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Introduction

Les lichens représentent I'association symbiotique entre un champignon (Ascomycota dans 98% des
cas) et un partenaire réalisant la photosynthése (algue verte le plus souvent, parfois remplacée ou
accompagnée par une cyanobactérie). Ce mode de vie singulier, représenté par plus de 18.500
especes, confére a cet éco-systéme une autonomie énergétique permettant de coloniser de nombreux
biotopes mais également une remarquable résilience a I'égard de stress environnementaux variés.
Cette résilience tient pour partie a la constitution d’'un arsenal de défense chimique recelant de
nombreux métabolites secondaires uniques dans le vivant. Cette chimiodiversité, essentiellement
faconnée au travers de trois voies de biosynthése, compte aujourd’hui plus de 1.000 molécules
correspondant en fait a une vingtaine de structures de base hautement modulées par des
réarrangements et des ornementations chimiques. En marge de leur réle écologique, ces molécules
sont également dotées de bioactivités variées et souvent significatives, faisant des lichens des
candidats attractifs et atypiques dans la recherche de nouvelles molécules d’intérét thérapeutique. La
valorisation de cette ressource privilégiée doit toutefois s’adosser a des outils de déréplication
précoces et performants pour pouvoir cerner [loriginalité structurale en amont d’études
phytochimiques.

C’est dans ce contexte que I'équipe PNSCM (Produits Naturels, Synthese, Chimie Médicinale) de
TUMR CNRS 6226 (Institut des Sciences Chimiques de Rennes) s’appuie sur cette chimiodiversité
originale pour obtenir de nouvelles molécules valorisables a des fins thérapeutiques ou cosmétiques.
Les recherches s’y articulent autour de trois approches complémentaires :

e ['extraction, l'isolement et I'élucidation structurale de molécules a partir de sources naturelles,
les lichens, mais aussi plus récemment des cohortes bactériennes qui leur sont associées ;

e la synthése de composés organiques, y compris de la synthése totale de produits naturels ;

e les tests permettant la découverte et I'optimisation des composés bioactifs selon des
approches de chimie médicinale.

Les enjeux de ce travail, entrepris dans le cadre de la premiére thématique mentionnée ci-dessus était
double :
e connaitre aussi rapidement que possible et de maniére fiable les métabolites secondaires
d’un lichen (déréplication, chimiotaxonomie...) ;
e cartographier la distribution des métabolites secondaires au sein de thalles lichéniques.
L’accés a cette donnée spatiale est d’un intérét majeur pour comprendre le réle écologique
des métabolites secondaires lichéniques.

De succinctes présentations de ce que sont les lichens, leurs métabolites secondaires et les
méthodes analytiques employées jusqu’a présent pour en réaliser le profilage chimique seront
abordées au titre d’'une premiére partie de ce mémoire.

Un premier volet de ce travail a donc consisté a développer de nouvelles stratégies analytiques pour
cerner, en un minimum de temps et de préparation, le profil chimique de lichens. Le second chapitre
de ce mémoire décrira ainsi I'apport déréplicatif de deux techniques de spectrométrie de masse ici
appliquées de facon pionniére aux lichens : le DART-MS (Direct Analysis in Real Time) et le LDI-MS
(Laser Desorption and lonization). En paralléle de ces développements analytiques, il est apparu que
les apothécies de I'un de nos organismes modeéles, Ophioparma ventosa, contenaient de nouvelles
molécules. L’étude phytochimique ayant permis d’y caractériser 4 nouveaux composés est décrite au
titre de cette seconde partie.
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Dans un second temps, ce projet s’est penché sur la localisation des métabolites secondaires au sein
de thalles lichéniques par imagerie LDI. Sur la base de profils chimiques différents entre les faces
supérieure et inférieure d’Ophioparma ventosa fournis par analyses DART, des analyses d'imagerie
LDI ont été menées sur ce lichen pour pouvoir préciser la distribution de tous les métabolites
secondaires qu'il contient avec une résolution spatiale de 50 ym. Les images acquises ainsi que les
données d’écologie chimique qui en découlent seront présentées au cours du troisieme chapitre de ce
manuscrit. Les travaux d’histolocalisation entrepris dans le cadre de cette thése se sont également
penchés sur les mycosporines lichéniques dans l'idée de mieux comprendre limplication des
partenaires de la symbiose lichénique dans la biosynthése de ces composés, qui sont aussi décrits a
partir de champignons, d’algues et de cyanobactéries vivant a I'état libre. Cette étude s’est doublée
d’'une analyse du matériel génétique des symbiontes dans I'idée de préciser le(s)quel(s) détien(nen)t
I'arsenal biosynthétique permettant de former ces composés.
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PARTIE 1 : LES LICHENS : DE SINGULIERS CHAMPIGNONS

|. Position systématique des lichens au travers des siecles

Les lichens ont longtemps été des organismes en errance taxonomique a l'instar des champignons
dont la position systématique est restée erronée pendant des siecles. Jusqu'en 1969, les biologistes
divisent le Vivant en deux régnes extrémement simples : les animaux, entités mobiles qui se
nourrissent en ingérant des proies et les végétaux dont le métabolisme est alimenté par le dioxyde de
carbone et les nutriments du sol.

Cette classification traditionnelle du Vivant place 'Homme au sommet de ce qui est en fait une
hiérarchie des organismes. Les autres organismes s’éloignent de ce sommet selon les caracteres qui
leur font défaut. Cette perception du Vivant aboutit a définir des groupes négativement et sont ainsi
rencontrés chez les végeétaux les Cryptogames, dépourvus de fleurs, mais également les Thallophytes
qui n’ont ni tiges, ni feuilles, ni racines. De la méme facon, les champignons sont alors identifiés
comme des végétaux dépourvus de chlorophylle.

Concernant les lichens, les naturalistes de la renaissance les associent aux mousses et Tournefort a
été le premier a distinguer ces deux types d’organismes en 1694. Il est toutefois a noter que les
lichens tels que définis par Tournefort incluent quelques hépatiques, mousses et fougeres. Une
premiére classification basée sur la morphologie des thalles de ce groupe erroné est proposée par
l'allemand Dillenius en 1741. Une douzaine d’années plus tard, Carl Von Linné (1707-1778) applique
la nomenclature binémiale qu’il a créée a de nombreux lichens. Linné et ses disciples rattachent les
lichens aux algues (Gavériaux, 2006).

Le botaniste suédois Erik Acharius (1757-1819) distingue le premier les lichens des autres
Cryptogames et référencie les organes présents a la surface du thalle avec les notions d’apothécies,
de sorédies... Cette nouvelle branche de la Cryptogamie pose les bases de la classification des
lichens et introduit des genres et des especes dont beaucoup sont toujours d'usage (Gavériaux,
2006).

Ce n'est qu'en 1867 que la véritable nature symbiotique du lichen, unissant une micro-algue verte
et/ou une cyanobactérie a un champignon est décrite pour la premiére fois par Schwendener et De
Bary (Honegger, 2000). D’emblée, cette conception révolutionnaire du lichen est regue avec un
accueil controversé attirant notamment les foudres du botaniste Wilhelm Nylander (1822-1899) qui
qualifie cette théorie symbiotique « d’assertion de pure fantaisie » et de « calomnie ». Nylander
réaffirme en 1896 que les lichens « constituent une noble et vénérable classe autonome de végétaux
n'ayant rien de sérieusement commun avec les champignons et les algues ». Et ce dernier de
conclure sur 'idée « que subordonner les lichens aux champignons est encore plus absurde que de
réunir les Characées aux algues ». Il s’averera par la suite que les Characées sont des algues.

Tandis que la dichotomie animal/végétal apparait vaguement satisfaisante pour différencier des
organismes visibles a I'ceil nu, les limitations associées a cette classification pour le moins simpliste
deviennent évidentes lorsqu’il s’agit de classer les organismes unicellulaires. Une nouvelle dichotomie
est alors introduite par le biologiste francais Edouard Chatton pour palier a cette insuffisance en
différenciant les organismes constitués de cellules sans noyaux (qu’il nomme procaryotes) et les
organismes dotés de cellules a noyaux (les eucaryotes) (Soyer-Gobillard, 1985).
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Cette importante découverte restructure la conception du Vivant et posera les premiéres bases vers
I'actuelle classification distinguant cing régnes :

les procaryotes, organismes unicellulaires dépourvus de noyaux ;

les protistes, eucaryotes trés généralement unicellulaires ;

les végétaux, eucaryotes trés généralement pluricellulaires autotrophes, réalisant la
photosynthése ;

les animaux, eucaryotes pluricellulaires hétérotrophes qui ingérent ;

les champignons, organismes hétérotrophes qui absorbent.

. Généralités sur les champignons

Il est donc aujourd’hui admis que les champignons constituent un régne autonome, défini par sept
caractéristiques fondamentales (Whittaker, 1969) :

ce sont des organismes eucaryotes ;

ils sont hétérotrophes vis-a-vis du carbone ;

ils sont absorbotrophes c’est-a-dire qu’ils absorbent au travers de leur paroi cellulaire les
nutriments issus d'une digestion extracellulaire qu’ils opérent grace a leur arsenal
enzymatique ;

ils sont filamenteux, diffus et tubulaires. L’organisme fongique est trés discret dans son état
végétatif car il est constitué de filaments microscopiques enfouis dans le substrat colonisé (=
le mycélium). Ce feutrage mycélien permet d’explorer le sol avec une grande finesse et donc
d’y optimiser le prélevement d’eau et de sels minéraux. L’agrégation de ces réseaux peut
parfois rendre le mycélium visible a I'eeil nu soit sous la forme de fines toiles soit plus
rarement sous la forme de structures plus conséquentes évoquant des racines (les
rhizomorphes) ;

ils se reproduisent par des spores ;

les spores ne sont pas flagellées (exceptionnellement un seul flagelle) ;

leur paroi cellulaire contient de la chitine et jamais de cellulose.

L’'un des points fondamentaux de cette ségrégation est donc I'absence de photosynthése qui rend ces
organismes hétérotrophes vis-a-vis du carbone, d’ou le besoin pour les champignons de se procurer
dans leur environnement des sources de carbone organique.

Cette contrainte métabolique peut étre assumée par trois stratégies différentes, selon la provenance
des sources de carbone organique (Lewis, 1973) :

le saprophytisme qui consiste a prélever les nutriments a partir d’'un substrat organique mort
(Figure 1). Ces champignons détiennent un réle écologique majeur en favorisant la
décomposition des feuilles et du bois pour réintégrer leurs éléments constitutifs dans la chaine
trophique (Grinhut et al., 2007). Ces espéces peuvent étre cultivées artificiellement pour peu
gu’une combinaison adéquate de nutriments leur soit fournie ;



LES LICHENS : DE SINGULIERS CHAMPIGNONS

- ¥ % = A = L~ &l 3 > o o
FIGURE 1 : TROIS EXEMPLES DE CHAMPIGNONS SAPROTROPHES : A - OUDEMANSIELLA MUCIDA SE DEVELOPPANT
GENERALEMENT SUR DES BRANCHES DE HETRE TOMBEES A TERRE ; B - AGARICUS XANTHODERMA, CHAMPIGNON
RENCONTRE DANS DES PRAIRIES ; C — MITRULA PALUDOSA, ESPECE S’ETABLISSANT SUR DES DEBRIS VEGETAUX
IMMERGES.

