent standard error between replicates (n=3)

  amino acids, methionine and cysteine by the Ehrlich pathway directly involved in the synthesis of ME, 3MTPA, 3MTPAc, E3MTP, 3MP and 2ME. Other conversions are catalysed by yeast, as the acetylation of thiols (MeSH, EtSH) to thioesters (SMTA, ETA). Furthermore, during fermentations, in addition to these enzymatic productions, chemical reactions are overlaid responsible for interconversions between VSCs, e.g. between thiols and disulfides (DMDS, DEDS).Thiols appear as a core component of the formation of VSCs during wine fermentation, being produced from amino acids or heavy VSCs and converted in light VSCs. However, experimental hurdles due to their low boiling point prevent an accurate understanding of their role in the VSCs production. To overcome this problem, further experiments monitoring thiol concentration in the headspace of fermenters are currently in progress. Substantial changes in the profile of VSCs occur during wine storage, with either increase or decrease in their concentration depending on the chemical reactivity of their sulfur group.

  33% of the variance corresponded to the first component, which separated Cys samples from the other conditions. The second component, explaining 25.4% of the variability, differentiated DAP samples from Met and DAP conditions, for which samples were less differentiated. Applying PCA to the subset of samples from the stationary phase revealed a clear distinction of PAD samples from the other conditions through the first axis (44 % of variance). The second component separated individuals of Cys condition from those obtained

Figure 1 .

 1 Figure 1. Differential gene expression for the Met and Cys fermentations compared to control fermentations. Number of genes that are upregulated at 5 g CO2 released (A) and at 45 g CO2 released (C) or downregulated at 5 g CO2 released (B) and at 45 g CO2 released (D) compared to the control condition (logFC > 1, adjp.value < 0.05)

Figure 2 .

 2 Figure 2. Volcano plots of differentially expressed genes in LMD17 strain under cysteine (A, B), methionine (C, D) and pantothenic acid deficiency (E, F) fermentations at two different sample times (5 and 45 g CO2 released). DEGs are shown as a red (down) or green (up) dot (logFC > 1, adjp.value < 0.05)

Figure 4 .

 4 Figure 4. Differential expression of genes involved in sulfur metabolism between control condition (SM200) and cysteine conditions (Cys). Log FC are represented at 5 g CO2 released (left box) and 45 g CO2 released (right box).Significantly up-regulated and down-regulated genes are highlighted in green and red respectively. Genes that are not significant are highlighted in black.

  for acetyltransferases, STR2, coding for cystathionine gamma synthase, CYS3 coding for cystathionine gamma lyase and MET17 coding for O-acetyl homoserine-O-acetyl serine sulfhydrylase. With this aim, single gene deletions were introduced into diploid LM17 using PCR-based cloning and transformation via homologous recombination. The profile of VSCs of the 9 mutant strains during fermentation in SM200, SMMet and SMCys -containing 250 mg N/L as a mixture of ammonium and methionine or ammonium and cysteine, respectivelywere compared to the VSCs formation by S. cerevisiae LM17.

Figure 6 .Figure 7 .

 67 Figure 6. Concentration (in µg/L) of different volatile sulfur compounds from methionine, cysteine and homocysteine catabolism in fermentation carried out by single deletants of LMD17 strain in SM200, Met and Cys conditions. Colors represent strains: WT (grey), Δaro8 (pale green), Δaro9 (dark green), Δbat1 (pale blue), Δbat2 (blue), Δatf1 (pale orange) and Δatf2 (dark orange). Represented compounds are in bold letters. Samples labelled with the same letters are not significantly different (ANOVA and t-test)

Figure 8 .Figure 9 .

 89 Figure 8. Concentration (in µg/L) of different volatile sulfur compounds from methionine, cysteine and homocysteine catabolism in fermentation carried out by single deletants of LMD17 strain in SM200, Met and Cys conditions. Colors represent strains: WT (grey), Δmet17 (pink), Δstr2 (purple), Δcys3 (red). Represented compounds are in bold letters. Samples labelled with the same letters are not significantly different (ANOVA and t-test)

  As previously described(Jimenez et al., 2021), 2 analytical procedures were used to quantify light (EtSH, DMS, DES, SMTA, DMDS, ETA and DEDS) and heavy (2ME, MTHTP, 2MTE, E3MTP, 3MTPAc, 3MP, ME, ETP, 4MTB and 3MTPA) VSCs.For light VSCs determination, 25 µL of internal standard (TP) was added 7 mL of synthetic wine in a 15 mL screw cap headspace vial and the analytes of the liquid samples were transferred in a gas phase using a Dynamic Headspace Systeme (DHS) module equipped with a Thermal Desorption Unit (TDU) tube packed with Tenax TA (020810-005-00). The VSCs were quantitated using a 7890 GC system (Agilent), fitted with a 30 m × 0.25 mm x 0.1 µm ZB WAX (Phenomenex, Torrance, CA), and coupled with a 5975 single quadrupole mass spectrometry 90 °C. Gas phase passed in a sampling loop of 50 µL to feed the analysis channel of sulfur compounds while carbon compounds were concentrated in a cold trap (Tenax) at 5°C. After concentration step, carbon compounds were desorbed from Tenax at 280 °C for 1 min. The injector temperature was 250 °C with split flow at 2 mL/min. The GC Compact 4.0 was equipped with a programmable oven containing a MXT-Wax column (30 m × 0.25 mm ID, 0.5 µm film thickness) from Restek (Lisses, France). Helium at a constant pressure of 80 kPa was used as the carrier gas. The oven temperature program was: 40 °C for 2 min, increase to 160 °C at a rate of 8 °C/min, hold at 160 °C for 10 s, increase to 220 °C at a rate of 15 °C/min, and hold at 220 °C for 3 min. Flame Ionization Detector (Thermo Fisher Scientific, Toulouse, France) was set at 150 °C.

  detector (PFPD) to monitor volatile VSCs in the headspace of fermentor in real-time (one measurement per hour). In a control fermentation, the S. cerevisiae strain LMD17 was grown on synthetic medium SM200 mimicking a natural grape must, which contained 210 g/L of sugars and 200 mg/L of yeast assimilable nitrogen (YAN) as a mixture of ammonium and amino acids and without SO2 addition. To assess the impact of key relevant parameters for VSCs, 5 different media were also used, with the following differences in their composition compared to the control conditions (SM200): (i) Pantothenic acid deficiency (PAD), containing 50 µg/L of pantothenic acid instead of 1 mg/L; (ii) SO2 addition (SO2), with the addition of 100 mg/L of SO2 as potassium metabisulfite; (iii) methionine or cysteine excess (Met/Cys, Met, Cys), for which the SM200 nitrogen sources mixture was replaced by 200 N mg/. Samples were collected after consumption of 5, 10, 20, 40, 60, 80 and 100% of sugars, on the basis of released CO2, for the quantification of VSCs in the liquid phase.Due to the unfeasibility of increasing the number of experiments using the online monitoring device of VSCs in gas phase and based on the reproducibility of VSCs formation during fermentation previously reported(Jimenez et al., 2021; Chapter 2,3), the fermentations were not replicated but one condition (PAD condition), carried out in duplicate. The comparison of the profile of CO2 and H2S production (figure1) revealed a similar behavior between the two replicated experiments. In addition, in the evolution of the concentrations of the 9 VSCs determined in liquid phase between duplicates (supplementary file 1).

  the dynamic of accumulation of VSCs in the liquid phase, only 8 molecules (SMTA, 2ME, 2MTE, 3MTPAc, 3MP, ME, ETP, 3MTPA) from the 17 compounds analyzed were detected throughout the course of fermentation. The concentration of the other molecules (EtSH, DMS, DES, DMDS, DEDS, MAL and 4MTB) were below the detection threshold, indicating a very limited or no production by yeast in this condition or losses by evaporation.

Figure 1 .

 1 Figure 1. A) Evolution of the CO2 production rate in SM200 (black), SO2 (purple), PAD (green), Met (orange), Cys (light blue) and Cys/Met (dark blue) fermentations. B) Debit CO2 produced with respect to time (h) in g/L/h (black dashed) and relative concentration of H2S (green) in in two replicates of PAD fermentations.

Figure 2 .

 2 Figure 2. (A) Evolution of relative concentration of H2S in SM200 (black line), SO2 (purple line) and PAD (green line) conditions in gas-phase in function of fermentation progress (%). Concentrations of SMTA (B), ETA (C), 2ME (D), 2MTE (E), ETP (F), 3MP (G), ME (H), 3MTPA (I) and 3MTPAc (J) in liquid phase (µg/L) at different points of fermentation progress in SM200 (black line), SO2 (purple line) and PAD (green line) fermentations.

Figure 3 .Figure 4 .

 34 Figure 3. A) Evolution of the relative concentrations of H2S (full line) and EtSH (dash line) in Met/Cys (black), Cys (blue) and Met (orange) fermentations in function of fermentation progress (%) according to total CO2 released. B) Evolution of relative concentration of H2S (black), MeSH (blue), EtSH (green) and DMS (red) in gas-phase and evolution of concentrations of DMS (red dashed line) and EtSH (green dashed line) in µg/L at liquid-phase in function of fermentation progress (%)
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 11 Sequence of primers used for verification of antibiotic resistance incorporation
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 2 Composition of the nitrogen source of different media used to evaluate the impact of sulfur amino acids in VSCs production
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 3 Experimental design of Box-Benken experience
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 4 Concentration of different VSC produced in SM200 fermentation by Non-Saccharomyces strains

Table 3 .

 3 Principal genes involved in sulfur amino acid metabolism and its metabolic function.

	INRA

Table 1. Code, specie and origin of strains used in this study.

Table 2 .

 2 Synthetic must composition with 210 g/l sugars, 200 mg/L YAN and 2 mg/L phytosterols

	Compounds	Quantity (1 L)
	MnSO4, H2O	4 g
	ZNSO4, 7H2O	4 g
	CuSO4, 5H2O	1 g
	KI	1 g
	CoCl2, 7H2O	0.4 g
	H3BO3	1 g
	Ammonium heptamolybdate (H32Mo7N6O28)	1 g

Table 3 .

 3 Oligoelement solution composition. Solution was sterilized by filtration (0.22 µm) and stored at 4ºC

	Compounds	Quantity (1 L)
	Glucose	105 g
	Fructose	105 g
	Malic acid	6 g
	Citric acid	6 g
	KH2PO4	0.75 g
	K2SO4	0.5 g
	MgSO4, 7 H2O	0.25 g
	CaCl2, 2H2O	0.155 g
	NaCl	0.2 g
	NH4Cl	0.216 g
	Oligo elements solution	1 mL
	Vitamins solution	10 mL
	Phytosterols solution	0.10 mL
	Amino acids solution	6.16 mL
	Iron chloride solution	1 mL

Table 4 .

 4 Vitamin solution composition. Solution was conserved at -20ºC

	Compounds	Quantity (1 L)
	Phytosterols	2 g
	Tween 80	50 mL
	Ethanol 100 %	Qs 100 mL

Table 5 .

 5 Phytosterols solution. Solution was conserved at 4 ºC.

Table 6 .

 6 Iron chloride solution composition. Solution was conserved at 4 ºC.

	Compounds	Quantity (1 L)
	Aspartic acid	3.4 g
	Alanine	11.1 g
	Arginine	28.6 g
	Cysteine	1 g
	Glutamine	38.6 g
	Glutamic acid	9.4 g
	Glycine	1.4 g
	Histidine	2.5 g
	Isoleucine	2.5 g
	Leucine	3.7 g
	Lysine	1.3 g
	Methionine	2.4 g
	Phenylalanine	2.9 g
	Proline	46.8 g
	Serine	6 g
	Threonine	5.8 g
	Tryptophane	13.7 g
	Tyrosine	1.4 g
	Valine	3.4 g

Table 7 .

 7 Amino

acids solution composition. Solution was conserved at -20ºC.

Table 8 .

 8 Quantification and confirmation ion of heavy sulfur compounds

	Compound	Quantification ion	Confirmation ion	Detection threshold (µg/L)
	Ethylmethylthioacetate [445-13-4]	61	134	
	Methional [3268-49-3]	104	76, 61	36.56
	2-Mercaptoethanol [60-24-2]	60	47, 78	53
	3(2H)-dihydro-2-methylthiophenone [13679-85-1]	60	116, 88	7.6
	2-methylthioethanol [5271-38-5]	61	92	8.2
	3-(Methylthio)propanoic acid ethyl ester [13327-56-5]	74	148, 61	2.2
	3-Methylthiopropyl acetate [16630-55-0]	88	73, 61, 148	5.7
	3-Mercaptopropanol [19721-22-3]	92	58, 57, 74	9.8
	3-Methylthiopropanol [505-10-2]	106	61	10.5
	Ethylthiopropanol [18721-61-4]	120	61	8.8
	4-Methylthiobutanol [20582-85-8]	61	120	6.1
	3-Methylthiopropanoic acid	120	61, 74	11.85

Detection peak are detailed in table 11.

Table 9 .

 9 Quantification and confirmation ion of light sulfur compounds

	Compound	Quantification ion	Confirmation ion	Detection threshold
				(µg/L)
	Ethanethiol [75-08-1]	62	29	2.1
	Dimethyl sulfide [75-18-3]	62	47	3.1
	Diethyl sulfide [352-93-2]	90	75, 61	1.8
	Thiophene [110-02-1]	84	58	
	Methylthioacetate [1534-08-3]	90	43	2.0
	Dimethyldisulfide [624-92-0]	94	79, 64	1.6
	Ethylthioacetate [626-60-5]	104	43, 76	1.8
	Diethyldisulfide [110-81-6]	122	94, 66	1.6

Table 11 .

 11 Sequence

	(5`-3`) of primers used for verification of cassettes incorporation

Table 1 .

 1 S. cerevisiae yeast strains used in this study.

	Name	Origin	Genotype
	IR01	Lallemand	Mat a/ Mat α
	IR02	Lallemand	Mat a/ Mat α
	IR03	Lallemand	Mat a/ Mat α
	ECA5	Lallemand	Mat a/ Mat α
	UCD522	INRAe	Mat a/ Mat α
	IR4	Lallemand	Mat a/ Mat α
	IR5	Lallemand	Mat a/ Mat α
	EC1118	INRAe	Mat a/ Mat α
	IR06	Lallemand	Mat a/ Mat α
	IR07	Lallemand	Mat a/ Mat α
	IR08	Lallemand	Mat a/ Mat α
	L85	Lallemand	Mat a/ Mat α
	MTF 1615	INRAe	Mat a/ Mat α
	MTF 1764	INRAe	Mat a/ Mat α
	K1	INRAe	Mat a/ Mat α
	MTF2414	INRAe	Mat a/ Mat α
	MTF 2292	INRAe	Mat a/ Mat α
	IR10	INRAe	Mat a/ Mat α
	MTF 914	INRAe	Mat a/ Mat α
	IR11	INRAe	Mat a/ Mat α
	MTF 2113	INRAe	Mat a/ Mat α
	MTF1438	INRAe	Mat a
	Fermentation media		

A synthetic must (SM), as described by

Rollero et al. 2015

, that mimics normal grape must conditions was used in this study. SM nitrogen was composed of ammonium chloride and amino acids. The stock solution of amino acids was composed of (in milligrams per liter): proline (288.28), alanine (68.37), arginine (176.17), aspartic acid (20.94), L-Cysteine (6.16), glutamine (237.77), glutamic acid (56.67), glycine (8.624), histidine (15.4), isoleucine (15.4), leucine

(22.79)

, lysine (8.008), methionine (14.78), phenylalanine (17.86), serine (36.96), threonine (35.73), tryptophan (84.39), tyrosine (8.62) and valine (20.94. A concentration of 2 mg/L β-phytosterols was added to the SM to satisfy yeast requirements during anaerobic growth. The stock solution was composed of 2 g/L phytosterols in a mix of Tween 80 and absolute ethanol (1:1, v/v).
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• C at 5 • C/min, to 150 • C at 15 • C/min, to

Table 2 .

 2 Composition of the nitrogen source of different media used to evaluate the impact of sulfur amino acids in VSCs production. YAN concentration was 200 mg N/L regardless of the conditions. • C/min, to 250 • C at 15 • C/min (held for 1 min). The carrier gas was helium (BIP quality, Air Liquide, Paris, France) at a flow rate of 1 mL/min in constant flow mode, average velocity 36 cm/s. The mass spectrometer quadrupole temperature was set at 150 • C, source was set at 230 • C and transfer line held at 240 • C. For quantification, mass spectra were recorded in selected ion monitoring (SIM) using positive ion electron impact at 70 eV. The ions monitored in SIM runs are shown in Table1. For each compound, the ion in bold was used for quantification and the other ions were used as qualifiers.

	Condition	20 × Met	20 × Cys	20 × Met/Cys	O Met	0 Cys	0 Met/Cys
	Methionine (mg/L)	295.7	14.8	295.7	0	14.8	0
	Cysteine (mg/L)	6.2	123.2	123.2	6.2	0	0
	Amino acids solution (mL)	6.2	6.2	6.2	6.2	6.2	6.2
	NH4Cl (mg/L)	190.3	201.9	187.1	217.6	216.89	218.4
	235 • C at 7.5						

Table 4 .

 4 Experimental design of Box-Benkhen experience

	pH	Sugars	SO2
	3.0	180 g/l	30 mg/l
	3.2	210 g/l	45 mg/l
	3.4	240 g/l	60 mg/l

Table 3 .

 3 Concentration of different VSC (µg/L) produced in SM200 fermentation by non-Saccharomyces strains.

		SMTA	DMDS DEDS MTHTP	E3MTP	3MTPAc	3MTPA	ETP	ME
	HO1	NF	NF	NF	NF	NF	28.5910462 NF	NF	2954.43279
	HO2	NF	NF	NF	NF	NF	38.6364894 NF	NF	3261.51294
	HU1	NF	NF	NF	85.1140506 NF	60.2452441 NF	NF	3372.89284
	HU2	NF	NF	NF	74.1484224 NF	31.9777794 NF	NF	4102.89704
	PK1	NF	NF	NF	62.8495412 NF	91.3281719 536.580699 NF	7182.6432
	PK2	NF	NF	NF	65.1441057 12.6172515 114.151347 500.251836 NF	7117.53014
	SB	NF	NF	NF	NF	NF	NF	NF	NF	991.238302
	CS	NF	NF	NF	NF	NF	NF	NF	NF	689.052917
	HO	NF	NF	NF	NF	NF	20.4894701 NF	NF	3368.03507
	TD1	NF	NF	NF	75.3363265 NF	NF	NF	NF	4539.54909
	TD2	NF	NF	NF	NF	NF	NF	NF	NF	2892.84681
	KM	NF	NF	NF	NF	NF	30.4126832 NF	NF	1444.84896
	HG	NF	NF	NF	NF	NF	10.1609315 NF	NF	1341.84706
	HU3	NF	NF	NF	NF	NF	NF	NF	NF	1549.89507
	LT1	NF	NF	NF	NF	NF	NF	NF	NF	1061.08735
	LT2	NF	NF	NF	NF	NF	NF	NF	NF	545.699493
	ZF	NF	NF	NF	NF	NF	NF	207.759105 NF	2167.6733
	PKL	12.8672325 NF	NF	82.7397277 NF	271.082416 NF	NF	6028.43866

Description Term ID pval adj Downregulated genes between Met fermentation and control (SM200) fermentation at 45g CO2 released

  GO Term Analysis of the upregulated genes in pantothenic acid deficiency fermentation compared with control fermentation (SM200) at 5g CO2 release . GO Term Analysis of the downregulated genes in pantothenic acid deficiency fermentation compared with control fermentation (SM200) at 5g CO2 release GO Term Analysis of the upregulated genes in pantothenic acid deficiency fermentation compared with control fermentation (SM200) at 45g CO2 release