- le parasitisme, ou le préléevement de matiere organique est réalisé au détriment d’'un autre
organisme vivant en lui portant préjudice (parfois jusqu’a le tuer). Des organismes de
différents régnes peuvent étre affectés: plantes (agents de maladies cryptogamiques,
syndromes racinaires des Armillaires...) mais également parfois des insectes ou encore
d’autres champignons (c’est dans ce dernier cas de I'hyperparasitisme) (Desprez-Loustau et
al., 2007) (Figure 2). De tels organismes peuvent également poser de sérieux probléemes pour
les écosystémes. Ainsi, une colonie d’Armillaria solidipes détient le titre de plus grand
organisme vivant puisqu’un individu s’étalant sur prés de 9 km2 pour un age estimé a 2.200
ans a été décrit dans la forét nationale de Malheur dans I'Orégon ou elle décime d'importantes
populations de coniferes (Ferguson et al., 2003) ;

FIGURE 2: CHAMPIGNONS PARASITES A L’EGARD D’HOTES DIVERS. A — ARMILLARIA SOLIDIPES EST UN VIRULENT
PARASITE DES RACINES D’ARBRE ; B — BEAUVERIA BASSIANA EST UN CHAMPIGNON ENTOMOPATHOGENE ; C — UN
EXEMPLE DE MYCOPARASITE : ASTEROPHORA PARASITICA POUSSANT SUR UNE RUSSULE NOIRCISSANTE (RUSSULA
NIGRICANS).

- enfin, la symbiose désigne I'association durable et mutuellement bénéfique du champignon
avec un partenaire qui va lui fournir sa matiére organique obtenue par autotrophie. Les
champignons engagés dans des relations symbiotiques incluent les champignons
mycorhiziens et les lichens.

Dans le cadre des champignons mycorhiziens, le partenaire symbiotique est un végétal et les
eéchanges vont se produire au niveau d’'une structure mixte : les mycorhizes (du grec « mukés » pour
champignon et « rhiza » pour racines) (Figure 3). Le feutrage mycélien du champignon entoure ou
envahit partiellement les racines de la plante pour y prélever les sucres. En contrepartie, le
champignon offre de I'eau et des sels minéraux prélevés dans les minuscules espaces poraux du sol
a laide de ses fines hyphes, remplissant ainsi le role absorptif normalement dévolu aux poils
absorbants des racines (Selosse et al., 2006). Prés de 90 % des plantes terrestres sont ainsi
mycorhizées et histologiquement, diverses organisations mycorhiziennes peuvent étre distinguées
(Figure 3). Les arbres forestiers des régions tempérées s’associent a des champignons (Bolets,
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Amanites...) en des mycorhizes sans pénétration cellulaire, ou le feutrage mycélien développe un
manteau autour de la racine (Brundrett, 2009; Malloch et al., 1980). Chez les Orchidées en revanche,
le champignon est peu abondant autour de la racine, mais péneétre les cellules ou il forme des
accumulations de filaments appelés pelotons (Selosse et al., 2011). 74% des plantes développent des
associations mycorhiziennes avec des Glomeromycota qui ne donnent jamais de fructifications
visibles, c’est notamment le cas de la plupart des herbes mais également des arbres tropicaux et des
mousses (Ligrone et al., 2007; van der Heijden et al., 2015). Enfin, certaines familles botaniques ne
sont jamais mycorhizées, c’est notamment le cas des Brassicacées, des Crassulacées et des
Protéacées parmi d’autres (Lambers and Teste, 2013).
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FIGURE 3 : DEUX TYPES DE MYCORHIZES TRES REPANDUS : A — LES MYCORHIZES A VESICULES ET ARBUSCULES ET B —
LES ECTOMYCORHIZES.

L’endosymbiose est un mode de vie découvert plus récemment. Le mycélium se développe alors dans
les tissus d'une plante sans y provoquer de lésions. Ce partenariat endosymbiotique est bénéfique
pour le végétal en augmentant sa tolérance a certains stress environnementaux mais également la
résistance a divers pathogénes via la production de toxines (pour revue, consulter (Rodriguez et al.,
2009)).

Les lichens, notre objet d’étude, résultent de la symbiose entre un champignon qualifié de mycobionte
(du grec mykés : champignon, et bios : vie) et d’'un partenaire réalisant la photosynthése qualifié de
photobionte (du grec photo : lumiére et bios : vie) qui correspond soit & une algue verte soit & une
cyanobactérie, parfois les deux. Dans ce cas, le partenaire photosynthétique est généralement
représenté minoritairement et une communication étroite entre les filaments de champignons et les
algues peut étre observée au microscope : I'on parle d’haustorium (Honegger, 1986a).

La lichénisation représente donc une stratégie nutritionnelle parmi d’autres pour assumer
I'hétérotrophie des champignons. A ce titre, les lichens ne relévent d’aucun statut particulier dans le
regne des champignons. Il s’agit de champignons a part entiere. De récentes études démontrent
d’ailleurs que le processus de lichénisation s’est produit a plusieurs reprises au cours de I'évolution
des champignons (Gargas et al., 1995). De fagon symétrique, le mode de vie lichénisé s’est perdu a
plusieurs reprises de telle sorte que de nombreux champignons non lichénisés dérivent d’ancétres
lichénisants (Lutzoni et al., 2001).

Si les lichens sont des champignons a part entiére, le champignon lichénisé acquiert de nouvelles
propriétés qui vont étre brievement passées en revue.
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IIl.  Présentation des lichens

A. Bases métaboliques, caractéristiques physiologiques et
roles écologiques

La symbiose lichénique structure un appareil végétatif rudimentaire, le thalle, organisme parfaitement
autotrophe ou la synthése de matiére organique est assurée par l'algue se développant au sein du
mycélium aérien (Figure 4). L’'algue est en contrepartie protégée de la déshydratation par le
champignon. Ce dernier apparait clairement comme le partenaire dominant de la symbiose dont il
assure la reproduction sexuée. L’algue semble a l'inverse détenir des droits limités au sein de cette
symbiose en étant cantonnée a certaines régions du thalle et en ne se reproduisant pas sexuellement.
De telles considérations font que la symbiose lichénique est parfois considérée comme un élevage
d’algues par des champignons plutdt que comme une authentique symbiose. Complétement intégrés
a la classification des champignons, les lichens (ou formellement, champignons lichénisants) sont trés
majoritairement des Ascomycétes (donnant naissance aux ascolichens dans 98% des cas), les
guelgues 2% restants correspondant a des Basidiomycétes (Lutzoni and Miadlikowska, 2009). Le nom
du lichen correspond en fait au nom du champignon lichénisant, et avec plus de 18.500 espéces
décrites (Feuerer and Hawksworth, 2007), il est estimé qu’ils représentent environ 2/5 de tous les
Ascomyceétes connus (Lutzoni and Miadlikowska, 2009) et 1/5 de tous les champignons identifiés a ce
jour (Honegger, 1998, 1995). 40 genres de photobiontes (25 pour les algues vertes et 15 chez les
cyanobactéries (Ainsworth, 2008)) ont été décrits dans le cadre de la symbiose lichénique, il s’agit
dans 90% des cas de photobiontes de type algue verte, essentiellement représentés par le genre
unicellulaire Trebouxia et le genre filamenteux Trentepohlia. Les cyanobactéries (anciennement
algues bleues) sont retrouvées chez environ 10% des lichens et appartiennent le plus souvent aux
genres Nostoc et Scytonema (Friedl and Bidel, 1996).

UES LICHENIQUES DANS LEUR DIVERSITE. A —
OPHIOPARMA VENTOSA EST DANS LE CAS DE FIGURE MAJORITAIRE EN ASSOCIANT UN ASCOMYCETE A UNE ALGUE
VERTE DU GENRE TREBOUXIA ; B — LICHINA PYGMAEA REUNIT UN ASCOMYCETE ET UNE CYANOBACTERIE (GENRE
CALOTHRIX) ; C — DICTYONEMA GLABRATUM ENTRE DANS LES DEUX CAS DE FIGURE MINORITAIRES EN CONTENANT UN
BASIDIOMYCETE ET UNE CYANOBACTERIE (CHROOCOCCUS).

Quelques lichens (3-4%) associent un champignon a deux photobiontes donnant lieu a des symbioses
dites tripartites (Rai and Bergman, 2002). L’intérét de telles associations triples réside dans le fait que
les cyanobactéries sont plus efficaces pour fixer 'azote atmosphérique (Millbank and Kershaw, 1970;
Palmqvist et al., 1998; Rai and Bergman, 2002). Le photobionte principal est alors I'algue verte, et la
cyanobactérie est généralement confinée dans des compartiments fongiques appelés céphalodies.
Ces céphalodies peuvent étre externes pour apparaitre sous des présentations variables a la surface
du thalle (e.g Placopsis, Peltigera...) (Figure 5) ou étre internes et se développer alors dans
'épaisseur de la médulle (e.g Lobaria et Sticta notamment) (Jordan, 1970; Honegger, 2012a). Chez
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certains lichens toutefois, les cyanobactéries ne sont pas cantonnées a certaines portions du lichen
mais sont retrouvées sur 'ensemble du thalle. C’est notamment le cas chez Solorina crocea, ou la
couche de cyanobactéries (Nostoc) s’établit juste en dessous de celle occupée par les algues vertes
(Coccomyxa) (Hawksworth, 1988).

FIGURE 5 : DEUX EXEMPLES DE LICHENS A CEPHALODIES EXTERNES. A — PELTIGERA APHTOSA ET SES CEPHALODIES
NOIRES PONCTIFORMES; B — PLACOPSIS GELIDA PRESENTE DES CEPHALODIES ORANGEES.

Selon les conditions environnementales, il peut arriver que le mycobionte change de partenaire
photobionte, ce qui est a l'origine de modifications plus ou moins marquées de la morphologie du
thalle (on parle alors de phototypes ou de photomorphes) (Tgnsberg and Holtan—Hartwig, 1983)
(Figure 6). Tandis que les lichens a algue verte (ou chlorolichens) peuvent utiliser la vapeur d’eau, les
lichens a cyanobactéries (ou cyanolichens) ont besoin d’eau liquide (Biidel and Lange, 1991; Taylor et
al., 1997). De facon générale, les chlorolichens sont associés a des environnements plus secs que les
cyanolichens. Aussi, ces derniers représentent plus de la moitié des lichens rencontrés en milieu
tropical humide (Richardson, 2002).

3} ‘ o . .&.. i. . ‘p s ’.
FIGURE 6 : LES DEUX PHOTOTYPES DE STICTA CANARIENSIS. A — THALLE A ALGUE VERTE ET B — THALLE A

CYANOBACTERIE PREDOMINANTE PRESENTANT UNE COULEUR BLEUE/NOIRE EN ENVIRONNEMENT PLUS HUMIDE
ET/OU SOMBRE, QUELQUES PARTIES EPARSES DE THALLES A ALGUE VERTE RESTENT VISIBLES.

Le champignon, biomasse dominante du lichen, est responsable de la structuration du thalle. Chez de
rares lichens, le thalle est fagonné par le partenaire algal, comme c’est notamment le cas d’espéces
du genre Coenogonium ou les algues filamenteuses (Trentepohlia) conférent a ces especes un aspect
de dentelle (Figure 7). Macroscopiquement, ces lichens ne différent de Trentepohlia libres que par la
présence d’apothécies éparses, les hyphes myceliennes étant apprimées le long des filaments
d’algue (Meier and Chapman, 1983).
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FIGURE 7 : CONTRIBUTION DU PHOTOBIONTE DANS LA STRUCTURATION DU THALLE LICHENIQUE. A — PHOTOBIONTE
UNIQUEMENT LOCALISE SOUS LE CORTEX SUPERIEUR (MIcrRoSCOPIE E,LECTRONIQUE A BALAYAGE DU THALLE DE
PARMELIA SULCATA) ET B — PHOTOGRAPHIE DE COENOGONIUM LEPRIEURII DONT LE THALLE EST STRUCTURE PAR UNE
ALGUE FILAMENTEUSE DU GENRE TRENTEPOHLIA

Les lichens sont également associés a d’importantes cohortes de champignons épiphytiques et
endophytiques, dont plus de 1.500 espéces sont actuellement décrites (Hoffman and Arnold, 2010;
Honegger et al., 2013; Lawrey and Diederich, 2003; Muggia et al., 2013). Cette biodiversité, dont
I'étude est en plein essor, est a l'origine de molécules originales appartenant a des séries structurales
variées (Chen et al., 2013; Li et al., 2012; Zhang et al., 2012, 2009). Depuis quelques années, il est
également établi que les lichens présentent d'importantes communautés bactériennes aussi bien a
leur surface qu’a l'intérieur de leur thalle, développant des biofilms au niveau de certaines portions de
thalles (Cardinale et al., 2008, 2006). Ces bactéries contribuent a la symbiose par des fonctions
multiples a un tel point qu’on parle désormais de bactériobionte. Certaines de ces fonctions incluent la
nutrition des lichens et certaines souches bactériennes pourraient étre d’'une importance cruciale pour
'approvisionnement en azote, notamment chez les lichens a algue verte (Grube and Berg, 2009),
mais également en phosphore et en soufre. Le bactériobionte intervient également dans la défense
contre les agents pathogénes via la sécrétion de puissants antibiotiques (Davies et al., 2005) et dans
la résistance vis-a-vis de diverses contraintes abiotiques (Grube et al., 2015). Certaines souches
bactériennes peuvent dégrader les parties sénescentes du thalle au profit de plus jeunes parties du
lichen (Grube and Berg, 2009). Enfin, la synthése d’acide indole acétique par les bactéries pourrait
étre d'importance pour structurer le développement du thalle dans son ensemble (Grube et al., 2009;
Liba et al., 2006). Il est également suggéré que le microbiome puisse favoriser le processus de
photosynthése en approvisionnant I'algue en vitamine B12 (Grube et al., 2015).