	Supplementary files glycerol acetate SM200 6.923 (0.489) 0.503 (0.023) PAD 6.491 (0.475) 1.662 (0.435) MET 7.673 (1.054) 0.869 (0.103) CYS 9.313 (1.5) 0.99 (0.174) Strain SMTA WT 11,913 (1,47) Δaro8 21,482 (6,02) Δaro9 6,453 (0,93) Δbat1 21,047 (3,37) Δbat2 10,476 (2,26) Δatf1 14,561 (1,32) Δatf2 19,177 (1,17) Δmet17 2,614 (0,18) Δstr2 8,458 (1,13) B. VSCs production detected in final wine by single-gene deletants strains in SMCYS alphacetoglutarate lactate malate pyruvate 0.073 (0.013) 0.198 (0.053) 5.102 (0.167) 0.082 (0.05) 0.024 (0.005) 0.314 (0.031) 4.127 (0.875) 0.020 (0.007) 0.095 (0.033) 0.398 (0.055) 5.688 (0.783) 0.013 (0.001) 0.067 (0.001) 0.161 (0.023) 5.770 (0.751) 0.037 (0.003) ETA 2ME MTHTP 2MTE 0,805 (0,17) 253,270 (53,35) 75,474 (17,39) 10,428 (2,19) 2,225 (1,73) 119,108 (7,76) 152,226 (31,48) 10,522 (5,29) 0,544 (0,25) 134,258 (20, 28) 100,568 (9,18) -0,315 (0,40) 538,681 (65,79) 138,854 (4,30) 89,355 (5,20) 0,445 (0,17) 232,855 (30,86) 96,720 (14,93) 2,713 (1,65) -276,447 (44,16) 51,193 (1,81) 15,495 (2,18) 0,818 (0,47) 280,553 (58,04) 61,088 (3,25) 9,288 (2,02) 4,543 (0,13) 132,170 (29,90) 12,059 (1,91) 1,739 (0,64) 0,264 (0,36) 164,798 (9,42) 53,628 (4,32) -Strain EtSH DMS SMTA ETA 2ME MTHTP WT 167,35 (36,13) 14,19 (5,06) 69,66 (6,90) 1665,23 (368,30) 16406,80 (2266,33) 64,17 (9,69) ΔARO8 56,33 (3,51) 95,53 (19,04) 112,48 (4,86) 2905,28 (356,54) 12103,86 (298,77) 310,77 (35,32) ΔARO9 19,07 (5,28) 78,76 (22,36) 40,43 (3,31) 1003,54 (79,82) 19676,61 (1730,54) 126,67 (13,83) ΔBAT1 14,57 (1,20) 19,70 (4,77) 92,15 (6,03) 277,38 (58,57) 14678,05 (696,04) 160,80 (24,58) ΔBAT2 67,36 (15,67) 31,61 (1,98) 30,44 (7,06) 734,09 (162,70) 23383,60 (1180,59) 81,74 (11,62) ΔATF1 43,71 (8,23) 42,84 (5,14) 51,06 (14,88) 1039,05 (294,92) 47968,86 (862,82) 196,29 (17,42) ΔATF2 54,13 (26,07) 39,99 (11,66) 49,34 (11,69) 1010,33 (245,72) 21759,93 (828,88) 69,62 (7,39) ΔMET17 34,58 (4,06) 32,12 (4,01) 67,09 (5,74) 843,53 (79,35) 14381,75 (226,72) 297,31 (27,69) ΔSTR2 203,57 (15,46) 143,10 (10,06) 65,09 (6,03) 1372,88 (81,04) 19839,24 (949,07) 141,97 (5,03) ΔCYS3 66,17 (8,31) 22,92 (1,87) 17,09 (1,05) 340,07 (25,62) 16911,24 (2367,46) 64,31 (13,77) C. VSCs production detected in final wine by single-gene deletants strains in SMMET Strain SMTA ETA MTHTP E3MTP WT 63,23 (2,76) 1,72 (0,28) 185,70 (45,84) 851,81 (264,56) ΔARO8 170,84 (23,98) 19,64 (9,17) 121,61 (78,56) 475,88 (116,79) ΔARO9 16,92 (0,72) 0,49 (0,14) 567,76 (9,83) 1065,92 (27.46) ΔBAT1 75,32 (9,40) 3,40 (0,95) 1021,70 (145,43) 1481,84 (196) ΔBAT2 24,24 (6,08) 1,41 (0,47) 505,28 (296,56) 2180,33 (1054,93) ΔATF1 23,84 (4,42) 1,62 (0,86) 152,58 (57,56) 1980,26 (114,99) ΔATF2 33,23 (15,81) 1,79 (0,36) 136,90 (79,40) 944,62 (66,33) ΔMET17 67,99 (9,95) 6,79 (1,40) 1100,70 (63,14) 2253,18 (161,07) ΔSTR2 65,89 (10,65) 0,99 (0,20) 368,74 (39,59) 1157,55 (33,11) B. GO Term Analysis of the downregulated genes in cysteine fermentation compared with control fermentation (SM200) at 5g CO2 released succinate 1.865 (0.17) 0.025 (0.013) 0.942 (0.16) 1.561 (0.265) 3MTPAc 3MP ME 24,016 (9,33) 57,800 (11,36) 5822,108 (961,34) 140,230 (24,24) 50,495 (16,78) 9735,648 (1943,81) 8,309 (4,70) -5396,660 (499,86) 226,107 (13,58) 113,896 (15,48) 13389,560 (182,21) 35,946 (9,03) 78,442 (12,96) 6954,742 (1088,38) -38,987 (7,68) 5260,407 (495,98) 29,445 (5,76) 44,152 (6,24) 6946,315 (295,92) 1,764 (1,26) 96,104 (14) 1817,936 (168,01) 23,654 (17,55) 35,098 (1,76) 5638,288 (875,73) 2MTE 3MP ME 92,34 (7,74) 80,30 (9,58) 1312,05 (168,32) 54,44 (8,19) 208,48 (30,38) 1833,41 (884,67) 96,73 (19,07) 145,13 (22,10) 1509,50 (139,65) 222,01 (30,98) 306,24 (50,16) 15843,06 (589,89) 94,21 (7,43) 89,47 (3,17) 1546,77 (114,18) 397,49 (26,95) 290,47 (76,72) 3291,10 (410,86) 136,31 (6,19) 115,98 (4,38) 1979,67 (265,05) 108,51 (9,68) 506,54 (14,67) 1023,70 (48,23) 103,05 (4,75) 99,98 (10,29) 3056,89 (841) 94,69 (13,94) 67,72 (9,13) 1418,82 (351,40) 3MTPAc ME 28469,32 (1768,16) 775614,02 (53425,29) (10,03) 4MTB 80,44 45282,93 (11688,65) 633632,43 (82588,71) -35209,42 (2003,93) 850695,77 (58829,13) 55,81 (9,83) 55703,30 (12339,10) 1571248,78 (47244,02) 120,77 (15,85) 63737,54 (31137,37) 1658291,61 (776405,75) 202,66 (139,83) 3341,21 (120,53) 904232,48 (74010,47) 318,04 (41,39) 32156,54 (2764,15) 712508,55 (85693,30) 191,61 (36,46) 62641,06 (6169,29) 2052943,42 (266451,32)) 173,05 (16,83) 34050,43 (2528,67) 705342,39 (4593,64) 171,27 (16,02) Description Term ID pval adj Downregulated genes between Cys fermentation and control (SM200) fermentation at 5g CO2 released GMP biosynthetic process GO:0006177 2.02E-04 IMD4,SNZ2,GUA1,IMD2,IMD3 sulfate assimilation GO:0019379 1.24E-02 MET14,MET16,MET3 tRNA import into nucleus GO:0035719 1.24E-02 YDJ1,SSA2,SIS1 cytoplasmic translation GO:0002181 1.39E-123 RPL27B,RPS11A,RPL36B,RPS11B,RPL40B,RPS25A,RPS3,TMA7,RPS16B,RPL36A,RPP2A,RPL19A,RPL2A,TMA19,RPL14B,RPL20B,RPL12B,RPS4A,RPS1 ETP 23,324 (3,43) 43,476 (7,57) 19,145 (3,20) 13,051 (1,42) 20,466 (3,05) 25,955 (1,26) 23,246 (1,74) -15,198 (2,05) ETP 68,28 (6,76) 319,54 (99,79) 132,45 (10,46) 319,31 (22,74) 107,25 (7,19) 323,00 (17,91) 101,06 (15,73) -65,90 (4,48) 86,50 (12,51) (16512,37) 3MTPA 207,610 (20,01) 218,147 (53,35) 152,085 (39,65) 342,750 (62,29) 167,448 (30,46) 162,856 (12,82) 181,267 (33,93) 46,751 (5,98) 250,098 (114,13) 3MTPA 41,86 (7,69) 126,13 (110,53) 72,10 (42,90) 709,98 (116,49) 41,06 (2,93) 74,76 (4,87) 73,69 (21,69) 70,84 (12,10) 147,93 (89,66) 41,32 (10,18) 3MTPA 97685,67 74951,75 (9702,22) 110228,73 (11822,74) 127008,12 (8235,05) 146122,96 (45988,45) 154670,29 (7780,28) 102445,90 (8383,02) 152708,65 (33054,22) 132575,10 (4562,43) 2,RPS6B,RPL33A,RPL19B,RPP0,RPL28,RPL15A,RPS21B,RPL41A,RPL2B,RPS19B,RPL30,RPS17A,RPL29,RPS22A,RPL5,RPS8B,RPL24B,RPS16A,RPL9B,R PL22A,RPS1A,RPS8A,RPL18B,RPL8B,RPP1A,RPL34A,RPL17A,RPL42B,RPS10A,RPL12A,RPS7A,RPL21A,RPL33B,RPS4B,RPL43B,SSB2,RPL25,RPL11B,R PS14B,RPL6A,RPL40A,RPL14A,RPL37B,RPS9A,RPL9A,RPL22B,RPS30A,RPS29B,RPL42A,RPL27A,RPL31B,RPP2B,RPL32,RPS27A,RPS28B,RPL16B,RPS2 6A,RPL13B,RPS0A,RPS19A,RPL6B,RPL31A,RPS24B,RPS15,RPS30B,RPL10,RPL23A,RPL7B,RPL8A,RPS1B,RPS26B,RPS24A,RPS17B,SSB1,RPS31,RPS22 B,RPL7A,RPS14A,RPL11A,RPS10B,RPL1B,RPL18A,RPL35B,RPS18A,RPS29A,RPL24A,RPS27B,RPL16A,RPS18B,RPL26B,RPL23B,RPS13,RPL17B,RPS25B ,RPL43A,RPL26A,RPL38,RPS20,RPS0B,RPL21B,RPL35A,RPS7B,RPL1A,RPL39,RPP1B,RPS28A,RPL37A,RPL13A,RPL34B,RPS21A,RPL4B phosphate-containing compound metabolic process GO:0006796 8.69E-04 PPA2,PHO11,PHO5,PHO3,IPP1 hydrogen sulfide biosynthetic process GO:0070814 8.69E-04 MET5,MET14,MET16,MET3,MET10 ribosomal small subunit assembly GO:0000028 3.25E-15 RPS11A,RPS11B,RPS19B,RPS17A,RPS14B,PWP2,RPS27A,RPS28B,RPS0A,RPS19A,RPS15,RPS17B,RPS31,RSM19,RPS14A,RPS27 B,NSR1,RPS0B,RPS28A endonucleolytic cleavage to generate mature 3'-end of SSU-rRNA from (SSU-rRNA, 5.8S rRNA, LSU-rRNA) GO:0000461 6.05E-03 RPS21B,RPS0A,RPS0B,RPS21A rRNA export from nucleus GO:0006407 2.08E-10 RPS3,RPS19B,RPS10A,RPS28B,RPS26A,RPS0A,RPS19A,RPS15,RPS26B,RPS10B,RPS18A,RPS18B,RPS0B,RPS28A maintenance of translational fidelity GO:1990145 3.51E-04 RPL2A,EFT2,EFB1,EFT1,RPS23A,RPL3 GTP biosynthetic process GO:0006183 3.76E-02 IMD4,IMD2,IMD3 rRNA pseudouridine synthesis GO:0031118 3.76E-02 CBF5,NHP2,CIC1 snRNA pseudouridine synthesis GO:0031120 2.30E-03 GAR1,CBF5,PUS7,NHP2,CIC1 thiamine biosynthetic process GO:0009228 4.76E-05 THI5,THI11,THI13,THI21,SNZ3,SNZ2,THI22,THI12 vitamin B6 biosynthetic process GO:0042819 1.31E-02 SNZ3,SNZ2,SNO3,SNO2 thiamine diphosphate biosynthetic process GO:0009229 5.14E-03 THI5,THI11,THI13,THI21,THI12 positive regulation of protein kinase activity GO:0045860 5.14E-03 RPP1A,RPS10A,RPP2B,RPS10B,RPP1B lysine biosynthetic process GO:0009085 1.74E-03 LYS20,LYS9,LYS4,LYS1,LYS12,ACO2 assembly of large subunit precursor of preribosome GO:1902626 1.74E-03 RPL24B,NOP2,NOG1,NIP7,RLP24,RPL24A purine nucleotide biosynthetic process GO:0006164 1.17E-06 MIS1,MTD1,PRS4,ADE13,IMD4,ADE4,ADE5,7,GUA1,ADE1,PRS1,IMD2,IMD3 pyridoxal phosphate biosynthetic process GO:0042823 2.65E-02 SNZ3,SNZ2,SNO3,SNO2 maturation of LSU-rRNA GO:0000470 3.80E-07 RPL8B,NOP2,MAK16,RPL16B,NHP2,RPL7B,RPL8A,CIC1,RPL7A,RPL1B,RPL16A,RPL1A,SNU13 cysteine biosynthetic process GO:0019344 9.48E-03 CYS3,MET17,MET14,MET16,MET28 lysine biosynthetic process via aminoadipic acid GO:0019878 3.30E-03 LYS20,LYS9,LYS4,LYS1,LYS12,ACO2 Description Term ID pval adj Downregulated genes between Cys fermentation and control (SM200) fermentation at 5g CO2 released maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) GO:0000462 5.47E-18 RPS11A,RPS11B,RPS16B,UTP8,PRP43,RPS6B,RPS9B,RPS8B,RPS16A,RPS1A,RPS8A,TSR2,RPS14B,RPS9A,UTP4,PWP2,RPS27A,R PS24B,RRP3,UTP6,DIP2,RPS1B,RPS24A,HAS1,UTP15,RPS14A,RPS23A,UTP13,RPS27B,RPS13,RPS20,UTP22,UTP10,SNU13 ribosomal large subunit assembly GO:0000027 2.16E-10 RPL40B,RPL12B,RPL33A,RPP0,MDN1,RPL5,MRT4,RPL24B,RPL12A,RPL25,RPL11B,RPL6A,RPL40A,RLP24,RPL6B,BRX1,RPL10,RP L11A,RPL3,RPL24A sulfate assimilation GO:0000103 4.34E-02 MET5,MET14,MET3,MET10 'de novo' IMP biosynthetic process GO:0006189 4.34E-02 ADE13,ADE4,ADE5,7,ADE1 translational elongation GO:0006414 2.08E-04 RPP2A,STM1,EFT2,RPP1A,ANB1,RPP2B,EFB1,EFT1,RPP1B,TEF4 ribosomal subunit export from nucleus GO:0000054 2.49E-02 SSB2,GSP1,NOG1,RLI1,SSB1 maturation of SSU-rRNA GO:0030490 8.83E-04 RRP5,PRP43,LSM6,RPS14B,RPS28B,DIP2,LSM7,RPS28A,SNU13 ribosomal large subunit biogenesis GO:0042273 3.63E-09 PRP43,RPL2A,RPL14B,RPL33A,ERB1,NOC2,MRT4,NOP2,RPL33B,NOG1,RPL14A,MAK16,NIP7,RLI1,RLP24,RPL7B,HAS1,RPL7A,R PL26B,RPL26A,TIF4631,PUF6 cellular response to unfolded protein GO:0034620 3.62E-02 SSB2,SSA2,SSC1,SSB1,KAR2 regulation of translational fidelity GO:0006450 3.62E-02 SSB2,RPL31B,RPL31A,SSB1,RPS23A maturation of LSU-rRNA from tricistronic rRNA transcript GO:0000463 1.07E-05 PRP43,ERB1,NOP2,TSR2,SPB1,MAK16,NIP7,RPS26A,RPL7B,RPS26B,HAS1,CIC1,RPL7A,RPL35B,RPL35A endonucleolytic cleavage in ITS1 to separate SSU-rRNA from 5.8S rRNA and LSU-rRNA from tricistronic rRNA transcript GO:0000447 1.50E-05 RRP5,UTP14,RPS21B,PWP2,RPS0A,EMG1,UTP6,DIP2,RPS18A,UTP13,RPS18B,RPS0B,UTP10,NOP58,RPS21A translational termination GO:0006415 2.63E-02 NPL3,SSB2,NEW1,RLI1,RPL10,SSB1 chaperone cofactor-dependent protein refolding GO:0051085 1.28E-02 SSB2,SSA2,SIS1,SSC1,HSP10,SSB1,KAR2 ribosome biogenesis GO:0042254 2.37E-22 GAR1,NPL3,RRP5,RPL40B,UTP8,CBF5,RPS6B,UTP14,RPP0,RPS9B,ERB1,NOC2,RPA190,RPS19B,RPA43,PUS7,MRT4,RPL8B,RPA 49,RPL34A,NOP2,RPS7A,RPS14B,SPB1,NOP1,NOG1,RPL40A,RPS9A,NOP56,NIP7,RLI1,UTP4,PWP2,RLP24,RPB8,RPA135,NHP2, RPS0A,RPS19A,BRX1,EMG1,RRP3,RPS15,UTP6,DIP2,RPL8A,UTP21,RPS31,HAS1,UTP15,CIC1,RPS14A,UTP13,RPB10,RPS0B,RPS 7B,UTP22,UTP10,NOP58,RRB1,SNU13,RPL34B nucleolar large rRNA transcription by RNA polymerase I GO:0042790 4.41E-02 C. GO Term Analysis of the upregulated genes in methionine fermentation compared with control fermentation (SM200) at 5g CO2 released Description Term ID pval adj Upregulated genes between Met fermentation and control (SM200) fermentation at 5g CO2 released phenylalanine transport GO:0015823 9.92E-05 BAP2,AGP1,GAP1 oligopeptide transport GO:0006857 9.92E-05 PTR2,OPT1,OPT2 dipeptide transport GO:0042938 2.04E-03 PTR2,DAL5 gamma-aminobutyric acid transport GO:0015812 2.04E-03 UGA4,PUT4 beta-alanine biosynthetic process GO:0019483 2.04E-03 ALD3,ALD2 dipeptide transmembrane transport GO:0035442 2.04E-03 PTR2,DAL5 oligopeptide transmembrane transport GO:0035672 2.04E-03 OPT1,OPT2 polyamine catabolic process GO:0006598 2.04E-03 ALD3,ALD2 tripeptide transport GO:0042939 2.04E-03 PTR2,DAL5 proline transmembrane transport GO:0035524 2.46E-04 PUT4,AGP1,GAP1 NADPH regeneration GO:0006740 5.46E-03 ALD4,ALD6 dicarboxylic acid transport GO:0006835 5.46E-03 DIP5,DIC1 peptide transport GO:0015833 9.63E-04 PTR2,OPT1,OPT2 ornithine biosynthetic process GO:0006592 8.66E-03 ARG5,6,ARG8 ethanol metabolic process GO:0006067 8.66E-03 PDC6,ALD4 acetate biosynthetic process GO:0019413 8.66E-03 ALD4,ALD6 polyamine transmembrane transport GO:1902047 8.66E-03 QDR3,GAP1 Description Term ID pval adj Upregulated genes between Met fermentation and control (SM200) fermentation at 5g CO2 released L-methionine salvage from methylthioadenosine GO:0019509 3.65E-02 ADI1,BAT2 branched-chain amino acid catabolic process GO:0009083 3.65E-02 PDC6,BAT2 amino acid transmembrane transport GO:0003333 4.15E-04 DIP5,BAP2,PUT4,AGP1,GAP1 pyruvate metabolic process GO:0006090 4.40E-02 MAE1,ALD4 amino acid transport GO:0006865 1.05E-04 DIP5,BAP2,UGA4,PUT4,VBA1,AGP1,GAP1 methionine biosynthetic process GO:0009086 3.20E-02 ADI1,IRC7,STR3 cellular amino acid biosynthetic process GO:0008652 2.59E-04 ADI1,ARG1,IRC7,ARG5,6,BAT2,ARG3,STR3,ARG8 transmembrane transport GO:0055085 4.40E-07 FCY21,PTR2,OPT1,OPT2,DIP5,QDR2,PDR12,BAP2,FUI1,SIT1,UGA4,PUT4,VBA1,AGP1,QDR3,GAP1,DAL5 ascospore wall assembly GO:0030476 4.74E-02 ADY3,QDR3,GSC2 D. GO Term Analysis of the downregulated genes in methionine fermentation compared with control fermentation (SM200) at 5g CO2 released Description Term ID pval adj Downregulated genes between Met fermentation and control (SM200) fermentation at 5g CO2 released transmembrane transport GO:0055085 1.09E-02 THI72,FCY22,NRT1,DUR3 cellular amino acid metabolic process GO:0006520 8.87E-03 SNZ3,SNZ2 glutamine metabolic process GO:0006541 7.05E-03 SNO3,SNO2 nucleobase transport GO:0015851 1.08E-03 THI72,NRT1 allantoin catabolic process GO:0000256 8.51E-04 DAL1,DUR1,2 pyridoxine biosynthetic process GO:0008615 8.51E-04 SNZ3,SNZ2 thiamine metabolic process GO:0006772 4.27E-04 THI21,THI22 pyridoxal phosphate biosynthetic process GO:0042823 5.03E-08 SNZ3,SNZ2,SNO3,SNO2 thiamine diphosphate biosynthetic process GO:0009229 4.75E-10 THI5,THI11,THI13,THI21,THI12 thiamine biosynthetic process GO:0009228 1.54E-16 THI5,THI11,THI13,THI21,SNZ3,SNZ2,THI22,THI12 vitamin B6 biosynthetic process GO:0042819 2.88E-08 E. Description Term ID pval adj Upregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released hydrogen sulfide biosynthetic process GO:0070814 1.46E-06 CYS4,MET5,MET14,MET16,MET3,MET10 cysteine biosynthetic process via cystathionine GO:0019343 4.19E-03 CYS3,CYS4,STR3 sulfate assimilation, phosphoadenylyl sulfate reduction by phosphoadenylyl-sulfate reductase (thioredoxin) GO:0019379 4.19E-03 MET14,MET16,MET3 cysteine transport GO:0042883 4.42E-02 YCT1,MUP1 methionine import across plasma membrane GO:1903692 4.42E-02 MUP1,MUP3 siroheme biosynthetic process GO:0019354 4.42E-02 MET1,MET8 regulation of G1/S transition of mitotic cell cycle GO:2000045 4.42E-02 Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released transmembrane transport GO:0055085 1.49E-02 THI72,FCY22,OPT2,FET4,AAC3,NRT1,ALR2,YEA4,PDR12,DAL4,QDR1,TPO4,AUS1,DUR3,TPO1,TNA1,GEF1 dephosphorylation GO:0016311 4.58E-02 PHO11,DPP1,PHO3,LPP1,PHO12,POA1 translation GO:0006412 2.99E-06 MRF1,RPS11A,RPS11B,ISM1,RPS9B,RPS22A,RPL9B,EFT2,RPL18B,RPS9A,RPL9A,MSF1,RPL31B,AIM10,MSM1,RPS22B, RPL18A,RPL24A,MSE1,MST1,RPS21A cytoplasmic translation GO:0002181 1.17E-06 RPS11A,RPS11B,RPP0,RPS22A,RPL9B,RPL18B,RPS9A,RPL9A,RPL31B,RPS22B,RPL7A,RPL18A,RPL24A,RPP1B,RPS21A branched-chain amino acid biosynthetic process GO:0009082 1.40E-02 LEU9,BAT1,LEU1,LEU2 glutamate biosynthetic process GO:0006537 4.21E-02 PUT1,PUT2,IDH2 nucleobase transport GO:0015851 2.84E-02 THI72,NRT1,DAL4 G. GO Term Analysis of the upregulated genes in cysteine fermentation compared with control fermentation (SM200) at 45g CO2 release Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released zinc ion import across plasma membrane GO:0071578 8.31E-03 ZRT1,ZRT2 tripeptide transport GO:0042939 8.31E-03 PTR2,DAL5 dipeptide transport GO:0042938 8.31E-03 PTR2,DAL5 dipeptide transmembrane transport GO:0035442 8.31E-03 PTR2,DAL5 ethanol catabolic process GO:0006068 8.31E-03 ALD5,ALD6 chorismate biosynthetic process GO:0009423 1.72E-03 ARO4,ARO1,ARO3 Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released isoleucine biosynthetic process GO:0009097 1.68E-02 BAT1,ILV5,HOM2 aromatic amino acid family biosynthetic process GO:0009073 1.95E-02 ARO4,ARO1,ARO3 translation GO:0006412 1.87E-34 RPL36B,RPS11B,KRS1,RPL2A,TMA19,RPL12B,RPS4A,RPS12,RPL2B,FRS2,RPL5,EFT2,RPL42B,RPL12A,RPS5,RPS7A,RPS4B,RPL40A,RPS9A,GRS1 ,RPS29B,RPL42A,RPS26A,RPS0A,RPS24B,RPS15,RPL4A,RPS26B,EFT1,RPS17B,RPS22B,RPS23A,RPL3,RPS29A,RPL24A,RPL26B,RPS13,RPL17B, RPS20,RPS0B,RPL21B,PRT1,RPL37A,RPL13A,RPL4B branched-chain amino acid biosynthetic process GO:0009082 2.48E-02 LEU9,BAT1,ILV5 ribosomal large subunit assembly GO:0000027 4.75E-05 RPL12B,RPP0,RPL5,RPL12A,RPL40A,DRS1,RPL3,RPL24A iron ion homeostasis GO:0055072 1.62E-02 FRE1,FET4,FTR1,SMF3 translational elongation GO:0006414 1.79E-02 STM1,EFT2,EFT1,RPP1B methionine biosynthetic process GO:0009086 2.86E-02 MIS1,IRC7,SAM4,HOM2 H. GO Term Analysis of the downregulated genes in cysteine fermentation compared with control fermentation (SM200) at 45g CO2 release Description Term ID pval adj Downregulated genes between Cys fermentation and control (SM200) fermentation at 45g CO2 released biological_process GO:0008150 5.80E-19 PAU1,FMP33,SHH3,TMA10,PAU11,PAU24,PRM4,PAU9,PAU17,ECM15,SPG4,PAU14,GRE1,PAU21,PAU19,PAU23,PAU8, PAU13,PAU10,PAU16,YLR346C,AIM33,PAU22,PAU15,PAU7,PAU3 fungal-type cell wall organization GO:0031505 9.43E-17 PAU1, YPS6,HPF1,SPI1,PAU11,PAU24,PAU9,PAU17,PAU14,PAU21,PAU19,ZEO1,PAU23,PAU8, PAU13,PAU10,PAU16,PAU22,PAU15,PAU7,PAU3 removal of superoxide radicals GO:0019430 4.13E-02 CUP1-1,CUP1-2 endosome organization GO:0007032 4.13E-02 BLI1,CNL1 glutamate biosynthetic process GO:0006537 4.13E-02 PUT1,PUT2 pyridoxine biosynthetic process GO:0008615 3.67E-02 SNZ3,SNZ2 pyridoxal phosphate biosynthetic process GO:0042823 3.67E-02 SNZ3,SNZ2 I. GO Term Analysis of the upregulated genes in methionine fermentation compared with control fermentation (SM200) at 45g CO2 release Description Term ID pval adj Upregulated genes between Met fermentation and control (SM200) fermentation at 5g CO2 released glycine decarboxylation via glycine cleavage system GO:0019464 8.17E-05 GCV3,GCV1,GCV2 glycine metabolic process GO:0006544 3.37E-03 GCV1,GCV2 glycine catabolic process GO:0006546 1.62E-04 GCV3,GCV1,GCV2 glycerol catabolic process GO:0019563 1.86E-02 DAK1,GUT1 glycerol metabolic process GO:0006071 2.92E-02 K. Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released ornithine biosynthetic process GO:0006592 7.99E-03 ARG2,ARG5,6,ARG7,ARG8 sulfate assimilation GO:0019379 4.06E-02 MET14,MET16,MET3 homoserine biosynthetic process GO:0009090 4.06E-02 isoleucine biosynthetic process GO:0009097 1.33E-02 ILV3,CHA1,ILV1,ILV5,HOM6,HOM2 maturation of LSU-rRNA from tricistronic GO:0000463 1.59E-02 SSF1,ERB1,YTM1,URB1,SPB1,NIP7,RPS26A,NOP12,RPS26B,HAS1,RPL7A,NSA2,RPL35A rRNA transcript aromatic amino acid family biosynthetic process GO:0009073 6.51E-03 TRP2,TRP4,TRP3,ARO4,ARO1,TRP5,ARO3 translation GO:0006412 4.79E-60 fungal-type cell wall organization GO:0031505 SRL1,PAU20,NCA3,CWP2,CRH1,PMT1,EXG2,CHS1,PAU17,CIS3,GAS1,MSB2,WSC2,PUN1,ECM33,PAU19,YPS3,PAU23,YPS1,PAU8,UTR2,SIM1,MKC7,S 2.25E-05 UN4,CHS2,MID2,CWP1,PAU10,PAU16,PAU22,YLR194C,PAU15 RPL27B,RPS2,RPS11A,RPL36B,RPS11B,HTS1,RPS3,KRS1,RPS16B,RPL36A,FRS1,RPL2A,TMA19,RPL14B,RPL20B,RPL12B,RPS4A,RPS12,RPL33A,RPL28,R GAR1,RPS2,RTC3,SOF1,SKI6,UTP8,RPL33A,RPS9B,SSF1,ERB1,RPS21B,YTM1,LSM6,RPL30,PUS7,URB1,MRD1,URB2,RPS7A,SPB1,NOP1,RPS9A,NOP56, PL15A,RPS9B,RPS21B,RPL41A,RPL2B,ILS1,RPS19B,RPS17A,RPL29,RPS22A,CDC60,RPL5,RPS8B,RPL24B,RPS16A,RPL9B,RPL22A,WRS1,RPS1A,TIF34,RP rRNA processing GO:0006364 4.08E-09 RRP9,PWP2,RIX1,NHP2,RPS0A,KRE33,NOP12,BRX1,EMG1,RRP3,DIP2,UTP21,RRP12,HAS1,UTP15,UTP18,RPS14A,IMP4,RPL3,NSA2,UTP13,DBP2,NO S8A,RPL18B,ANB1,RPL34A,RPL17A,CDC33,RPL42B,RPL12A,RPS5,RPS7A,RPL21A,RPL33B,RPS4B,RPL43B,RPL25,RPL11B,DED81,RPL6A,RPL40A,RPL14 C4,RPS0B,FCF1,UTP22,POP1,UTP10,LSM3,RRP1,SNU13,RPS21A,PWP1 A,RPL37B,MES1,RPS9A,RPL9A,GRS1,NIP1,TMA20,RPL22B,RPS30A,RPS29B,RPL42A,RPL27A,RPL31B,RPL32,RPS28B,RPL16B,RPS26A,EFB1,RPL13B,RP S0A,RPS19A,RPL6B,RPL31A,RPS24B,RPS15,RPL23A,RPL4A,RPS1B,RPS26B,RPS24A,TYS1,RPS31,RPS22B,RPS14A,RPL11A,RPS23A,RPL1B,TIF11,RPL18 metabolic process GO:0008152 4.41E-03 MIS1,HIS7,CRH1,PYC2,MET17,EXG2,HXK2,DSE4,ARG5,6,ILV1,DCD1,BPL1,TRP3,SCW10,HIS4,ARO1,RNR3,SIM1,URA2,SUN4,SGA1,GSY1,ARG7,ADE3 HOM3,HOM6,HOM2 serine family amino acid biosynthetic process GO:0009070 4.06E-02 A,RPL3,RPS18A,RPS29A,RPL24A,RPS27B,RPS18B,RPL26B,RPL23B,RPS13,RPL17B,RPL43A,RPL26A,RPL38,RPS20,RPS0B,RPL21B,RPL35A,PRT1,RPL39, RPS28A,RPL37A,RPL13A,HYP2,VAS1,TEF4,RPL34B,RPS21A,RPL4B cell wall organization GO:0071555 2.59E-02 SRL1,CRH1,TRS65,DSE1,MCD4,EXG2,CHS1,DSE2,CIS3,GAS1,WSC2,ECM33,SCW10,PAU23,YPK2,UTR2,SIM1,SUN4,CHS2,YLR194C SER3,SER33,SER1 rRNA export from nucleus GO:0006407 5.40E-13 cysteine biosynthetic process GO:0019344 4.52E-02 CYS3,MET17,MET14,MET30,MET16 biological_process GO:0008150 AIM20,CSI2,FPR2,PAU20,KEL3,TOS1,PRM10,NRP1,TOS6,ECL1,RTA1,IMD4,PMU1,PAU17,SPG4,SNA2,TDA6,SMX2,IRC22,YJL171C,YJR111C,PAU19,GF 5.86E-04 D2,BRP1,CIR2,PRM7,PAU23,SVS1,PAU8,PRM5,CUE4,GRX8,RRT7,PAU10,PAU16,PAU22,RRT5,PAU15,RBD2,NIF3 RPS2,RPS3,RPS19B,RNA1,RPS10A,RPS5,RPS28B,RPS26A,RPS0A,RPS19A,RPS15,RPS26B,RPS10B,RPS18A,RPS18B,RPS0B,RPS28A hydrogen sulfide biosynthetic process GO:0070814 5.73E-03 MET5,MET14,MET16,MET3,MET10 posttranslational protein targeting to GO:0031204 1.09E-02 SEC72,SEC61,SSS1,LHS1,SEC63,SEC66,KAR2 membrane, translocation DAK1,GUT1 L-methionine salvage from methylthioadenosine GO:0019509 2.92E-02 threonine biosynthetic process GO:0009088 5.73E-03 HOM3,THR4,THR1,HOM6,HOM2 branched-chain amino acid biosynthetic process GO:0009082 3.50E-02 ILV3,LEU4,ILV1,LEU9,ILV5,HOM6 L. GO Term Analysis of the downregulated genes in pantothenic acid deficiency fermentation compared with control fermentation (SM200) at 45g CO2 release ARO8,BAT2 CLN1,CLN2 sulfate assimilation GO:0000103 6.76E-07 MET1,MET5,MET22,MET8,MET14,MET3,MET10 sulfur amino acid metabolic process GO:0000096 1.23E-03 MET2,MET14,MET3,MHT1 cysteine biosynthetic process GO:0019344 6.73E-05 CYS3,CYS4,MET14,MET30,MET16,MET28 tryptophan catabolic process GO:0006569 5.26E-03 PDC5,ARO10,BNA4,BNA5 phosphate-containing compound metabolic process GO:0006796 1.87E-02 PPA2,PHO11,PHO3 purine nucleobase metabolic process GO:0006144 3.30E-03 DAL1,DAL2,DAL4,DAL7 response to cycloheximide GO:0046898 1.84E-02 RPL42B,RPL42A oligopeptide transport GO:0006857 1.84E-02 PTR2,OPT2 maintenance of translational fidelity GO:1990145 2.58E-05 RPL2A,EFT2,EFT1,RPS23A,RPL3 cellular amino acid biosynthetic process GO:0008652 1.96E-05 MIS1,ARG1,IRC7,ARG5,6,LEU9,SAM4,ARO4,BAT1,ILV5,ARO1,HOM2,ARO3 maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) GO:0000462 4.62E-03 RPS11B,RPS9A,RPS24B,RRP3,RPS23A,RPS13,RPS20 ion transport GO:0006811 7.14E-03 FRE1,FET4,ZRT1,CTR1,CTR3,ZRT3,FTR1,ZRT2,SMF3 vitamin B6 biosynthetic process GO:0042819 2.92E-02 SNZ3,SNZ2 thiamine biosynthetic process GO:0009228 3.69E-07 THI5,THI11,THI13,SNZ3,SNZ2,THI12 thiamine diphosphate biosynthetic process GO:0009229 1.11E-04 THI5,THI11,THI13,THI12 mitotic cell cycle phase transition GO:0044772 2.92E-02 RPL27B,RPS11A,RPL36B,RPS11B,RPS25A,RPS3,RPS16B,RPL36A,RPP2A,RPL2A,TMA19,RPL14B,RPL20B,RPL12B,RPS4A,RPS12,RPL33A,RPP0,RPL28,RP microtubule-based process GO:0007017 3.50E-02 TUB2,CRN1,PAC1,TUB4,TUB3,PAC10 CLN1,CLN3 one-carbon metabolic process GO:0006730 5.77E-03 GCV3,GCV1,GCV2 glycogen biosynthetic process GO:0005978 4.87E-02 PGM2,GSY2 cytoplasmic translation GO:0002181 L15A,RPS21B,RPL41A,RPL2B,RPS19B,RPL30,RPS17A,RPL29,RPS22A,RPL5,RPS8B,RPL24B,RPS16A,RPL9B,RPL22A,RPS1A,RPS8A,RPL18B,RPL8B,RPP1A ,RPL34A,RPL17A,RPL42B,RPS10A,RPL12A,RPS7A,RPL21A,RPL33B,RPS4B,RPL43B,RPL25,RPL11B,RPL6A,RPL40A,RPL14A,RPL37B,RPS9A,RPL9A,RPL22 ribosomal large subunit assembly GO:0000027 1.53E-06 Description Term ID pval adj Downregualted genes between PAD fermentation and control (SM200) fermentation at 45g CO2 released RPL12B,RPL33A,RPP0,SSF1,RPL5,RPL24B,RPL12A,RPL25,RPL11B,RPL6A,RPL40A,RIX1,RPL6B,BRX1,RSA4,RPL11A,RPL3,RPL24A,MAK21 3.13E-78 B,RPS30A,RPS29B,RPL42A,RPL27A,RPL31B,RPP2B,RPL32,RPS28B,RPL16B,RPS26A,RPL13B,RPS0A,RPS19A,RPL6B,RPL31A,RPS24B,RPS15,RPL23A,RPL 4A,RPS1B,RPS26B,RPS24A,RPS31,RPS22B,RPL7A,RPS14A,RPL11A,RPS10B,RBG2,RPL1B,RPL18A,RPS18A,RPS29A,RPL24A,RPS27B,RPS18B,RPL26B,RP L23B,RPS13,RPL17B,RPL43A,RPL26A,RPL38,RPS20,RPS0B,RPL21B,RPL35A,RPL39,RPP1B,RPS28A,RPL37A,RPL13A,RPL34B,RPS21A,RPL4B aerobic respiration GO:0009060 1.07E-02 NCA2,COX13,SDH2,COQ5,COX11,AAC1,QCR10,ETR1,RSF1,MIX14,PET10,QCR8,MDH1 SRP-dependent cotranslational protein GO:0006616 4.91E-02 SEC61,SSS1,SRP14,SSA2,SIL1,KAR2 targeting to membrane, translocation fatty acid metabolic process GO:0006631 4.57E-03 