Les lichens représenteraient ainsi un véritable écosystéme ou les différents partenaires interagissent a
des degrés plus ou moins bien établis (Figure 8).

10
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FIGURE 8: A) LOCALISATION DES BACTERIES SUR UNE COUPE TRANSVERSALE DE THALLE DE LOBARIA PULMONARIA,
MODELISATION TRIDIMENSIONNELLE A PARTIR D’IMAGERIE FISH. LES EUBACTERIES (VISUALISEES EN ROUGE) ET LES
ALPHAPROTEOBACTERIES (REPRESENTEES EN JAUNE) MONTRENT UNE LOCALISATION UBIQUISTE SUR LES DEUX FACES
DU LICHEN, A L'INVERSE, LES BETAPROTEOBACTERIES (ROSES) SONT MOINS ABONDANTES ET CONFINEES A DES
REGIONS PRECISES DU THALLE. B) VUE MODERNE DE LA SYMBIOSE LICHENIQUE INCORPORANT LE BACTERIOBIONTE ET
LES ROLES PRESUMES DE CHAQUE PARTICIPANT DE CET ECOSYSTEME (FIGURE EXTRAITE DE (GRUBE ET AL., 2015)).

Les lichens jouent un réle écologique majeur d’organismes pionniers. Du fait de leur autotrophie, ils
s’installent sur n'importe quel support ou ils constituent souvent la premiére matiere organique a
s’établir, initiant ainsi les premiers jalons de la chaine alimentaire (Lipnicki, 2015). Les lichens sont de
fait répandus a travers toutes les régions du monde et ils représentent environ 8% de la couverture
terrestre (Larson, 1987), s’installant dans des cours d’eau, au niveau de I'estran, dans des déserts
arides mais également dans des régions polaires (ou certaines espéces peuvent résister a des
températures extrémes de -40°C) (Figure 9). La photosynthese des lichens antarctiques est toujours
effectuée a des températures avoisinant -20°C avec un record de -24°C atteint chez Cladonia
alcicornis (Kappen et al., 1996; Lange, 1966; Lange and Kappen, 1972). Divers lichens antarctiques
hydratés ont pu supporter 12 heures passées dans I'azote liquide sans dommages (Kappen, 1993).
Des Umbilicaria ont survécu a 10 années de conservation & -20°C sans que cela n’affecte leurs
performances photosynthétiques et respiratoires pour certains d’entre eux (e.g Umbilicaria deusta)
(Larson, 1989). L’entreposage pendant 3 années et demie du lichen fruticuleux Alectoria ochroleuca a
-60°C a permis a ce lichen d’y survivre tout en préservant ses comportements de photosynthése et de
respiration (Larson, 1978). Cette extréme résilience fait des lichens des organismes modéles de choix
pour la recherche en astrobiologie (Sancho et al., 2008). Diverses équipes ont en effet pu démontrer
la survie de divers lichens exposés a des conditions spatiales (Raggio et al., 2011; Sancho et al.,
2007) ou a une atmosphere martienne (Brandt et al., 2015; de Vera et al., 2014).

11
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FIGURE 9 : ILLUSTRATION ICHINA PYGMAEA EST UN
CYANOLICHEN SE DEVELOPPANT SUR L’ESTRAN, NOTAMMENT LE LONG DES COTES BRETONNES (ROULLIER ET AL.,
2011), B — LES LICHENS APPARTENANT AU GENRE DERMATOCARPON SONT AMPHIBIES ET SE DEVELOPPENT SUR DES
ROCHES SILICEUSES BORDANT LES COURS D’EAU, A MI-OMBRE (FONTAINE ET AL., 2012) C — FLAVOCETRARIA NIVALIS
REALISE LA PHOTOSYNTHESE A DES TEMPERATURES DESCENDANT A -20°C (KALLIO AND HEINONEN, 1971), D —
XANTHORIA ELEGANS EST UN LICHEN COSMOPOLITE POUVANT ETRE RENCONTRE JUSQU’A 7.000 METRES D’ALTITUDE
DANS L'HIMALAYA (@VSTEDAL AND SMITH, 2001) ET POUVANT SURVIVRE A UNE ATMOSPHERE MARTIENNE
(BRANDT ET AL., 2015), E — D’IMPORTANTES ETENDUES DU DESERT DE NAMIB RECOUVERTES PAR LES THALLES
FRUTICULEUX DE TELOSCHISTES CAPENSIS (LANGE ET AL., 2006).

Cette résilience est notamment permise par le phénomeéne dit de reviviscence qui permet au lichen de
passer de maniére rapide et réversible d’'un état sec a un état hydraté (Aubert et al., 2007). Lors
d’épisodes de précipitations intenses, les lichens a algue verte peuvent se gorger d’eau a hauteur de
200 a 300% de leur poids sec. Les lichens a cyanobactéries peuvent quant a eux atteindre jusqu’'a
2.000% de leur poids sec (Kranner et al., 2008). A léchelle cellulaire, de tels cycles de
déshydratation/réhydratation modifient le pH intracellulaire et la force ionique du cytoplasme en
favorisant la production de ROS (Mittler, 2002) (pour Reactive Oxygen Species ou espéces activées
de l'oxygéne) a l'origine de stress oxydants pouvant endommager un large panel de biomolécules :
ADN (génotoxicité), les lipides (peroxydation lipidique) mais également les protéines (e.g oxydation de
ponts disulfures en radicaux thiyl entrainant des pontages intra- ou intermoléculaires). La colonisation
de biotopes hostiles expose également les lichens a d’intenses irradiations UV dont les effets
délétéres sont notamment contrés par la présence de pigments corticaux (Nguyen et al., 2013).

B. Morphologie des lichens

Le mycobionte, qui représente plus de 90% de la biomasse lichénique, est la plupart du temps
responsable de la morphologie et de la structuration du lichen qui se décline en sept présentations
principales (Van Haluwyn et al., 2009) (Figure 10) :
- les thalles crustacés sont les plus communs et sont encroGtants au niveau de leur substrat,
dans lequel ils péneétrent plus ou moins profondément pour en étre difficilement dissociables ;
- les thalles foliacés ont la forme de feuilles plus ou moins lobées ou découpées et se
détachent facilement du substrat ;
- les thalles fruticuleux ont un port buissonnant et vont présenter des laniéres plus ou moins
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ramifiées, dressées ou pendantes. lls s’ancrent a leur substrat par une surface réduite ;

les thalles squamuleux forment de petites écailles qui vont se chevaucher plus ou moins
partiellement ;

les thalles Iépreux sont pulvérulents et se détachent aisément de leur substrat ;

les thalles gélatineux, trés essentiellement des cyanolichens, sont noirs et cassants a I'état
sec et ont une consistance gélatineuse lorsqu’ils sont hydratés. La morphologie du thalle peut
étre crustacée, foliacée, fruticuleuse ou squamuleuse ;

enfin, les thalles complexes ou composites comportent un thalle primaire foliacé adhérent au
substrat a partir duquel se dresse un thalle secondaire plus ou moins ramifié ou en trompette
(le podétion).

FIGURE 10 : ILLUSTRATION DES PRINCIPAUX TYPES MORPHOLOGIQUES DE LICHENS. A — THALLE CRUSTACE DE
DIPLOICIA CANESCENS ; B — THALLE FOLIACE DE VULPICIDA PINASTRI ; C — THALLE FRUTICULEUX DE FLAVOCETRARIA
NIVALIS; D — THALLE SQUAMULEUX DE NORMANDINA PULCHELLA; E — THALLE LEPREUX DE LEPRARIA
MEMBRANACEA ; F — THALLE GELATINEUX D’ENCHYLIUM TENAX ; G — THALLE COMPLEXE DE STEREOCAULON
EVOLUTUM.

Histologiquement, en dépit de ces morphologies remarquablement différentes, les lichens présentent
une certaine unité mais deux types de structures doivent étre distingués (Figure 11) :

les lichens a structure homéomere ont des cellules algales réparties uniformément parmi les
filaments mycéliens ;
la grande majorité des lichens adopte une organisation dite hétéromeére qui correspond a une
structure stratifiée comprenant les tissus suivants, de la surface vers la profondeur du lichen :
o un cortex supérieur formé de filaments mycéliens soudés, & parois plus ou moins
épaissies ;
une couche gonidiale formée par des algues entourées de filaments mycéliens ;
o une couche dhyphes plus ou moins densément entrecroisées ou paralléles
constituant la médulle ;

13
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o la face inférieure se termine tantét par des hyphes s’enfongant dans le substrat tantét
par un cortex inférieur éventuellement muni de rhizines pour s’ancrer au substrat.
Certains lichens hétéroméres présentent une symétrie centrale. De telles structures, qualifiées de
radiées, possédent la méme trame histologique mais ne contiennent pas de cortex inférieur.
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FIGURE 11: PRINCIPALES STRUCTURES HISTOLOGIQUES RENCONTREES CHEZ LES LICHENS. DE GAUCHE A DROITE :
THALLE HETEROMERE, THALLE HOMEOMERE ET THALLE RADIE.

C. Reproduction des lichens

Les lichens peuvent adopter deux modes de reproduction : soit végétative, soit séxuée. Cette derniére
modalité implique que les spores fongiques rencontrent par la suite un photobionte pour pouvoir
reformer la symbiose. De maniére générale chez les lichens, la reproduction sexuée est nettement
prédominante par rapport a la reproduction végétative. Ainsi, 90% des lichens d’Irlande et de Grande-
Bretagne adoptent une reproduction sexuée, tandis que seuls 29% d’entre eux connaissent une
reproduction asexuée (Murtagh et al., 2000).

La reproduction asexuée ou végétative est assurée par des propagules de dissémination symbiotique
essaimant simultanément les deux partenaires de la symbiose. Elles sont principalement de deux
types (Bowler and Rundel, 1975) (Figure 12) :
- les soralies correspondent a des interruptions du cortex qui laissent échapper de petits amas,
les sorédies, formés d’algues enchevétrées dans des filaments mycéliens ;
- les isidies a linverse sont des petites excroissances cortiquées formées d'algues et de
champignons.
L'aspect de ces formations et leur implantation sont souvent des criteres importants pour
l'identification des lichens.
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FIGURE 12: PROPAGULES DE DISSEMINATION SYMBIOTIQUE RENCONTREES CHEZ LES LICHENS. A ET B — SCHEMAS
REPRESENTANT LES SOREDIES ET LES ISIDIES. C — SORALIES JAUNES DE PSEUDOCYPHELLARIA CROCATA ET D — ISIDIES

CORALLOIDES (NOIRES) DE LASALLIA PUSTULATA.

L’algue ne se divisant que par mitoses, le champignon est le seul a former des organes reproducteurs
qui vont donc correspondre a des ascomes le plus souvent et parfois a des basidiomes (Bowler and
Rundel, 1975).

Les Ascomycétes tirent leur nom des asques qui contiennent les spores. Ces derniéres sont libérées
par rupture du sommet de 'asque ou désintégration de leur paroi. Les Ascolichens développent le
plus souvent des organes reproducteurs sous la forme de disques plus ou moins saillants appelés
apothécies et dont la structure évoque la fructification d’Ascomycétes non lichénisants comme les
pézizes (Letrouit-Galinou, 1968). La forme des apothécies est un critére de grande importance pour
l'identification des lichens. Des critéres d’intérét pour orienter les déterminations sont I'éventuelle
présence d’algues sur le pourtour de I'apothécie (présence = apothécies lécanorines ; absence =
apothécies lécidéines), de pédicelles, de cristaux visibles en lumiére polarisée (Letrouit-Galinou,
1968)... Les apothécies dont la longueur excéde le double de leur largeur prennent le nom de lirelles.
Les périthéces désignent quant a eux des ascomes globuleux, qui débouchent a I'air libre par un
pore apical (Figure 13).
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FIGURE 13: ORGANES DE REPRODUCTION SEXUEE CHEZ LES ASCOLICHENS. A — APOTHECIES DE TELOSCHISTES
CHRYSOPHTALMUS ; B — LIRELLES DE GRAPHIS SCRIPTA ; C— PERITHECES DE PYRENULA LAEVIGATA.

Les Basidiomycétes forment des spores a I'extérieur de cellules fertiles, les basides. Les
basidiomes sont généralement de petits champignons a lames d’un aspect tout a fait
semblable a celui de Basidiomycétes non lichénisés (Figure 14).

FIGURE 14: BASIDIOMES DE LICHENOMPHALIA MERIDIONALIS.

D. La phytochimie singuliere des lichens
a. Diversité structurale et voies de biosynthese

L’exceptionnelle résilience des lichens tient pour partie a la constitution d’'un arsenal de défense
chimique unique dans le vivant. Le nombre de métabolites secondaires isolés de cette symbiose ne
cesse de croitre. En 2008, 1.050 métabolites secondaires avaient été décrits a partir de lichens
(Stocker-Worgotter, 2008). Parmi ces composés, une trés grande majorité est propre aux lichens avec
seulement 5 a 10% d’entre eux décrits chez d’autres organismes (plantes, champignons non

lichénisés).

Il est communément admis que les métabolites secondaires caractéristiques des lichens sont d’origine
fongique. De tres récentes études ont effectivement pu relier la biosynthése des différents
polyacétates a un cluster de génes fongiques (Abdel-Hameed et al., 2016a, 2016b). Ces résultats
vont dans le sens d’études plus anciennes qui avaient constaté que la plupart de ces composés peut
étre obtenue par culture du seul mycobionte dans des conditions adéquates. Cependant, certains
métabolites secondaires ne parviennent pas a étre synthétisés par le seul mycobionte ce qui suggére
de possibles coopérations métaboliques pour réaliser la biosynthése de ces composés (e.g
arthothéline) (Brunauer et al., 2006). A I'inverse, Takahashi a décrit la présence de xanthones qui ne
sont synthétisées que par le mycobionte isolé et ne le sont plus lorsque la symbiose lichénique est
reconstituée (Takenaka et al., 2000; Tanahashi et al., 1999). La symbiose lichénique rassemble
également des partenaires dont chacun est connu pour pouvoir isolément les biosynthétiser. C’est
notamment le cas des mycosporines qui sont synthétisées aussi bien par des cyanobactéries, des
champignons et des algues vertes. Si le fait d’avoir constamment isolé les mycosporines de

16



LES LICHENS : DE SINGULIERS CHAMPIGNONS

cyanolichens jusqu’en 2015 pouvait laisser penser que leur biosynthése dans le cadre de la symbiose
lichénique était dévolu aux cyanobactéries, I'isolement de mycosporines a partir du chlorolichen
Dermatocarpon miniatum doit amener a reconsidérer la question (Nguyen et al., 2015).

La diversité des métabolites secondaires lichéniques est faconnée au travers de trois voies de
biosynthése qui sont des plus aux moins représentées (Figure 15) :

- Lavoie des polyacétates-polymalonates

- Lavoie de 'acide mévalonique

- Lavoie de I'acide shikimique
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depsones

L J

D’un lichen a l'autre, telle ou telle autre voie de biosynthése va étre préférentiellement activée pour
retrouver chez un méme lichen des molécules structuralement apparentées (chémosyndrome). Le
métabolisme secondaire des lichens est hautement modulable. Aussi est-il fréquent de constater que
des lichens de la méme espéce mais de localisations géographiques différentes et/ou confrontés a
des contraintes écologiques diverses présentent des profils chimiques différents (Bialonska and
Dayan, 2005). La culture in vitro de mycobiontes de Xanthoparmelia flavecentireagens démontre que
la synthése de métabolites secondaires intervient dans des conditions environnementales
défavorables (appauvrissement du milieu de culture, période de sécheresse, changements de
température) (Stocker-Wérgétter, 2015). En soumettant ce mycobionte a divers stress
environnementaux, Stocker-Worgotter parvient & déclencher la biosynthése de différents métabolites
secondaires, soulignant la plasticité dont les lichens peuvent faire preuve pour s’accomoder des
contraintes écologiques qu’ils subissent. Les connaissances actuelles concernant les voies de
biosynthése de ces composés sont rassemblées en Annexe 1 (p. 187).
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b. Bioactivités des métabolites secondaires lichéniques: de I'écologie
chimique aux perspectives thérapeutiques

Le rOle écologique assuré par les métabolites secondaires lichéniques reste souvent peu connu mais
il apparait clairement qu’ils aident le lichen a se protéger d’environnements hostiles (Stocker-
Worgotter, 2015).

i. Contraintes abiotiques

Les métabolites secondaires lichéniques sont souvent secrétés a la surface des hyphes fongiques ou
ils sont présents sous forme amorphe ou cristalline (Stocker-Wérgotter, 2008). Les capacités
d’'absorption dans UV des principales familles structurales énoncées ci-dessus ainsi que la
distribution corticale de hombreux composés lichéniques indiquent leur réle dans la photoprotection
du lichen (Nguyen et al., 2013). En ce sens, il a été constaté que lirradiation UV induit la biosynthése
de nombreux composés lichéniques : acide usnique (Bjerke et al., 2002; McEvoy et al., 2006;
Nybakken and Julkunen-Tiitto, 2006), pariétine (Nybakken et al., 2004; Solhaug and Gauslaa, 1996),
dérivés de I'acide pulvinique (Holder et al., 2000; Rubio et al., 2002; Wynn-Williams et al., 1999)...
Ces caractéristiques font des métabolites secondaires lichéniques des molécules intéressantes a des
fins cosmétiques (photoprotection) (Lohézic-Le Dévéhat et al., 2013). De facon intéressante, les
émissions fluorescentes de I'atranorine ont une longueur d’'onde située dans la gamme d’absorption
des chlorophylles algales suggérant leur possible utilisation dans la photosynthese (Rao and LeBlanc,
1965).

Les intenses irradiations UV subies par les lichens mais également les cycles de
déshydratation/réhydratation générent d’'importants stress oxydants qui sont combattus par les
activités antioxydantes de nombreux métabolites lichéniques. Pour I'heure, une soixantaine de
molécules lichéniques a été étudiée pour leurs propriétés anti-oxydantes. Une revue compilant ces
travaux est parue en 2014 (Le Dévéhat et al., 2014).

Les métabolites secondaires lichéniques peuvent intervenir dans la tolérance aux pollutions
notamment liées aux métaux lourds. Différentes substances lichéniques peuvent en effet chélater de
tels atomes comme les acides psoromique (Purvis et al., 1990), norstictique (Purvis et al., 1987) et
usnique (Hauck et al.,, 2008; Takani et al., 2002) notamment. L’'acide fumarprotocétrarique de
Lecanora conizaeoides réduit ainsi I'absorption de manganése, augmentant la tolérance du lichen a
des biotopes pollués par ce métal (Hauck and Huneck, 2007a). De la méme fagon, les métabolites
secondaires d’Hypogymnia physodes limitent I'influx de Cu** et de Mn** au sein du thalle, par
comparaison a des spécimens débarrassés de leurs polyphénols par ringage a I'acétone. Les teneurs
élevées en métaux au niveau des écorces ou s’établit ce lichen pourraient étre Iétales au lichen sans
de telles régulations (Hauck, 2008). Le profil chimique de ce lichen montre une certaine plasticité et il
est constaté une importante élévation de la production d’acide physodalique lorsque des thalles d'H.
physodes sont transplantés de sites non pollués vers des sites pollués, suggérant l'implication de
cette depsidone dans la gestion de ce stress (Hauck and Huneck, 2007b). Il a ensuite pu étre établi
que I'acide physodalique peut lier les métaux lourds pour prévenir leur entrée dans la cellule (Hauck
and Huneck, 2007a). A linverse, les acides divaricatique et usnique favorisent I'absorption de
micronutriments disponibles en trés faible quantité dans I'environnement des lichens (Hauck et al.,
2009b). L’aptitude des métabolites lichéniques a chélater des métaux peut aussi permettre d’effriter le
support rocheux sur lequel les lichens se développent. Ainsi, I'excrétion d’acide divaricatique au
contact de la roche est invoquée pour expliquer I'inhabituelle profondeur a laquelle se développent les
hyphes mycéliennes d’Ophioparma ventosa dans leur substrat (Bjelland and Thorseth, 2002).
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Il est aussi constaté que des lichens de compositions chimiques proches s’établissent sur des
substrats de pH voisins (Wirth, 1985). Ainsi, les lichens producteurs d’acide usnique ont un pH de
prédilection compris entre 4,0 et 4,5 (Hauck and Jirgens, 2008). La présence d’acides forts a la
surface des hyphes mycéliennes et les propriétés acides de nombreux composés lichéniques laissent
présager de la possible implication des métabolites secondaires dans la tolérance des lichens a
I'acidité de leur environnement. En effet, les protons seuls ne peuvent pas franchir les membranes
cellulaires lipophiles et doivent donc s’associer aux acides présents a la surface des cellules pour
traverser sous une forme neutre. Une fois cette forme internalisée, la molécule se dissocie dans le
cytosol pour générer des protons pouvant gravement endommager la cellule. La présence d’espéces
fortement dissociées peut alors étre percue comme un mécanisme cytoprotecteur et la présence
d’acides ayant de faibles pKa comme les acides fumarprotocétrarique, perlatolique et thamnolique est
récurrente chez les lichens rencontrés en milieux acides (Hauck et al., 2009a)

Outre les rbles écologiques précis pouvant étre assurés par les métabolites lichéniques, il est
également envisagé que le tapissage de ces composés renforce I'hydrophobicité des parois cellulaires
(Honegger, 2012b).

ii. Stress biotiques

Un nombre conséquent de métabolites lichéniques impacte également les interactions que développe
le lichen avec des organismes compétiteurs.

Une trentaine d’études s’est ainsi intéressée aux activités antibiotiques de métabolites lichéniques
(Shrestha and St. Clair, 2013).