SCS7,FAA2,CAT2,IZH2,POT1,ETR1,ECI1,POX1,ACC1,FOX2,HTD2,FAA4 SNZ3,SNZ2,SNO3,SNO2 pyridoxine metabolic process GO:0008614 2.45E-04 SNO3,SNO2 5-amino-1-ribofuranosylimidazole-4-carboxamide transmembrane transport GO:1903088 2.45E-04 THI72,NRT1 thiamine transport GO:0015888 2.45E-04 THI72,NRT1 response to hydrogen peroxide GO:0042542 4.50E-02 GSH1,HSP42,CTT1 glycogen biosynthetic process GO:0005978 5.56E-03 GDB1,PGM2,GSY2,IGD1,GAC1 arginine biosynthetic process GO:0006526 2.42E-02 ARG1,ARG5,6,ARG3,ARG8 glucose transmembrane transport GO:1904659 1.15E-02 HXT6,HXT7,MTH1,HXT5,HXT2 methionine biosynthetic process GO:0009086 1.35E-04 MET2,MET1,MET22,MET14,MET30,MET16,MHT1,MET28,STR3 fructose transmembrane transport GO:0015755 4.62E-02 HXT6,HXT7,HXT5,HXT2 leucine biosynthetic process GO:0009098 1.88E-03 LEU9,BAT1,LEU1,LEU2 spermidine transport GO:0015848 1.18E-02 TPO4,DUR3,TPO1 pyridoxal phosphate biosynthetic process GO:0042823 1.25E-04 BUD16,SNZ3,SNZ2,SNO3,SNO2 copper ion transmembrane transport GO:0035434 5.33E-03 FET4,CTR1,CTR3 acetate biosynthetic process GO:0019413 2.99E-02 ALD5,ALD6 metabolic process GO:0008152 3.42E-02 MIS1,CTS1,PYC2,HXK2,ARG5,6,ARO1,SGA1 ribosome biogenesis GO:0042254 5.05E-03 RPP0,RPL8B,RPS7A,RPL40A,RPS9A,DRS1,RPS0A,EMG1,RRP3,RPS15,DBP2,RPS0B mitochondrial respiratory chain complex II assembly GO:0034553 1.94E-02 SDH8,SDH6 response to copper ion GO:0046688 1.94E-02 CUP1-1,CUP1-2 biosynthetic process GO:0009058 2.84E-02 ALT1,ARO8,ABZ1 metabolic process GO:0008152 3.47E-03 CRR1,IMA4,PYC2,GSY2,ADE17,ABZ1 biotin biosynthetic process GO:0009102 2.57E-02 BIO5,BIO4,BIO2,BIO3 endonucleolytic cleavage to generate GO:0000461 2.57E-02 RPS21B,RPS0A,RPS0B,RPS21A cellular amino acid metabolic process GO:0006520 4.38E-03 GDH1,CHA1,MET17,ILV1,SNZ1,THR4,HOM6,URA2,ARG3,HOM2 maturation of SSU-rRNA from tricistronic rRNA transcript GO:0000462 thiamine biosynthetic process GO:0009228 3.21E-02 THI5,THI11,THI13,SNZ3,THI22,THI12 RPS11A,RPS11B,SOF1,RPS16B,UTP8,RPS9B,RPS8B,RPS16A,RPS1A,RPS8A,RPS9A,PWP2,RPS24B,RRP3,DIP2,RPS1B,RPS24A,RRP12,HAS1,UTP15,RPS1 3.59E-09 4A,RPS23A,UTP13,RPS27B,RPS13,RPS20,UTP22,UTP10,SNU13 glyoxylate cycle GO:0006097 3.98E-02 MDH3,MLS1,DAL7,LEU2,IDP3 mature 3'-end of SSU-rRNA from endonucleolytic cleavage to generate mature 3'-end of SSU-rRNA from (SSU-rRNA, 5.8S rRNA, GO:0000461 2.99E-02 transmembrane transport GO:0055085 3.08E-02 FCY21,PTR2,OPT2,FET4,ZRT1,NEW1,ZRT3,ZRT2,VBA1,ODC2,FUR4,DAL5 proline metabolic process GO:0006560 1.23E-02 PUT1,PUT2 fungal-type cell wall organization GO:0031505 3.14E-03 CRR1,NCA3,PIR1,PAU6,PAU19,PAU8 L-serine biosynthetic process GO:0006564 2.57E-02 SER2,SER3,SER33,SER1 transcription by RNA polymerase I GO:0006360 8.62E-03 RPO26,RPA190,RPA43,RPA49,RPC19,RPB8,RPA135,RPA14,RPA12 cellular respiration GO:0045333 3.98E-02 SDH3,SDH2,SDH4,RSF1,SDH1 RPS0A,RPS0B 5-amino-1-ribofuranosylimidazole-4-GO:1903088 4.54E-02 THI72,NRT1 LSU-rRNA) detoxification of copper ion GO:0010273 4.72E-03 CUP1-1,CUP1-2 carbohydrate metabolic process GO:0005975 1.66E-02 CRR1,IMA4,PGM2,GUT1,XKS1 sulfur amino acid metabolic process GO:0000096 2.57E-02 MET2,MET14,MET3,MHT1 glutamine metabolic process GO:0006541 1.84E-02 HIS7,ASN1,SNO1,URA7,TRP3,GUA1,ASN2,URA2 tricarboxylic acid cycle GO:0006099 3.40E-10 SHH4,SHH3,SDH3,MDH2,MDH3,SDH2,FUM1,SDH4,MLS1,LSC2,ACO1,YMR31,DAL7,SDH1,KGD1,KGD2,MDH1,IDP3 carboxamide transmembrane transport anthranilate metabolic process GO:0043420 4.54E-02 BNA4,BNA5 L-kynurenine catabolic process GO:0097053 4.54E-02 ARO9,BNA5 zinc ion transport GO:0006829 1.26E-03 FET4,ZRT1,ZRT3,ZRT2 cytoplasmic translation GO:0002181 2.71E-39 detoxification of cadmium ion GO:0071585 4.72E-03 CUP1-1,CUP1-2 lysine biosynthetic process GO:0009085 6.39E-04 LYS20,LYS9,LYS4,LYS1,ACO2,LYS21,HOM2 translational elongation GO:0006414 1.26E-02 RPP2A,STM1,RPP1A,ANB1,RPP2B,EFB1,RPP1B,HYP2,TEF4 fatty acid beta-oxidation GO:0006635 9.83E-05 PXA2,FAA2,MDH3,POT1,TES1,ECI1,POX1,FOX2,IDP3 RPL36B,RPS11B,RPL2A,TMA19,RPL12B,RPS4A,RPS12,RPP0,RPL2B,RPL5,RPL8B,RPL42B,RPL12A,RPS7A,RPS4B,RPL40A,RPS9A,RPS29B,RPL42 A,RPS26A,RPS0A,RPS24B,RPS15,RPL4A,RPS26B,RPS17B,RPS22B,RPS29A,RPL24A,RPL26B,RPS13,RPL17B,RPS20,RPS0B,RPL21B,RPP1B,RPL37 A,RPL13A,RPL4B proline catabolic process to glutamate GO:0010133 4.72E-03 PUT1,PUT2 histidine biosynthetic process GO:0000105 6.39E-04 MIS1,HIS7,HIS3,HIS5,HIS1,HIS4,ADE3 septum digestion after cytokinesis GO:0000920 4.77E-02 DSE1,DSE4,CHS1,DSE2,PWP2,EGT2,SDS23 malate metabolic process GO:0006108 3.22E-02 MDH2,MDH3,FUM1,MDH1 J. GO Term Analysis of the downregulated genes in methionine fermentation compared with control fermentation (SM200) at 45g CO2 release GAR1,RPS2,ALB1,RTC3,SOF1,UTP8,RPO26,RPP0,RPS9B,SSF1,ERB1,YTM1,NOC2,RPA190,RPS19B,RPA43,PUS7,URB1,RPL8B,URB2,RPA49,RPC19,RPL34A,RPS7A,SPB1,NOP1,R RPA190,RPA43,RPA49,RRN11,RPA135,TRI1 endonucleolytic cleavage in 5'-ETS of tricistronic rRNA transcript GO:0000480 8.37E-03 arginine biosynthetic process GO:0006526 2.17E-04 ARG1,ARG5,6,ARG3,ARG8 mannose transmembrane transport GO:0015761 4.62E-02 HXT6,HXT7,HXT5,HXT2 medium-chain fatty acid biosynthetic process GO:0051792 4.54E-02 YMR210W,EEB1 rRNA export from nucleus GO:0006407 3.62E-05 RPS5,RPS26A,RPS0A,RPS15,RPS26B,RPS0B sulfate assimilation GO:0000103 3.57E-03 MET1,MET5,MET22,MET14,MET3,MET10 ribosome biogenesis GO:0042254 1.19E-19 PL40A,RPS9A,NOP56,RRP9,TMA20,NIP7,PWP2,RPB8,RIX1,RPA135,NHP2,RPS0A,RPS19A,NOP12,BRX1,EMG1,RRP3,RPS15,DIP2,UTP21,RSA4,RRP12,RPS31,HAS1,UTP15,UTP lactate biosynthetic process GO:0019249 3.22E-02 HSP33,SNO4,HSP31,HSP32 18,RPS14A,IMP4,NSA2,UTP13,RPA14,RNP1,DBP2,NOC4,MAK21,SYO1,RPS0B,FCF1,UTP22,UTP10,RPA12,RIX7,SNU13,RPL34B RRP5,UTP14,PWP2,EMG1,UTP6,DIP2,UTP13,UTP10,NOP58 protein refolding GO:0042026 8.37E-03 SSB2,YDJ1,HSC82,SSE1,SSA2,SSC1,HSP10,SSB1,KAR2 endonucleolytic cleavage to generate mature 5'-end of SSU-rRNA GO:0000472 1.03E-02 RRP5,UTP14,PWP2,EMG1,UTP6,DIP2,UTP13,UTP10,NOP58 ribosomal small subunit biogenesis GO:0042274 1.03E-02 RPS19B,RPS7A,NEW1,RPS19A,KRE33,EMG1,UTP21,HAS1,RPS7B rRNA processing GO:0006364 2.56E-16 GAR1,NPL3,RRP5,UTP8,PRP43,CBF5,RPS6B,RPL33A,UTP14,RPS9B,ERB1,RPS21B,LSM6,RPL30,MDN1,PUS7,MRT4,NOP2,TSR2,RPS7A,SSB2,RPS14B, SPB1,NOP1,NOG1,RPS9A,NOP56,RLI1,UTP4,PWP2,NHP2,RPS0A,KRE33,BRX1,EMG1,RRP3,UTP6,DIP2,UTP21,SSB1,HAS1,UTP15,RPS14A,RPL3,UTP 13,NSR1,RPS0B,RPS7B,LSM7,POP8,UTP22,UTP10,NOP58,RRB1,SNU13,RPS21A,PWP1 fungal-type cell wall organization GO:0031505 1.23E-09 PAU1,PMT4,PAU20,NCA3,PAU6,HPF1,PAU11,PMT5,PAU24,PAU5,DAN4,PRS4,PAU9,PAU17,CIS3,PAU14,GAS3,PAU21,PAU19, PAU23,PAU12,PAU8,PAU13,TIR4,PRS1,MKC7,PAU10,PAU16,PAU22,TIR3,PAU18,PAU2,PAU15,PAU7,PAU3 mitochondrial translation GO:0032543 2.64E-04 MRPS8,ISM1,MRPL1,MRPL37,MRPL38,IMG2,MRPL20,RSM26,QRI5,MRPL8,RSM19,MRPL50,MRPL17,MRPS5,MRPL49,IMG1 cellular amino acid biosynthetic process GO:0008652 1.44E-03 MIS1,CYS3,MET2,SER2,MET17,LYS20,LYS9,LYS4,LYS1,LYS12,ARO4,ACO2,MET14,LEU2,HOM6,MET16,SER33,MET28,PRO1 vitamin B6 biosynthetic process GO:0042819 1.32E-02 SNO1,SNZ1 malate metabolic process GO:0006108 1.32E-02 MAE1,MDH2 pyridoxal phosphate biosynthetic process GO:0042823 1.83E-02 SNO1,SNZ1 pyridoxine biosynthetic process GO:0008615 1.83E-02 SNO1,SNZ1 cellular amino acid metabolic process GO:0006520 2.62E-05 MAE1,IRC7,SNZ1,GDH2,SRY1,ARG3 transsulfuration GO:0019346 2.46E-02 IRC7,STR3 pantothenate biosynthetic process GO:0015940 3.14E-02 ALD3,ALD2 nitrogen compound metabolic process GO:0006807 6.11E-03 CPS1,NIT1,GDH2 amino acid transmembrane transport GO:0003333 1.10E-03 TAT2,BAP2,BAP3,SAM3,MMP1,PUT4,MUP1,MUP3 traversing start control point of mitotic cell cycle GO:0007089 4.97E-02 CYS4,CLN1,SDA1,CLN2 fungal-type cell wall organization GO:0031505 2.39E-17 PAU1,PAU20,NCA3,PAU6,CWP2,FMP45,CRH1,SPI1,PAU11,PAU24,PAU5,PAU9,PAU17,PIR3,PAU14,PUN1,PST1,PAU21,PAU19,ZEO 1,PAU23,PAU12,YPS1,PAU8,PAU13,PAU4,MID2,PAU10,PAU16,PAU22,YLR194C,PAU18,PAU2,PAU15,PAU7,PAU3 endonucleolytic cleavage in 5'-ETS of tricistronic rRNA endonucleolytic cleavage to generate mature 5'-end of SSU-rRNA from GO:0000472 1.34E-02 DBP8,MRD1,UTP23,UTP11,PNO1,RCL1,MPP10 amino acid transport GO:0006865 1.67E-03 endonucleolytic cleavage in ITS1 to separate SSU-rRNA from 5.8S GO:0000447 1.10E-02 ribosomal large subunit export from nucleus GO:0000055 4.93E-02 allantoin catabolic process GO:0000256 6.72E-05 DAL1,DAL2,DAL4,DAL7,DUR1,2 Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released NUG1,MRT4,NOG2,RPF1,SDA1,BUD20 vitamin B6 biosynthetic process GO:0042819 9.31E-04 SNZ3,SNZ2,SNO3,SNO2 metal ion transport GO:0030001 4.45E-03 ZRT1,ZRT3,ZRT2,SMF3 methionine biosynthetic process GO:0009086 2.69E-07 Description Term ID pval adj Downregulated genes between PAD fermentation and control (SM200) fermentation at 5g CO2 released ADI1,MIS1,MET2,MET1,MET17,HOM3,SAM4,MET22,MET14,MET30,HOM6,MET16,ADE3,HOM2,MHT1,STR3 DBP8,MRD1,UTP23,UTP11,PNO1,RCL1,MPP10,LCP5 thiamine transport GO:0015888 4.54E-02 THI72,NRT1 ribosomal small subunit assembly GO:0000028 1.30E-04 RPS11B,RPS5,RPS0A,RPS15,RPS17B,RPS0B positive regulation of protein kinase activity GO:0045860 2.68E-02 RPP1A,RPS10A,RPP2B,RPS10B,RPP1B mature 5'-end of SSU-rRNA from GO:0000472 4.01E-02 MRD1,RRP9,PWP2,EMG1,DIP2,UTP18,UTP13,NOC4,FCF1,UTP10 endonucleolytic cleavage to generate VBA2,TAT2,BAP2,BAP3,YCT1,SAM3,MMP1,PUT4,MUP1,MUP3 quinolinate biosynthetic process GO:0019805 4.54E-02 BNA4,BNA5 spermine transmembrane transport GO:1903710 4.54E-02 TPO4,TPO1 copper ion transport GO:0006825 1.30E-02 zinc ion transmembrane transport GO:0071577 1.30E-02 ZRT1,ZRT3,ZRT2 cellular amino acid biosynthetic process GO:0008652 6.36E-27 SAM4,TRP3,ARO4,HIS1,THR4,ACO2,HIS4,SER3,MET14,ILV5,ARO1,MET30,THR1,ASN2,HOM6,MET16,TRP5,LYS21,SER33,ARG7,ADE3,SER1,ARG3,HO M2,MHT1,ARO3,STR3,ARG8,ORT1 tricistronic rRNA transcript GO:0000480 3.43E-02 MRD1,RRP9,PWP2,EMG1,DIP2,UTP18,UTP13,NOC4,FCF1,UTP10 endonucleolytic cleavage in 5'-ETS of FRE1,CTR1,CTR3 ADI1,MIS1,CYS3,HIS7,ARG2,ARG1,MET2,HIS3,MET1,SER2,ILV3,ASN1,MET17,LEU4,LYS20,ARG5,6,ILV1,HOM3,TRP2,LEU9,LYS9,LYS4,TRP4,LYS1,HIS5, amino acid transmembrane transport GO:0003333 4.85E-02 GNP1,HIP1,DIP5,TAT2,BAP2,BAP3,MMP1,MUP1,AGP1 transcript GO:0000480 1.13E-02 DBP8,MRD1,UTP23,UTP11,RCL1,MPP10,LCP5 medium-chain fatty acid catabolic process GO:0051793 4.54E-02 YMR210W,EEB1 nucleosome organization GO:0034728 4.54E-02 GCR1,CHD1 proline metabolic process GO:0006560 4.54E-02 PUT1,PUT2 pyridoxine metabolic process GO:0008614 4.54E-02 SNO3,SNO2 copper ion import GO:0015677 1.66E-03 arginine biosynthetic process GO:0006526 1.70E-03 ARG2,ARG1,ARG5,6,ARG7,ARG3,ARG8,ORT1 endonucleolytic cleavage in ITS1 to cellular response to nutrient levels GO:0031669 3.22E-02 HSP33,SNO4,HSP31,HSP32 FRE1,FET4,CTR1,CTR3 valine biosynthetic process GO:0009099 4.51E-02 BAT1,ILV5 positive regulation of translational elongation GO:0045901 4.51E-02 pentose-phosphate shunt GO:0006098 3.42E-03 TKL1,GND1,SOL3,TAL1 ribosomal small subunit assembly GO:0000028 2.70E-02 mitotic cell cycle phase transition GO:0044772 7.04E-03 CLB2,CLB6,CLN1,CLB1,CLN3,CLN2 ribosomal large subunit biogenesis GO:0042273 4.33E-04 ALB1,RPL2A,RPL14B,RPL33A,ERB1,YTM1,NOC2,TRM112,RPL33B,RPL14A,NIP7,HAS1,RPL7A,NSA2,RPL26B,MAK21,RPL26A,SYO1,RIX7 RPS17A,RPS17B,NSR1 EFT2,EFT1 translation GO:0006412 3.56E-02 RPL2A,RPS17A,RPS7A,RPS26B,RPS17B,RPL1A,HYP2 cytoplasmic translation GO:0002181 4.25E-03 ribosomal small subunit assembly GO:0000028 1.18E-07 RPS11A,RPS11B,RPS19B,RPS17A,RPS5,PWP2,RPS28B,RPS0A,RPS19A,RPS15,RPS31,RPS14A,RPS27B,RPS0B,RPS28A ribosomal small subunit biogenesis GO:0042274 4.39E-03 YAR1,RPS19B,TRM112,RPS7A,LTV1,RPS19A,KRE33,EMG1,UTP21,HAS1,IMP4,NOC4 RPL2A,RPS17A,RPS7A,RPS26B,RPS17B,RPL1A lysine biosynthetic process via aminoadipic acid GO:0019878 1.70E-03 ARO8,LYS20,LYS9,LYS4,LYS1,ACO2,LYS21 separate SSU-rRNA from 5.8S rRNA and LSU-rRNA from tricistronic rRNA transcript GO:0000447 4.38E-04 RPS21B,MRD1,RRP9,PWP2,RPS0A,EMG1,DIP2,UTP18,RPS18A,UTP13,RPS18B,NOC4,RPS0B,FCF1,UTP10,RPS21A mitochondrial electron transport, succinate to ubiquinone GO:0006121 8.05E-03 SHH4,SHH3,SDH3,SDH4,SDH1	
	200 202 208	195 201 203 209 211
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  Central carbon metabolites (glycerol, acetate, α-cetoglutarate, lactate, pyruvate, succinate) at different stages of fermentation in control (SM200), SO2, PAD, Met, Cys and Met/Cys fermentation.

	Condition	% fermentation	glycerol	acetate	α-cetoglutarate	lactate	pyruvate	succinate
	SM200	5.6	1.5194	0.1819	0.0112	0.0515	0.0547	0.0527
	SM200	10.5	1.8339	0.2709	0.0244	0.0577	0.0917	0.0604
	SM200	21.1	2.9904	0.4128	0.0421	0.0989	0.1478	0.365
	SM200	42	4.6394	0.5367	0.0519	0.1239	0.1735	0.8589
	SM200	62.1	5.1012	0.5631	0.0546	0.1398	0.1811	0.9537
	SM200	82	6.5742	0.6289	0.0658	0.1719	0.1925	1.3748
	SM200	100	6.7526	0.6265	0.0614	0.1726	0.148	1.6219
	MET/CYS	6.6	1.7106	0.0711	0.1985	0.0208	0.0561	0.2345
	MET/CYS	10.4	2.4175	0.1741	0.2075	0.0303	0.0871	0.2682
	MET/CYS	21.9	3.6136	0.2874	0.2347	0.0452	0.1195	0.2637
	MET/CYS	43.2	5.9966	0.571	0.2521	0.0831	0.1656	0.6381
	MET/CYS	63.6	6.7798	0.6749	0.2352	0.0936	0.1754	0.7161
	MET/CYS	83.9	8.0941	0.8627	0.2272	0.1211	0.1793	0.8422
	MET/CYS	100	7.9217	0.8401	0.2214	0.1182	0.1747	0.8238
	SO2	5.9	1.3466	0.1857	0.0053	0.04	0.0383	0.033
	SO2	12.1	1.9515	0.2894	0.0166	0.0433	0.0708	0.1072
	SO2	21.7	3.1289	0.4367	0.0311	0.0822	0.1058	0.4266
	SO2	40.2	4.701	0.5829	0.0508	0.1137	0.1257	0.8251
	SO2	62.7	5.8503	0.6683	0.0518	0.137	0.1301	1.1174
	SO2	79.5	6.6581	0.7018	0.05	0.1538	0.1195	1.4412
	SO2	100	7.0565	0.6995	0.0498	0.1602	0.0919	1.9151
	MET	5.5	1.6108	0.1221	0.0425	0.0559	0.042	0.0596
	MET	13.5	2.6973	0.2359	0.0957	0.0914	0.0956	0.0583
	MET	22.8	3.5218	0.3595	0.0774	0.1199	0.104	0.2082
	MET	41.3	5.0498	0.5755	0.113	0.1706	0.0962	0.4218
	MET	66.5	6.186	0.725	0.1053	0.2084	0.0888	0.6001
	MET	84.9	7.2222	0.8062	0.1043	0.2395	0.0867	0.7938
	MET	100	7.6384	0.8223	0.0758	0.2611	0.0628	0.9684
	CYS	5.7	1.8726	0.13	0.0667	0.0524	0.0427	0.3448
	CYS	12.1	2.8052	0.2532	0.0858	0.0706	0.0799	0.5022
	CYS	22.1	4.0102	0.4296	0.0968	0.0772	0.1032	0.7056
	CYS	41.8	5.5911	0.6194	0.1015	0.0892	0.1008	0.9922
	CYS	61.9	7.0067	0.7707	0.1055	0.1055	0.0946	1.2619
	CYS	83.9	8.0869	0.8991	0.112	0.126	0.1061	1.4466
	CYS	100	8.2915	0.9078	0.0898	0.1321	0.0411	1.5459
	PAD	7.9	2.705	0.71055	0.0078	0.0857	0.0536	0.0481
	PAD	12.5	3.2448	0.83655	0.0088	0.1119	0.07295	0.08825
	PAD	21.8	4.11425	1.0294	0.01215	0.15335	0.0955	0.1382
	PAD	44	5.6581	1.29645	0.02125	0.23155	0.11535	0.38895
	PAD	63.3	6.7212	1.42545	0.0242	0.29075	0.11845	0.5946
	PAD	84.6	7.47095	1.4979	0.02595	0.34705	0.1093	0.82635
	PAD	100	7.81505	1.5005	0.0268	0.37415	0.08245	0.5744
	Supplementary file 2.						