Les lichens sont aussi susceptibles d’étre consommés par de nombreux herbivores allant des
gastéropodes aux vertébrés (Lawrey, 1983). L’herbivorie de lichens reste rare en raison de leur
pauvre qualité nutritionnelle (Lawrey, 1986), de leur présentation (e.g texture gélatineuse de
cyanolichens comme les Collema (Rundel, 1978)) mais également de la production de composés de
défense (Lawrey, 2009). L’allocation de ces métabolites défensifs est souvent asymétrique chez les
lichens qui vont tendre a les concentrer au niveau des organes reproducteurs (Asplund et al., 2010;
Hyvarinen et al., 2000) ou des parties juvéniles du thalle (Golojuch and Lawrey, 1988). Des
observations de terrain et de laboratoire ont permis d’objectiver que les comportements alimentaires
de nombreux animaux sont guidés par la chimie des lichens et les choix nutritionnels des herbivores
se portent généralement sur les espéces ne synthétisant pas de métabolites secondaires hotamment
chez des limaces (Lawrey, 1980), des escargots (Gauslaa, 2004), des larves de papillons de nuit
(Poykko et al., 2005; Poykkd and Hyvarinen, 2003) et des coléoptéres (Nimis and Skert, 2006),
notamment. L’élimination par I'acétone des composés phénoliques des lichens (acetone rinsing)
annule dans de nombreux cas ces évitements alimentaires, démontrant la défense qu’ils procurent
(Gauslaa, 2004; Nybakken et al., 2010; Poykkd et al., 2005). Il est généralement admis que ces
défenses sont constitutives et ne peuvent pas étre induites par broutage du thalle lichénique (Asplund
et al., 2009; Lawrey, 2009). Une seule publication fait état d’'une possible induction par des dommages
au thalle en décrivant la biosynthése d’acide rhodocladonique chez Cladonia bacilliformis et C.
norvegica en réponse aux attaques d’'une mite lichénicole (Timdal, 1989). La consommation de
denrées supplémentées en métabolites secondaires lichéniques peut ralentir la croissance des
organismes consommateurs (Emmerich et al., 1993; Giez et al., 1994; Slansky, 1979) voire étre &
l'origine d’intoxications aigués (Cetin et al., 2008; Emmerich et al., 1993; Giez et al., 1994; Slansky,
1979).
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La toxicité des métabolites lichéniques s’exerce parfois sur des organismes bien plus conséquents et
la mort de 400 a 500 élans en hiver 2004 dans I'Etat du Wyoming a été imputée a la consommation
de Xanthoparmelia chlorochroa et reliée plus précisément a I'acide usnique qu’il contient (Cook et al.,
2007; Dailey et al., 2008). A l'inverse, pour les rennes habitant dans la toundra, les lichens restent
souvent la seule ressource trophique a disposition et il semble que la tolérance de ces derniers a
'égard de la toxicité de l'acide usnique soit notamment médiée par la présence de souches
bactériennes capables de le métaboliser et de le détoxifier dans leur rumen (Sundset et al., 2008). Il
est d'ailleurs a noter que l'acide usnique présente une forte hépatotoxicité chez 'Homme et sa
consommation dans des formules a visée amincissante a entrainé plusieurs déces (Durazo et al.,
2004; Neff et al., 2004).

Nombre de substances lichéniques affectent le développement et la croissance d’organismes
compétiteurs: mousses, plantes vasculaires et autres lichens. Concernant ce dernier volet, il est ainsi
constaté qu’un Lepraria lichénicole se distribue de facon non aléatoire a la surface de deux
Xanthoparmelia morphologiquement similaires mais chimiquement différents, préférant coloniser les
thalles de X. verruculifera et de X. loxodes (Culberson et al., 1977). Les acides évernique et vulpinique
s’opposent a la germination des spores de Graphis scripta, de Caloplaca citrina (Whiton and Lawrey,
1984) et également de Cladonia cristatella (Whiton and Lawrey, 1982). De telles compétitions
chimiques régissent vraisemblablement les équilibres et les dynamiques au sein de communautés de
lichens (Armstrong and Welch, 2007). Les acides évernique et squamatique inhibent la germination de
spores de mousses ainsi que la croissance de leurs protonémes (Lawrey, 1977). Cladonia stellaris et
Cladonia rangiferina, deux lichens fréqguemment rencontrés dans les foréts boréales, exercent une
action allélopathique sur le pin gris (Pinus banksiana) et I'épinette blanche (Picea glauca) (Fisher,
1979). Les composés phénoliques extraits de Lethariella canariensis s’opposent a la germination de
graines de choux, de laitue, de poivre et de tomate (Marante et al., 2003). L’acide usnique exerce
également une phytotoxicité marquée a I'égard de végétaux divers. Cette toxicité est notamment
médiée par une diminution de la fluorescence de la chlorophylle a, une baisse des taux de
chlorophylle et de caroténoides et une baisse de la viabilité cellulaire (Bud'ova et al., 2006; Cardarelli
et al., 1997; Endo et al., 1998). De fagon intéressante, I'acide usnique a tendance a se localiser a la
surface des cellules de photobionte, les exposant a la toxicité de ce métabolite (Avalos and Vicente,
1987; Herrero-Yudego et al., 1989; Liao et al., 2010). Il est toutefois constaté que les algues intégrées
dans la symbiose lichénigue sont moins sensibles a la phytotoxicité de cette molécule que des algues
vivant librement ce qui suggére une longue co-évolution des algues lichénisées (Backor et al., 2010).
Une hypothése pour justifier 'accumulation d’acide usnique au contact des algues est que cette
molécule sert a ralentir le métabolisme de ces derniéres pour permettre au champignon de maitriser
une croissance harmonieuse du thalle et de maintenir un ratio mycobionte/photobionte optimal
(Backor et al., 2010).

c. Approches analytiques pour le profilage chimique de lichens

Cette thématique a fait I'objet d’'un chapitre d’ouvrage paru en 2015 (Le Pogam et al., 2015a)
(Analysis of Lichen Metabolites : A Variety of Approaches In Recent Advances in Lichenology). Le
texte intégral de cette revue est fourni ci-dessous.
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Abstract

Lichens produce secondary metabolites which
have been first considered as a chemical support
fully involved in lichen taxonomy. As a conse-
quence, analytical methods were developed and
applied to these organisms from a long time, some
of them being standardized. Then, lichen analysis
benefitted from new developments and techniques
applied for isolation and identification of second-
ary metabolites which are exposed and discussed
herein. Some ancient techniques for lichen taxon-
omy are still used as spot tests, which involve
application of specific reagents directly on the
lichen thallus. TLC is also still extensively used
with standardized protocols affording more accu-
rate information on lichens’ metabolic profiles.
Identification of lichen compounds from the shape
of crystals observed under microscope was facil-
itated as some major lichen metabolites are
extracted in high yields. X-rays are now used in
some cases where classical spectroscopic, UV, IR,
MS, and NMR techniques do not allow unambig-
uous assignments. Using such techniques for
isolated lichen compounds, some characteristic
identification patterns of these substances are
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presented here. Hyphenated techniques, coupling
separation and identification, are more and more
used and broaden the analysis facilities of lichen
compounds. They enable early dereplication and
subsequent focusing on bioactive or original
compounds. Other trends in lichenology involve
in situ analyses thanks to specific and innovative
NMR or MS techniques that yield valuable
information directly from the natural complex
matrix. Several advantages can be expected from
those approaches: no extraction steps, qualitative
and quantitative information in a few minutes or
hours, and direct analysis of genuine compounds,
avoiding chemical artefacts associated with
extraction and purification processes (Table 11.2).
Moreover, some of these methods pave the way
for the development of imaging techniques that
might help correlating metabolites to their specific
ecological environment.  Altogether, such
enhancements might enable harnessing of lichens’
unique chemo-diversity.

Keywords
Secondary metabolites - Characterization - Iden-
tification - Spectroscopic analysis - Phytochem-
istry - Natural structure

11.1 Introduction

The lichenous lifestyle is maintained by
approximately 18,900 known species (Feuerer
and Hawksworth 2007) resulting from the asso-
ciation between a fungus and an alga (chloroli-
chens). For 10 % of lichens, green alga is
replaced or accompanied by a cyanobacterium,
which can absorb atmospheric nitrogen due to
specific structures named heterocysts. The fun-
gus plays a role in water and mineral supply and
in mechanical protection of the whole organism.
Algal or cyanobacterial partners realize photo-
synthesis and provide their fungal associate
organic compounds to be metabolized.
Irrespective of the shape and the size of the
lichen thallus, the symbiotic thallus yields unique
metabolites among all life forms (Fig. 11.1).
Most lichen substances are phenolic orcinol and
B-orcinol derivatives: dibenzofurans and usnic

acids (pannaric acid and usnic acid), depsides
(thamnolic acid and atranorin), depsidones
(norstictic acid), depsones (picrolichenic acid),
diphenylethers (leprolomin), benzyl esters (alec-
torialic acid), and tridepsides (gyrophoric acid).
Other than specific and unique lichen metabo-
lites, various other structural families can be
recognized: aliphatic acids (roccellic acid) and
related lactones, xanthones (lichexanthone), chr-
omones (siphulin), pulvinic acid derivatives
(pulvinic acid dilactone), quinones (haemovent-
osin, parietin), terpenes (zeorin), steroids
(ergosterol peroxide), and carotenoids (astaxan-
thin). Cyanolichens mostly contain sugars and
amino acid derivatives although original com-
pounds such as mycosporines were detected
recently (Torres et al. 2004; Roullier et al. 2011).
Unusual compound families can also be
encountered as polypropionates, cyclic depsi-
peptides, brominated depsidones, and brominated
acetylenic fatty acids, along with some glycosides
(Boustie and Grube 2005). One should find a
recent update of lichenic chemodiversity in the
catalogue established by Elix (2014) (http:/www.
anbg.gov.au/abrs/lichenlist/Chem%20Cat%203.
pdf). This diversity is also extended through the
increasing number of metabolites isolated from
the cultivated fungi and microflora associated
with the lichen thallus (Grube et al. 2012).
Lichen metabolites considered in this chapter
are mainly produced by the fungal partner and
often released into the extracellular space to sub-
sequently crystallize on or near the hyphal surface
(Honegger 1986; Ozendaand Clauzade 1970; Hale
1983). Thus, large amounts of secondary metab-
olites can be detected in a lichen thallus. Extraction
yields can rate from 1 to 25 % of dried lichen
material, and composition is frequently charac-
terized by one to three metabolites accumulated in
high yields (over 80 % ratio) (Boustie et al. 2011).
Lichen secondary compounds are mainly
arising from four pathways of biosynthesis:
polyketide path, mevalonic acid path, shikimic
acid path, and photosynthetic products of the
phycobionts as presented in Fig. 11.2.
Phenols are the most frequently produced
lichen metabolites and generally found accumu-
lated in high vields as extrolites, crystallized
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Fig. 11.1 Some typical secondary lichen metabolites illustrating a variety of structural classes

outside of the fungal hyphae. Oxidative coupling
of orcinol and beta-orcinol derivatives result in
the most typical lichen metabolites correspond-
ing to depsides. depsidones. and dibenzofurane
derivatives (Fig. 11.3). These lichen substances
have indeed several possible biological roles that
may impact biotic and abiotic interactions of
lichens with their environment (Rikkinen 1995;
Molnar and Farkas 2010).

Lichen secondary metabolites can act as
allelochemicals, affecting the development and
growth of lichens (Culberson et al. 1977; Whiton
and Lawrey 1984), mosses (Heilman and Sharp

1963; Lawrey 1977), vascular plants (Pyatt 1967;
Fisher 1979; Marante et al. 2003), and microor-
ganisms that compete for space and light on a
variety of substrates (Rankovi¢c et al. 2008;
Schmeda-Hirschmann et al. 2008; Halama and
Van Haluwin 2004). Strong experimental data
support protection of lichens from herbivores
grazing granted by lichen secondary metabolites
(Asplund and Gauslaa 2008; Nimis and Skert
2006; Poykko et al. 2005; Dailey et al. 2008).
Ertl (1951) first observed that cortical accu-
mulation of lichen compounds increased opacity
of the upper cortex, restraining solar irradiance
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Fig. 11.2 Main metabolic pathways recognized in lichens [adapted from Elix (1996) and Stocker-Worgétter (2008)]

Lichen polycyclic phenols

® Depsides

® Depsidones

= Depsones

H Dibenzofuranes

® Diphenylethers

= Anthraquinones

= Naphtoquinones

= Xanthones
Chromones

Fig. 11.3 Distribution of the main polycyclic lichen phenols arising from the acetyl-polymalonyl pathway (based on
the 600 lichen polycyclic phenols compiled by Huneck and Yoshimura 1996)

reaching the light-sensitive algal layer. Various
light-screening pigments display strong UV
absorption abilities and might function as filters
in order to prevent excessive UV-B irradiation
(Nguyen et al. 2013). Some lichen phenolics
have high ability to scavenge toxic free radicals
generated by UV light (Russo et al. 2008;

Odabasoglu et al. 2006; Karakus et al. 2009).
Some other metabolites step in metal homeosta-
sis and pollution tolerance (Hauck and Huneck
2007a, b; Hauck et al. 2009). Secondary
metabolites quantification revealed tremendous
changes in the concentrations of secondary
metabolites from Hypogymnia physodes when
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thalli were transplanted to areas polluted with
heavy metals and acidic inorganic sulfur com-
pounds (Bialonska and Dayan 2005). As a result,
the value of lichen metabolites in chemotaxon-
omy and systematics is questionable, but their
isolation and identification is mandatory to rec-
ognize new active compounds and/or original
physicochemical properties.

Most common biological activities deal with
cytotoxicity and antibiotic activities (for a review
see Shukla et al. 2010; Shrestha and St. Clair
2013). Additionally, miscellaneous other prop-
erties were described within several families of
lichen products including antiviral or antiretro-
viral (Yamamoto et al. 1995; Pengsuparp et al.
1995), anti-inflammatory (Vijayakumar et al
2000; Freysdottir et al. 2008), and analgesic
activities (Okuyama et al. 1995). As natural
plant-derived products have a less detrimental
impact on the environment than synthetic
chemicals, lichen metabolites also represent good
candidates for new pesticides (Cetin et al. 2008)
(Dayan and Romagni 2001). However, although
studies carried on lichens to value their second-
ary metabolites are increasing, difficulties
encountered in identification of the species, col-
lection of bulk quantities, and the isolation of
pure substances limit the number of tested com-
pounds. Moreover, detection and isolation of
minor compounds is generally complicated by
the high abundance of redundant lichen com-
pounds and techniques designed to bypass such a
difficulty should allow findings of more specific
and interesting compounds.

This chapter aims at presenting successive
analytic methods developed during the history of
lichens’ secondary metabolites analysis. Arising
from spot tests used in the first lichen taxonomy
approaches, thin-layer chromatography (TLC) is
still extensively used and standardized protocols
have been established. Crystallography from
crystal shapes to X-rays accurate measurements
has been developed with lichen metabolites. The
main classical spectroscopic techniques, UV, IR,
MS, NMR used to identify isolated lichen com-
pounds, are presented herein with a focus on

some characteristic identification patterns of
these substances. Early and refined dereplication
approaches to eliminate already known com-
pounds and to focus on species containing ori-
ginal or bioactive compounds have now to be
used first. Accumulated spectroscopic data and
hyphenated techniques, coupling separation and
identification, are more and more used and
broaden the analysis facilities of lichen com-
pounds. Subsequent trends in lichenology
involve in situ analyses due to more specific and
innovative NMR or MS techniques that yield
valuable information directly from the natural
complex matrix.

Some of these methods are described in a
second part as well as expected results they
should yield. A special insight is given to some
imaging techniques with high potential to dra-
matically improve our understanding of the
metabolic activities revealed at the very root of
the lichen symbiosis.

11.2 Oldest Analytical Methods

11.2.1 Spot Test (Reagents Directly
Applied on the Lichen Thallus)

Color reactions should be considered as useful
hints for the presence of functional groups or
elements within lichen molecules and thus remain
rather limited compared with classical spectro-
scopic analysis methods. Nevertheless. spot tests,
involving application of tiny amounts of specific
reagents directly to the lichen thallus or parts of
this thallus (i.e., cortex, medulla, apothecia), have
been applied since the nineteenth century (Ny-
lander 1866) and can lead to distinguish varieties
and even sometimes species according to any
associated color change or not. This is particu-
larly useful to distinguish some closely shaped
species which could not be unambiguously dis-
criminated on the basis of morphological char-
acters. For instance, species of the Ramalina
siliquosa complex are tricky to be separated and
display a remarkable chemical plasticity, leading
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to six different chemotypes according to different
thallus reactions related to the main compound as
assessed with LC-DAD-MS analysis (Parrot et al.
2013). So, such colors obtained with given
reagents are found in herbarium specimens since
the method has been standardized.

Nowadays, spot tests remain either helpful or
necessary to confidently discriminate between
some lichens and are still met as a very important
criterion in determination keys. However, color
intensities which are to be interpreted are not
easy to standardize, attribution to a given major
compound is often hazardous, and this technique
is poorly informative in analysis of pure com-
pounds. Noteworthy, because different com-
pounds are present in specific parts of the lichen,
reference tests usually describe parts of the
thallus which should be tested, which corre-
sponds to a first attempt toward histo-localization
(Fig. 11.4). Three main reagents used in color
reactions are potassium hydroxide (commonly
called K), sodium hypochlorite (abbreviated C),
and paraphenylenediamine (mainly known as P
or PD).

K (consisting of 10 % potassium hydroxide in
water) is a useful reagent to differentiate between
quinones and pulvinic acid derivatives as it tums
quinones into a bright red to deep purple color. It
also tumns yellow and then red with most ortho-
hydroxy aromatic aldehydes.

C (saturated aqueous Ca(OCl), or commercial
laundry bleach) is a reagent for meta-dihydroxy
phenols, except for those substituted between the
hydroxy groups with a -CHO or —COOH. This
explains why arthothelin and thiophanic acid are
C+, whereas lichexanthone does not react with C
(Fig. 11.5). Different colors can be obtained
ranging from light yellow to blood red. C tumns
green with dihydroxy dibenzofurans (Nash
2008).

In some cases, successive reagent application is
required, and KC+ is pretreatment by KOH before
having a coloration with C reagent. KC turns red
with C—depsides and depsidones which undergo
rapid hydrolysis to yield a meta-dihydroxy
phenolic moiety. Blue color is obtained with
dihydroxy dibenzofurans, whereas a yellow reac-
tion appears with usnic acid (Nash 2008).

Although highly toxic, last routinely used
macrochemical reagent is ethanolic solution of
para-phenylenediamine (2-5 %) that gives yel-
low to orange colors with aldehyde-containing
depsides and depsidones turned into a Schiff base
according to the following reaction:

R—CHO + HoN—-CgH4—NH;
— R—CH=N-CgHs—NH;, + H,O

Various other reagents can be found in liter-
ature, but their use is not common compared with
those previously described. FeCl; can be used to

C reagent

Fig. 11.4 Spot test with Ca(OC1),=C reagent drop on a
thallus of the fruticose Roccella fuciformis. On the right
picture, the C+ bright red reaction is limited to soralia
(= white parts, corresponding to medulla as the gray

thallus cortex is disrupted). This test is also confirming
the distinction with the related species Roccella phycopsis
where only the gray cortex is turning rose red C+
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Arthothelin

C+ orange

Thiophanic acid
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CH; O OH
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<

Fig. 11.5 Structures of chromones exemplifying the marked orange color obtained with Ca(OC1), reagent =C spot
test, indicating the presence of m-dihydroxyphenols in arthothelin and thiophanic acid compared to lichexanthone

detect phenolic groups (leading to red to violet
coloration), quinones having free hydroxyl group
in B-position are revealed with both 2 % mag-
nesium acetate ethanolic solution (red or violet)
and Dimroth’s reagent, e.g., boric acid solved in
acetic anhydride giving red to violine colors.
Chlorinated metabolites can be detected thanks
to Beilstein test which consists of bringing one
milligram of the molecule on the tip of a glowed
copper wire introduced into the flame of a
Bunsen burner, halogenated compounds then
transiently turn the flame into a deep green color
(Huneck and Yoshimura 1996). Spot tests
corresponding to a set of typical lichen products
can be found below (Table 11.1). Chromones,
xanthones, anthraquinones, and pulvinic acids
are naturally colored compounds.

11.2.2 Crystal Tests

Microcrystallization was once a very if not the
most important way to identify lichen metabolites
in times without TLC and high-performance liquid
chromatography (HPLC). Microcrystallization of
lichen substances was mainly developed by As-
ahina and Shibata since 1950 (Shibata 2000). This
approach was based on the formation of distinctive
crystals from lichen extracts (Fig. 11.6).

The general procedure can be summarized as
follows: the extract of a small piece of lichen is
first filtered before being evaporated. Acetone
is the most used solvent as it extracts compounds
with a wide range of polarity. Dried residue is
then transferred to a microscope slide, and a drop

of proper microcrystallization reagent is added
on it before capping with a cover glass. Different
microcrystallization solutions were described, the
most commonly used being GAW and GE, cor-
responding to H,O/glycerol/ethanol 1:1:1 (v/iv/v)
and to acetic acid/glycerol 1:3, respectively.
Slides using GE or GAW are further gently
heated over microflame (other solvents do not
need this heating step) and then let aside for
progressive cooling, enabling the crystallization
process to occur. Once formed, crystals are best
observed under polarized light with a 200~
1,000-fold magnification and present incredible
diversity in both shapes and colors that was used
to recognize the major metabolite in a given
specimen. Although now outstood by modern
analysis methods, this concept is still used
nowadays after compound purification with great
performances thanks to modem X-ray crystal-
lography (Deschamps 2010).

This simple and rapid technique allowed to
characterize the major metabolites in hundreds of
lichen species but was obviously useless to detect
minor substances and to analyze too complex
mixtures of lichen substances.

11.2.3 Melting Point

Melting point was once an important criterion for
identification of a pure lichen substance. It can be
determined with a few crystals under a glass
capillary or with a Kéfler device. It should be
noted that some compounds do not have a sharp
melting point but decompose over a wide range
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Table 11.1 Thalline reactions corresponding to a set of common lichen metabolites (Brodo et al. 2001)

Compound
Depﬁdunes
"Psoromic acid
Salazinic acid
‘Stictic acid
Virensic acid
”Ben:,yldep.s'kle.s'
Alectorialic acid
Barbatolic acid
“Diben:,qfur(ms and related
'Didymic acid
Pannaric acid
Strepsilisin
"Usnic acid
VAChmmone.s'
vSiphulin
itilﬁholzes
Arthothelin
Lichexanthone
“Thiophanic acid
Anthraquinones
chphromirn
Parietin

“Skyrin
-Tr;i;e'melu;izl.s'
Zeotin

Pulvinic acid derivatives
‘Calycfn
Rhizocarpic acid
'Vurlpi'r_liq: acid

K

Dark red
Yellow

Pale ycllow
Yellow

Yellow brown

Red purpie
Red purple

Red purple

C

Red

Green

Olive green’

Green

Violet

Orange

Orange

KC

Red

Gmen

Olive green

Gmcn
Yellow

Orange

Orange

PD

Light yellow »
Orange
Orange
Omngc/fod

Dark yellow
Yellow

Fig. 11.6 Microcrystallizations of secondary lichen metabolites: divaricatic acid and evemic acid (both crystallized in
GE from an acetone lichen extract then magnified 100-fold and observed through polarized light) (pictures from Jacques

Lagabrielle)
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of temperature. Decomposition of lichen sub-
stances may be accompanied with characteristic
odors that can differ between aliphatic molecules,
phenolic compounds, or triterpenes. Obviously,
melting points can only serve as a hint to further
confirm structural elucidation granted by other
means. One could find a list of lichen substances’
melting points in Hiineck and Yoshimura’s
reference book (Huneck and Yoshimura 1996).

11.3 Structure-elucidating Methods

General chemical procedure to study secondary
metabolites is done from lichen extracts in
organic solvent and further purification through
crystallization or chromatography separation.
Isolated compounds are then analyzed in most
cases by NMR, MS, IR, and UV spectroscopy
plus stereochemistry studies, if required.