Table2. Principal volatile sulfur compounds founded in wine, content in wine, aroma descriptors and detection threshold (Adapted fromMestres et al. 2000 and Landaud et al. 2008) 
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Abstract

Volatile sulfur compounds (VSCs) are associated with unpleasant reductive aromas and are responsible for an important part of wine faults, causing important economic losses.

Understanding the origin of these compounds in wine remains a challenge, as both chemical and biological reactions can be involved in their formation and evolution during the wine making process. Comparing the VSCs profile (i) of fermenting synthetic grape juices supplemented with a selected VSC (8 compounds tested) and incubated in presence or absence of yeast (ii) during storage of wines under an accelerated aging procedure, enabled to elucidate the chemical and metabolic connections between VSCs during fermentation and ageing. The metabolism of yeast, through the Ehrlich pathway and acetylation reactions, contributes for an important part to the formation of compounds as methionol, 3methylthiopropionate, 3-methylthiopropylacetate, 3-mercaptopropanol, 2-mercaptoethanol and thioesters. In contrast, chemical reactions are responsible for interconversions between thiols and disulfides, formation of thiols from thioesters or more surprisingly to the formation of ethylthiopropanol from methionol during fermentation. During aging, variations in heavy VSCs concentrations, as an increase in 3-methylthiopropylacetate and a decrease in ethyl-3methylthiopropionate formation, were evidenced. Overall, this study highlighted that it is essential to consider both yeast metabolism and the high chemical reactivity of VSCs to understand their formation and evolution during winemaking. most part removed by the release CO2 (Segurel et al., 2005). Adding ETA was the only treatment leading to a substantial production of DMS. A concentration of around 20 µg/L DMS was produced after only 24 h of incubation, which remained stable in the cell-free assays, but significantly decreased in the presence of cells. This is in line with an early chemical formation of DMS from ETA, and a further loss of this molecule by stripping due to CO2 production under fermentation conditions. However, these data are quite surprising as ETA derives from cysteine catabolism, while the previous proposals on the origin of DMS in wine are consistent with a chemical or biological formation from methionine derivatives.

Spiking the medium with ETA or SMTA during cell-free incubation resulted in an increased formation of the other thioester, SMTA (+ 27 µg/L) or ETA (+ 12 µg/L), respectively (figure 4A).

These findings revealed the possibility of a chemical interconversion between ETA and SMTA, either directly or via their thiol counterparts, EtSH and MeSH. They complement the recent data from the literature (Kinzurik et al., 2020) that have established a two-step chemical pathway for the transformations of ETA to MeSH and SMTA to EtSH, combined with exclusively biological conversions of MeSH to SMTA and EtSH to ETA. The conversion of ETA to SMTA was enhanced in the presence of cells, which was not the case for the reverse reaction (SMTA to ETA). The two acetylation steps are the only biological reactions reported as being involved in these interconversions (Kinzurik et al., 2020). As a consequence, a low availability of EtSH, chemically produced from SMTA and further enzymatically converted in ETA, could explain that the presence of cells had no effect on the conversion of spiked SMTA to ETA.

Adding SMTA or ETA during fermentation also revealed yeast-mediated specific conversions of these molecules (Figure 4B). First, the formation of 3MTPA was substantially increased as a consequence of both thioesters supplementation, with greater increases in the experiments in the presence of cells (+1563 and +568 µg/l with ETA and SMTA in comparison with control experiment without addition, respectively) compared to the cell-free incubations (+1149 and +155 µg/l). Furthermore, it is noteworthy that the addition of thioesters had no effect on the formation of other compounds from the catabolism of methionine through the Ehrlich pathway. These observations indicate a biological formation of this acid directly from SMTA compared to assess their role in the formation of these compounds. Furthermore, multi-gene deletion mutants were constructed, as most of the steps of the sulfur metabolism network are catalyzed by a family of enzymes, but the phenotypic characterization of these mutants remains to be done.

Abstract

Sulfur is an essential nutrient for living organisms, present in some amino acids (cysteine and methionine) and vitamins (biotin and thiamine). Yeasts are able to use inorganic sulfur sources, as sulfate or sulfide to support their growth through the de novo synthesis of methionine, cysteine and sulfur-containing vitamins. This metabolic activity also results in the formation of volatile sulfur compounds (VSCs), reported as sensory active in fermented foods and beverages. Moreover, cysteine and methionine can also be used as both nitrogen and sulfur sources by Saccharomyces cerevisiae, triggering an adjustment of the metabolism to these substrates. Furthermore, pantothenic acid has been identified as a key actor for sulfur metabolism, as direct precursor of coenzyme A, functional cofactor of major enzymes involved in the sulfur assimilation pathway. In the present work the molecular bases and the regulatory mechanisms of the sulfur metabolic network were first addressed through the analysis of differential gene expression caused by the use of methionine and cysteine as sole nitrogen source or by a pantothenic acid deficiency. A shared response to a surplus of sulfur amino acid revealed the adaptation of yeast to use these nitrogen sources with low efficiency to sustain the growth. An important remodeling of gene expression profile, affecting different cellular processes including the sulfate assimilation was specifically triggered by cysteine. The response to pantothenic acid deficiency was focused on sulfur metabolism, upregulating genes involved in its assimilation and downregulating genes responsible for the catabolism of sulfur amino acids. Then, a functional analysis of 9 genes involved in the sulfur assimilation pathway and the catabolism of methionine and cysteine revealed the substantial contribution of ARO8, ATF1, MET17 and CYS3 in the formation of VSCs.

processes and metabolic pathways using the GO database (Robinson, Grigull, Mohammad, & Hughes, 2002) and KEGG database (Kyoto Encyclopedia of Genes and Genomes) (https://www.genome.jp/kegg/pathway.html).

Construction of the single-deletion strains

Single-gene diploid deletion strains: Δaro8, Δaro9, Δbat1, Δbat2, Δatf1, Δatf2, Δmet17, Δcys3 and Δstr2 were constructed. Cassettes with antibiotic resistance (pAG25 (ClonAt), pUG66 (Phleomycine) or pAG32 (hygromicine)) were amplified by polymerase chain reaction (PCR).