11.3.1 NMR Spectroscopy (NMR,
MAS-NMR, Innovative Methods)

As for any organic compound, NMR is an essen-
tial method for the structural determination of
lichen secondary metabolites. Structural determi-
nations for lower milligram samples could be
made with data obtained in proton and carbon
NMR. The assignments of signals can be achieved
via crosspeak correlation observed in homonu-
clear 2D spectra of scalar couplings (COSY,
TOCSY ...) or dipolar couplings (NOESY,
ROESY) and heteronuclear 'J type (HSQC/
HMOQC ...) and >3] type (H2BC, HMBC ...), 2D
or 3D sequences to detect heteronuclear scalar
couplings as HSQC-TOCSY, and HSQC-NOESY
generally for complex structures.

However, most secondary lichen metabolites
isolated so far belong to a limited variety of
structural families as illustrated in Fig. 11.1. Some
dedicated NMR studies related to several struc-
tural families were published: depsides (Cheng
et al. 2013), tridepsides (Narui et al. 1998), dep-
sidones and depsones (Sundholm and Huneck
1980, 1981), xanthones (Sundholm 1978, 1979),

and triterpenes (Wenkert et al. 1978; Wilkins
etal. 1990). A compilation of the published NMR
data of lichen compounds is reported in the
Huneck and Yoshimura (1996).

Solubilization of pure lichen compounds is
often a challenge, but most of the NMR spectra
are recorded after dissolution in CDCl; or
DMSO-ds. Some characteristic NMR features
commonly found in NMR spectra of lichen
compounds are selected here for monoaromatic
or rearranged phenols corresponding to depsides,
depsidones, depsones, or dibenzofuranes along
with some NMR landmarks for aliphatic and
related paraconic acids.

11.3.1.1 Phenolic Compounds
Chemical shifts are greatly influenced by induc-
tive and mesomeric effects originating from other
substituents that depend on their respective
position. Some publications reported on the
effect of substituents nature and respective posi-
tion to predict corresponding chemical shift with
the reference being the benzene chemical shift of
128.5 ppm (Ewing 1979). For orcinol, phenol-
bearing carbons are deshielded (140-160 ppm)
as well as the carbon that has two mefa-hydroxy
moieties (140 ppm), whereas ortho-hydroxy-
located carbons are shielded (100-110 ppm).
Aromatic methyls are usually found around
20 ppm. Noteworthy, for the closely related
[B-orcinol, the second aromatic methyl can be
easily distinguished since it is strongly shielded
due to two ortho-hydroxy groups (8 ppm). Side
chains are evidenced through a variable number
of signals arising in the 1040 ppm range
(divarinol, olivetol). Carbonyl functions are eas-
ily observable in '*C NMR where shifts around
170-200 ppm have to be distinguished between a
methyl ester from an acid function, e.g., methyl
orsellinate at 170.3 ppm compared to orsellinic
acid at 173.3 ppm, while shifts of aldehyde
function are found around 194 ppm as of
haematommic acid.

Depending on the substitution on the aromatic
ring, '"H NMR spectrum shows sometimes only
one aromatic signal (singlet) due to the symmetry
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of the molecules with a signal at 6.09 ppm in 'H
NMR and at 106.7 ppm in *C NMR (B-orcinol).
According to moieties present on the aromatic
ring, other signals are methyl groups at 2.14 ppm
(orcinol), 2.08 and 1.89 ppm (p-orcinol), 2.47
and 2.00 ppm (orsellinic acid), variable hydroxyl
and acid shifts, or alkyl chains between 0.85 and
2.47 ppm as the pentyl moiety of the olivetol.
Signals can also be found at 3.82 ppm indicating
a O-methyl group (4-O-methylolivetolcarboxy-
lic) or at 3.92 ppm for acid or ester (methyl-
[(-orcinolcarboxylate). A signal around 10.3 ppm
is indicative for an aldehyde function (haem-
atommic acid).

11.3.1.2 Dibenzofuranes

Most true dibenzofuranes exhibit two aromatic
protons (6.6 and 6.9 ppm) while related com-
pounds such as the commonly found and related
usnic acid display a shielded aromatic signal at
5.92 ppm. Additional '"H NMR signals corre-
spond to the substitution of the dibenzofuran
skeleton by a variety of substituents such as
methyl, alkyl chain, hydroxyl, acid, ester, or
ketone. The '*C NMR of the aromatic ring sig-
nals is observed between 98.3 and 179.4 ppm,
and those corresponding to the ketone function
are at around 200 ppm and to methyl groups
between 7.7 and 32.0 ppm (usnic acid).

A fourth cycle from a gamma-lactone (e.g.,
strepsilin) or a delta-lactone (e.g., haemophaein)
may also occur with a '>C NMR chemical shift
around 170 ppm. Such an additional ring, which
may be substituted by methyl (e.g., alectosar-
mentin), hydroxyl groups, and/or alkyl chains
(e.g. haemophaein), is also found for some dep-
sides and depsidones.

11.3.1.3 Depsides, Depsidones,
and Depsones

Depsides are phenolic compounds bounded by
ester linkage of two units (didepside), three units
(tridepside), or four units (tetradepside). Barbatic
acid, a didepside, shows two signals in '*C NMR
at 171.4 and 174.8 ppm for ester and acid function,
respectively. Aromatic rings may be substituted

by difterent groups: hydroxyl, aldehyde, methoxy,
methyl, saturated or unsaturated alkyl chain with a
ketone function, and halide (chlorine or bromine).
Aromatic methyl groups’ chemical shifts range
from 7 to 30 ppm according to the neighboring
substituents as previously discussed. Methoxyl
groups can be easily recognized with chemical
shifts ranging from 50 to 60 ppm, methylenic
groups of alkyl chains have a chemical shift
between 26 and 40 ppm, and methyls are
encountered around 15 ppm. Noteworthy, one
may recognize patterns of signals corresponding
to the constitutive monomers within some dep-
sides (e.g., isolecanoric acid and orsellinic acid,
divaricatic acid and divaricatinic acid). Tri- and
tetra-depsides obviously contain more carbon
signals and can thus be easily distinguished from
classical didepsides.

Benzyldepsides have an additional character-
istic chemical shift at 5.60 ppm in '"H NMR and
66.0 ppm in '*C NMR of the methylenic group
(alectorialic acid) due to a strong deshielding of
the ester function and the aromatic ring in alpha
position,

Depsidones are characterized by an ether
linkage bridging the two aromatics moieties
through a third ring including the C, carbonyl of
the ether linkage which is shielded around
161 ppm while found around 169 ppm in depsides.
The number of aromatic protons and substituents
is consecutively reduced with regard to depsides,
but substitutive patterns are often similar.

Depsones are usually picrolichenic acid
derivatives which are cyclized depsides by a
C;—Cs bond thereby forming a gamma-lactone
with a signal at 170 ppm in "°C NMR. A qua-
ternary C; at 59 ppm and a cyclic ketone at
188 ppm are in most cases accompanied with
signals of two alkyl chains.

11.3.1.4 Aliphatic Acids and Paraconic
Acids

Aliphatic acids contain a long carbon chain

whose chemical shifts are comprised between

10 and 40 ppm in °C NMR, and a variable

number of carboxylic acid moieties located

around 180 ppm. Identification of carbons
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belonging to the carbon chain is tricky since most
of them are very close to one another. Double
bond-containing compounds display a distinct
chemical shift around 130-140 ppm (lichestery-
lic acid, fumaric acid), whereas molecules con-
taining hydroxyl or methoxyl groups possess
chemical shifts in the 60-80 and 50 ppm range,
respectively.

Such aliphatic acids can cyclize, thus forming
a gamma-lactone ring. The carbon bearing the
lactone function displays a typical '*C NMR
chemical shift located between 174 and 178 ppm,
whereas the carbon linked to the oxygen of the
cycle is slightly deshielded at around 50 ppm.
NMR is useful to characterize the length of
the alkyl chain in C;; (nephrosterinic acid),
C,5 (lichesterinic acid), or C;s (muronic acid) as
well as the substitution by a ketone (220.3 ppm
in '*C NMR, muronic acid), hydroxyl function
(68.4 ppm in '°C NMR, neuropogolic acid), a
terminal acid group (168 ppm in “C NMR,
protopraesorediosic acid), or acetoxy group
(174.7 ppm in '*C NMR, 19-acetoxylichesterinic
acid). o, P-unsaturated-y-lactones (e.g., neuro-
pogolic acid) give signals in the range of ethyl-
enic carbons (120-160 ppm) and deshields
neighboring carbon (commonly found at
80 ppm). y-lactones displaying an exocyclic
methylenic function (e.g., protolichesterinic acid)
are more shielded (125 ppm) than those com-
prising the double bond inside the lactone ring
(135-145 ppm) with two characteristic signals in
'H NMR at 6.39 and 6.03 ppm as doublets
(J 3 Hz).

The gamma-lactone cycle may be substituted
by a methyl group and an acid function as
respectively observed at 14.4 and 177.3 ppm for
(—)-dihydropertusaric acid. Structure of unsatu-
rated lactones like isomuronic acid with two
ethylenic carbons at 139.0 and 146.6 ppm in '°C
NMR or of lactones with an exocyclic ethylenic
group can be resolved with NMR 'H NMR
characteristic signals (6.03 and 6.39 ppm as two
doublets (J 3 Hz) in "HNMR and signals at 125.9
and 132.6 ppm in '*C NMR).

Solid-state MAS-NMR (magic angle spin-
ning) techniques enable monitoring the chemical

composition in the solid state of intact biological
samples (Miglietta and Lamanna 2006).

Identification of molecules from 5 Cladonia
lichens, hardly differentiated on the basis of
botanical characters, could be achieved by com-
parison of the '*C CP-MAS-NMR (CP: Cross
Polarization) spectrum of solid crushed lichens
with the reference powder spectra of the three
major secondary metabolites (fumarprotocetraric
acid, perlatolic acid, and usnic acid) that enabled
attributing the chemical content to different
unambiguous NMR signals (Chollet-Krugler
et al. 2008).

Likewise, '"H HR-MAS-NMR (HR standing
for high resolution) provided specific fingerprints
that could be reliably assigned to different car-
bohydrates detected from several intact lichens
(Alcantara et al. 2007).

Recent NMR studies describe 'H NMR
spectra to achieve analysis under metabolomic
conditions. Overall spectra from complete
extract, with no further workup, display specific
fingerprints enabling direct characterization of
major compounds. Eisenreich et al. (2011) sub-
mitted methanol-D4 extract of chlorolichen
Xanthoria parietina and cyanolichen Peltigera
horizontalis to "H NMR. Those spectra comprise
lichen-specific features as well as strong signals
standing for mannitol, while those corresponding
to sucrose are missing. Such methods seem
interesting for both comparative studies (devel-
oping fingerprinting for given lichen species) or
to assess metabolite modulations in response to
environment changes (see Sect. 11.4).

11.3.2 Mass Spectrometry

The formula of an organic compound can be
calculated from HR mass spectrometry data.
Fractionations and skeletal rearrangements are
also of particular significance in the application
of mass spectrometry to structure elucidation. As
an example, the fractionation of divaricatic acid
is given below (Fig. 11.7).