Cassettes included 100 pb homologous to each end of the gene to be deleted to allow cassettes be incorporated by homologous recombination. To insert the resistance cassette into the yeast genome a transformation protocol based on lithium acetate and heat shock (Adaptated from Grishin and Korshunova, 1990) was carried out. Transformants were selected on YPD plates containing Hygromycin (Invitrogen), Phleomycin (InvivoGen) or ClonNAT (Werner BioAgents). Substitution of the genes were double confirmed by PCR, first, according to the size of the fragment amplified and second with primers homologous to inner and outer regions of the gene.

Quantification of VSCs

A suite of 11 VSCs were analyzed by double liquid-liquid micro extraction coupled with gas chromatography mass spectrometry and 7 VSCs were measured directly from wine by a Dynamic Headspace Systeme accoplated to a gas chromatography mass spectrometry. The sample preparation procedure and the analytical method used for the quantification of the sulfur compounds have been described elsewhere (Jimenez-Lorenzo et al., 2021). The ions for analysis in SIM mode are specified in 2.5.4 and 2.5.5 sections. Significal differences between samples were determined using one-way ANOVA coupled with pairwise t test (p < 0.05). The statistical software used was RStudio (Version 1.4.1106)

Results and discussion

We previously reported that an increase in methionine or cysteine availability or a deficiency in pantothenic acid triggered important changes in the profile of VSCs formation by the strain S. cerevisiae LMD17 (IR10) during fermentation (Jimenez-Lorenzo et al., 2021). We relied on these differential productions to further explore the VSCs metabolic network and its Supplementary file 4. Principal component analysis (PCA) of the microarray data set for 24 samples. (A) PCA of three replicates of DAP (DeP), SM200 (control), methionine (met) and cysteine (cys) fermentations by LMD17 strain in samples collected at 5g of CO2 released. (B) PCA of three replicates of DAP (DeP), SM200 (control), methionine (met) and cysteine (cys) fermentations by LMD17 strains in samples collected at 45g of CO2 released. Cys5_5g did not cluster with his group and was removed for further analysis. The first two dimensions (Dim1 and Dim2) explain respectively 25.07% and 31.61% of the variability (A) and 15.36% and 44.03% of the variability (B). Supplementary file 5. VSCs production in final wine (µg/L) by different single-gene deletants strains (Δaro8, Δaro9, Δbat1, Δbat2, Δatf1, Δatf2, Δmet17, Δstr2 and Δcys3) in (A) control (SM200), (B) cysteine (SMCys) and (C) methionine (SMMet) enriched fermentations. Results represent mean of three replicates. Standars deviations are represented in brackets.

A. VSCs production detected in final wine by single-gene deletants strains in SM200 Supplementary file 6. Analysis of the transcriptome changes generated in LMD17 strains when face to medium with only cysteine or methionine as nitrogen source or when limited pantothenic acid is present in the medium at two different points of fermentations (5g and 45g CO2 released). Genes with significant differences in expression after correction of multiple tests with fold change > 1.0 and p.value < 0.05 were kept.

A. GO Term Analysis of the upregulated genes in cysteine fermentation compared with control fermentation (SM200) at 5g CO2 released Supplementary file 6. Oligonucleotids primers used in this study.

A. Primers used for antibiotic resistance cassettes amplifications.

Primmer Sequence (5`-3`)

B. Primers used for deletion confirmation

Primer Sequence (5`-3`) Primer Sequence (5`-3`)

Chapter 4

Dynamic of formation of volatile sulfur compounds during wine fermentation

In the first chapter, we established that SO2 content had little impact on the profile of VSCs at the end of fermentation, and hypothesized that the excess sulfur contributed by SO2 was directly released as H2S. Due to its low boiling point, H2S produced by yeast metabolism is only very slightly accumulated in the liquid phase, where it is difficult to detect. An attractive approach to study the formation by yeast of this molecule, and more generally, of light sulfur compounds, would be to monitor their formation in the gas phase. It should also be noted that the vast majority of studies on the formation of VSCs in fermentation are based on the measurement of these compounds at the end of fermentation. Their dynamics of formation, which could be informative for understanding the biological and/or chemical relationships between these molecules, has never been addressed.

The objective of this last part of the thesis was to understand the dynamics of formation of volatile compounds and their sequence of synthesis, both in liquid and gas phase. For this purpose, we used for the first time a fermentation tool directly connected to a gas chromatography device to analyze online the composition of the gas phase. This system was recently developed at UMR SPO for the monitoring of volatile carbon compounds in the headspace of fermenters (Guittin et Farines, personal communication). In our case, the compounds are detected by a pulse flame photometric detector. It should be noted that at this stage of the development of this technique, the data are acquired in the form of areas proportional to the instantaneous concentration in the gas phase, which depends on the rate of formation of the molecules by the yeasts, their partition coefficient between the liquid and gas phases, and the losses linked in particular to the stripping by CO2. The results reporting the VSCs presence in the gas phase are therefore expressed as relative area compared to the maximum area for each compound. In parallel, the dynamics of the synthesis of heavier molecules in liquid phase was achieved, using the analytical methods previously described.

This approach was used to describe the dynamics of volatile compounds formation during fermentation performed under model conditions -SM200-and using more extreme experimental conditions, which we have shown to promote VSCs formation.

The data presented in this chapter were obtained at the end of the thesis. We have chosen to present them in the form of a publication, but additional experiments are currently in progress to confirm and reinforce the results.

Abstract

Knowing the production dynamics of molecules in fermentation is an essential step to

understand their interconnections and the mechanisms underlying their formation. In this work, the formation sequence of volatile sulfur compounds during wine fermentation has been established for the first time. This was possible by combining the quantification of the molecules in liquid phase from the beginning of the process with the determination of light VSCs in the gas phase, using a fermenter directly connected to a GC-compact device equipped with a pulse flame photometric detector. Furthermore, conditions promoting the formation of VSCs as a pantothenic acid deficiency or an excess in sulfur amino acid were carried out.

H2S has been shown to be the only volatile compound present in the headspace of fermenter regardless the fermentation conditions. However, while its presence remained transient during control fermentation or when SO2 was added, H2S was detected in the gas phase all along fermentations supplemented with cysteine or methionine, or with a pantothenic acid deficiency. This approach also allowed us to highlight the transient accumulation of certain molecules, which then serve as precursors for the synthesis of other VSCs, as methional which is then converted into methionol and 3-methylthiopropanoic acid. Similarly, methanethiol and dimethyldisulfide are produced during the early stages of fermentation and then converted to S-methylthioacetate, more chemically stable compounds that accumulate in the medium. Overall, this information should be regarded to design strategies to prevent the formation of VSCs, compounds considered as detrimental for the sensory quality of wine.

detector (Agilent). Maestro Software Control (Gerstel, Mülheim an der Ruhr, Germany) and Chemstation Software (Agilent Technologies, Santa Clara, California, USA) were used to control instrument and analyze the data respectively. For quantification, the mass spectra were recorded in selected ion monitoring (SIM) using positive ion electron impact at 70 eV.

The ion in bold for each compound was used for quantification and the other ions were used as qualifiers. Standard curves were obtained by plotting the sulfur response ratio of the sulfur compound and the internal standard against the concentration ratio.

Heavier sulphur compounds were extracted by a double liquid-liquid extraction (DLLE), as previously detailed (Jimenez et al., 2021). Samples were analyzed with a Trace 1300 GC system gas chromatograph (ThermoFisher Scientific, Waltham, MA) equipped with a Thermo Scientific Triplus RSH Sampler used in liquid mode, and coupled to a Thermo Scientific ISQ 7000 single quadrupole mass spectrometry detector (Thermo Scientific). The separation of the analytes was performed using a 30 m × 0.25 mm x 0.25 µm DB-FFAP, with constant flow rate 1.0 ml/min of helium as carrier gas. For quantification, mass spectra were recorded in Selected Ion Monitoring (SIM) mode with positive ion electron impact at 70 eV.

Online Measurements in the Gas-Phase

Fermentation were developed in four 2-L jacketed glass autoclavable bioreactors (Applikon  , Delft, Netherlands) coupled to a gas phase chromatography system GC Compact 4.0 (Interscience, Breda, Netherlands) for carbon and sulfur volatile compounds analysis.

Bioreactors were equipped with direct drive stirring systems (150 rpm) coupled to Rushton impellers (diameter 45 mm). Regulation of temperature in each bioreactor was ensured by a Huber cryostat (Offenburg, Deutschland) with coolant liquid circulation in the double jacket.

Every cryostat was coupled to a Pt 100 sensor to ensure temperature control. The amount of CO2 released was measured automatically with a gas thermal mass flow controller (Brooks  Instrument, Hatfield, USA) for online measurement of the rate of CO2 production (dCO2/dt).

For analysis of volatile compounds, headspace gas was sequentially pumped from each bioreactor for 1 min at a flow rate of 15 mL/min through a dedicated heated transfer line at Abstract: The control of the formation of volatile sulfur compounds (VSCs), considered as responsible for the reduction fault of wines is a current issue for winemakers, in a globalized market, increasingly competitive and in demand of quality. These molecules, belonging mainly to the chemical families of thiols, thioesters, sulfides and disulfides, are formed during the fermentation and aging of wines, through the metabolism of yeast but also by chemical reactions, also responsible for many interconversions between these compounds. The main objective of this project was to provide a comprehensive view of the formation of VSCs during fermentation and its regulation by genetic and environmental factors. Comparing the VSCs production profile of 40 wine strains revealed an important diversity within Saccharomyces cerevisiae species in their capacity to synthetize VSCs, while non-Saccharomyces yeasts appeared as low VSCs producers. Then, the availabilities in yeast assimilable nitrogen), pantothenic acid and sulphur-containing amino acid were identified as the environmental parameters with the greatest impact on the VSCs production by S. cerevisae, while pH, sugars and sulfite concentrations displayed a non-significant incidence. To elucidate the metabolic, chemical and molecular basis of these production and the better understand the underlying regulatory mechanisms, two complementary approaches were carried out: (i) a genetic approach showed that only cysteine and pantothenic acid availability triggers remodeling of the sulfur metabolism (differential gene expression analysis) and that a few number of genes of sulfur metabolism (ATF1, ARO8) directly contribute to VSCs formation (gene functional analysis). (ii) a chemical approach spiking ongoing fermentation with sulfur compounds and incubating samples with and without cells, enabling to discriminate between enzymatic and chemical reactions within the VSCs network and to unravel the interconnections between compounds. Finally, the dynamics of formation of VSCs was monitored both in liquid samples and in the headspace of fermenters, directly connected to a gas chromatography device to detect extremely volatile compounds. The sequence of VSCs production, including the transient formation of some molecules, was therefore established, extending our knowledge on their formation and origin during wine fermentation.

Résumé : Le contrôle de la formation des composés soufrés volatils (CSV), associés au défaut de réduction des vins, est un enjeu actuel pour le vinificateur, dans un marché mondialisé, de plus en plus compétitif et en demande de qualité. Ces molécules, appartenant principalement aux familles chimiques des thiols, thioesters, sulfures et disulfures, sont formées au cours de la fermentation et du vieillissement des vins, par le métabolisme des levures et par des réactions chimiques, aussi responsables de nombreuses interconversions entre ces composés. L'objectif principal de ce projet était de fournir une vision globale de la formation des CSVs pendant la fermentation et de sa régulation par des facteurs génétiques et environnementaux. En comparant le profil de production de CSVs de 40 levures, une importante diversité au sein des espèces Saccharomyces cerevisiae dans leur capacité à synthétiser les CSV a été montrée ; à l'inverse, les levures non-Saccharomyces sont faibles productrices de CSVs. Ensuite, la disponibilité en azote assimilable par la levure, en acide pantothénique et en acides aminés soufrés a été identifiée comme paramètre ayant le plus grand impact sur la production de CSVs par S. cerevisae, tandis que le pH et la concentration en sucres ou en sulfites n'ont que peu d'incidence. Pour élucider les bases métaboliques, chimiques et moléculaires de cette production et mieux comprendre les mécanismes de régulation sousjacents, deux approches complémentaires ont été menées : (i) une approche génétique a montré que seule la disponibilité en cystéine et en acide pantothénique conduit à un remodelage du métabolisme du soufre (analyse de l'expression différentielle des gènes) et que quelques gènes du métabolisme du soufre (ATF1, ARO8) sont directement impliqués formation des CSVs (analyse fonctionnelle) ; (ii) une approche chimique consistant à ajouter des composés soufrés en cours de fermentation et à incuber les échantillons en présence ou absence de cellules, qui a permis de différencier les réactions enzymatiques et chimiques du réseau des CSVs et d'élucider les interconnexions entre composés. La dynamique de la formation des CSVs a été suivie dans des échantillons liquides et dans l'espace de tête des fermenteurs, directement connecté à un dispositif de chromatographie pour détecter les composés extrêmement volatils. La séquence de production des CSVs et l'accumulation transitoire de certaines molécules, ont donc été établies, élargissant nos connaissances sur la formation et l'origine des CSVs pendant la fermentation.