Mass spectrometry also provides characteris-
tic peaks regarding signature elements or specific
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Fig. 11.7 Fractionation of
divaricatic acid in negative-
mode electrospray mass
analysis

Hsf
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Divaricatinic acid
m/z209,1
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—

Divarinol monomethylether
m/z165,1

organic moiety, which hints regarding chemical
structure of analyzed compounds. For instance,
substances containing chloride give characteristic
isotope pattern in their mass spectrum, indicating
the number of chlorine atoms per molecule.
Huneck et al. (1968) first reported on mass
spectra in both positive and negative mode cor-
responding to numerous depsides, depsidones,
depsones, dibenzofuranes, and diphenylbutadi-
enes. This paper described for the first time the
main fragmentation route of depsides, consisting
in the cleavage of its ester bond, enabling struc-
tural assignments to the carboxylic acid or phe-
nolic parts of the molecule (Huneck et al. 1968).
The specific cleavage of the ester bond as a typ-
ical process of didepsides can be followed by loss
of water as the result of ortho interaction of the
2-hydroxybenzoic acid residue (Elix and Norfolk
1975; Addison 1985; Dmitrenok et al. 1987;

}

CHq

Divaricatic acid

/ m/z387,1 \

H|— CHs ul—

'OH

H H H
Divaric acid
m/z195,1

[S— |-l3 ——

-H : -H

H |j ;|
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m/z 1561 1

Holzmann and Leuckert 1990). The classical
fragmentation patterns of depsidones include
neutral loss of CO; on their central ring to yield a
dibenzofurane moiety alongside different elimi-
nation processes depending on the nature of the
substituents (Parrot et al. 2013). Mass spectrum
behavior of dibenzofuran and usnic acid deriva-
tives was thoroughly discussed (Kutney et al.
1974; Schmidt et al. 1981). Hiineck and Schmidt
(1980) described the fragmentation behavior of
16 usnic acid derivatives and established elimi-
nation mechanisms using deuterated analogues in
both positive and negative modes. Characteristic
rearrangements were also reported with some
pulvinic acid derivatives (Letcher and Eggers
1967), polyporic acid derivatives (Grigsby
et al. 1974), di- and tri-oxygenated stictane trit-
erpenoids, and their trimethylsilyl derivatives
(Holland and Wilkins 1979).
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Non-hyphenated mass spectrometry was also
applied to the screening of lichen compounds.
Santesson developed a special technique, the
so-called lichen mass spectrometry by introduc-
ing small lichen samples (sometimes less than
50 ng) into the direct inlet system of a mass
spectrometer aiming to study xanthone pigments.
The xanthones sublime as the temperature is
increased (150 °C) under very low pressure, and
the mass spectrum is recorded. Xanthones gen-
erally give prominent molecular ions, and the
spectrum of the mixtures is often seen as additive
of the individual components. However, this
method remained limited to lichens containing
only a few compound, otherwise giving spectra
that are too complex to be interpreted (Santesson
1969).

Other mass spectrometry techniques relied on
combination of soft-ionization negative-mode
fast atom bombardment yielding intense [M-H] ™
ions that were subsequently analyzed by MS/MS.
This enabled investigation of individual [M-H]™
ions originating from crude extracts of lichen
material and the selective study of the structure
of components (Holzmann and Leuckert 1990).
Tabacchi et al. (1991) also directly analyzed
Pseudevernia furfuracea and Lobaria pulmona-
ria by tandem MS.

Recently, NMR and HRMS are the most
commonly used structure-elucidating methods.
Hyphenations of mass spectrometry with chro-
matographic techniques will be developed in
Sect. 11.3 on dereplicative tools as well as recent
innovations in the field of ambient and imaging
mass spectrometry.

11.3.3 Infrared Spectroscopy

Like Raman spectroscopy, infrared spectroscopy
is a technique based on the vibrations of the
atoms of a molecule. The infrared spectrum is
obtained by passing infrared radiation through a
sample, in virtually any physical state, and fur-
ther determining what fraction of the incident
radiation is absorbed at a particular energy. Thus,
infrared spectroscopy gives ability to associate

patterns of absorption peaks with their corre-
sponding functional groups (Stuart 2004). For
example, carboxylic acid might be identified by a
broad peak centered around 3,000 cm™', a strong
peak around 1,720 cm ', and a broad medium
intensity band around 920 cm™! (Woodruff and
Munk 1977). One might find pattern of absorp-
tion peaks corresponding to a wide variety of
functional groups in Silverstein et al. (1998).

Infrared spectrometry is part of the classical
set of structure-elucidating methods and IR data
are thus most of the time available in Huneck and
Yoshimura (1996).

Further enhancements in infrared spectros-
copy now enable collecting space-resolved
information, which has been discussed in detail
in the Sect. 11.3.

11.3.4 UV Spectroscopy

As previously described, lichens are miniature
ecosystems that can survive under very harsh
conditions. Therefore, these
organisms developed adaptive mechanisms to
cope with such high light exposure including
synthesis of UV -protectant metabolites (Nguyen
et al. 2013). As most lichen compounds have
chromophores, UV is useful for their detection
and identification but remains most of the time
associated with TLC or HPLC (see further).

Yoshimura et al. (1994) first divided lichen
secondary metabolites into three groups accord-
ing to their UV spectral pattern.

s depsides and monocyclic compounds

¢ depsidones

o dibenzofurans, pulvinates, xanthones, and an-
thraquinones exhibit typical UV spectra and
are therefore easy to distinguish.

Then, mycosporines, more recently reported
in lichens (Torres et al. 2004), are characterized
through their UV spectrum absorbing in the
310-365 nm range with a strong molar extinction
coefficient and a symmetrical shape. Detection
through analytical techniques hyphenated with a
PDA spectrophotometer offers a simple and easy
method to screen them from lichen extracts

stress-resistant
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Fig. 11.8 UV properties of main structural families met within lichens (for quinones, additional absorptions are
observed in visible range with medium A, of 458 and 529 nm) [adapted from Huneck and Yoshimura (1996)]

(Roullier et al. 2011). As an attempt, UV data of
most lichen structural families are visualized in

the Fig. 11.8:

Some relationships between chemical struc-
tures and UV spectra of depsides have been
considered (Fig. 11.9) (Yoshimura et al. 1994).

Fig. 11.9 Some
relationships between
chemical structure and UV
features of depsides
ladapted from Yoshimura
et al. (1994)]
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displayed bathochromic shifts of long wave-
length bands and lower absorbance. Moreover,
monocyclic compounds (except 2-O-methyl
derivatives) have broader UV second bands
L ~ 260 nm).

Spectral differences were also linked to the
depside type. Indeed, depsides are classically
divided into three groups: orcinol type (e.g.,
lecanoric acid), p-orcinol type (having C; unit at
3 position of benzene ring, e.g., 4-O-demethyl-
barbatic), and mixed B-orcinol/orcinol type (e.g..
obtusatic acid). Attachment of the methyl moiety
has an influence on UV spectra as the second
band of 4-0O-demethylbarbatic acid and obtusatic
acid is bathochromically shifted (+10 and
+20 nm in comparison with lecanoric acid,
respectively).

Influence of substitutions of B-orcinol dep-
sides has also been studied. B-orcinol depsides
may have CH;, CH,OH, CHO, or a COOH
substituent at the 3 position of a benzene ring.
Using barbatic acid (CH3), baeomycesis acid
(CHO), and squamatic acid (COOH), it was
demonstrated that changing from CH3 to CHO or
COOH allows conjugation with the other ring
and thus complicates the corresponding UV
spectrum.

Hydroxyl group at the 2 position of depsides
and monocyclic compounds is seldom methyl-
ated. Such 2-O-methylated compounds have
shorter wavelength and lower intensity for their
second band in comparison with their 4-O-
methylated derivatives.

Methylation and alkyl chain length modifica-
tions of depsides do not atfect their UV spectrum.

11.3.5 Stereochemistry Determination

Interests in determining the absolute stereo-
chemistry of a chiral organic molecule originate
from the widely admitted fact that stereochem-
istry determines important features regarding
both chemical, biological, and physical
properties.

X-ray crystallography remains the primary
method to determine the absolute configuration
of a molecule and originates from crystallo-
graphic studies that grant unambiguous, accurate,
and reliable three-dimensional structural param-
eters (Deschamps 2010).

In a number of aromatic lichen substances,
fully unsaturated structures do not justify the
measurement of molecular optical activity. How-
ever, numerous lichen substances are optically
active. Most associated optical rotations could be
found in reference books (Huneck and Yoshimura
1996) and generally expressed through [a]”"
values according to the Biot formula. Neverthe-
less, accurate measurements require full solubili-
zation and solutions in g/100 mL which are
sometimes difficult to achieve.

Alternatively, optical rotatory dispersion
(ORD) corresponding to the variation of circular
birefringence as a function of wavelength (Brittain
1998) has been determined for lichen products,
including different classes of compounds: macro-
lactone glycosides (Rezanka and Guschina
2001a), aliphatic acid derivatives (Rezanka and
Guschina 2001b), aliphatic lactones (Aberhart
et al. 1970; David et al. 1990), triterpenoids
(Huneck 1976), quinones (Ejiri et al. 1975), and
carotenoids (Czygan 1976).

Circular dichroism is another option when
experimental circular dichroism of the molecule
can be compared to either (i) a set of experimental
spectra from related compounds, (ii) data from
literature or (iii) calculated theoretical curves
(Berova et al. 2007). Circular dichroism can also
grant information regarding conformational fea-
tures and was applied to a wide array of lichen
compounds including aliphatic acids (Bodo and
Molho 1980}, cycloaliphatic compounds (Huneck
and Himmelreich 1995; Polborn et al. 1995;
Aberhart et al. 1970; Huneck and Hofle 1980;
Huneck et al. 1986; Huneck and Takeda 1992),
quinones (Mathey et al. 1980), chromones
(Huneck 1972), carotenoids (Crzeczuga et al.
1988), and dibenzofuran-related compounds
(Millot et al. 2013).
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Assignment of absolute configuration by
NMR represents another approach. Most of such
NMR techniques rely on previous derivatization
of the substrate prior to its analysis into two
different species. This is performed with enan-
tiomeric substances known as chiral derivatizing
agents (CDA). Most used CDA is Mosher
reagent (also known as methoxy trifluoromethyl
phenyl acetic acid—MTPA) (Seco et al. 2004).

Some reports stand with application of Mosher
derivatization to elucidate stereochemistry of
lichen metabolites (Rezanka and Dembitsky
1999a; Rezanka and Guschina 2001a, b).

11.4 Dereplicative Tools

Over the last three decades, considerable atten-
tion has been paid to the development of
hyphenated techniques, which combine different
separation techniques (TLC, LC, GC) with
structure-elucidating methods (mass spectrome-
try, NMR, UV/Vis spectroscopy).

11.4.1 Thin-layer Chromatography
(TLC)

Study of lichen metabolites moved one step
forward with the advent of commercially avail-
able TLC at the end of the 60s leading to a
marked decrease of Asahina’s crystal tests.

In 1952, Wachtmeister first introduced paper
chromatography for the separation and charac-
terization of lichen substances (Wachtmeister
1952, 1956). A few relationship between chem-
ical structure and chromatographic behavior has
been studied (Mitsuno 1953).

Ramaut (1963a, b) applied TLC in the field of
lichenology to separate depsides and depsidones.
Then, because different authors used different
solvent systems and chromatographic conditions
(Bendz et al. 1967; Santesson 1967a), proce-
dured methods for routine identification of lichen
products by TLC were first attempted by San-
tesson who reported Ry values of 80 lichen

metabolites (Santesson 1967b). Culberson and
Kristinsson (1970) first described a TLC-based
method to cope with Ry variations ensuring
higher reproducibility and associating other
identification methods to curtain identification
possibilities. Indeed, to overcome Ry varying
problems, internal standards atranorin and nor-
stictic acid were chromatographed alongside
samples of interest, and 8 Ry classes were defined
according to the relative positions of each spot
compared with atranorin and norstictic acid. TLC
was developed in three solvent systems (“A”:
benzene/dioxane/acetic acid 90/25/4; “B”: hex-
ane/ethyl ether/formic acid 5/4/1; “C”: toluene/
acetic acid 85/15). Further identification possi-
bilities among compounds that share same Ry
classes for both 3 solvents were further narrowed
according to (i) reaction after sprayving H,SOy
and heating (ii) color reactions (as previously
described), (iii) appearance of the spot under
visible light, short- and long-wave UV light, and
(iv) any other pertinent data available as solu-
bility in different solvents. One hundred and four
compounds were listed into R¢ classes according
to this approach (Culberson and Kristinsson
1970) Table 11.2. Due to diethyl ether fast
evaporation, it was later replaced in solvent
system B by a higher boiling ether with nearly
identical chromatographic properties: Methyl
tertiary butyl ether (MTBE) and corresponding
changes in Rf of lichen metabolites were also
published (Culberson and Johnson 1982).
Another solvent system (referred to as solvent G:
toluene/ethyl acetate/formic acid 139/83/8) was
later introduced to separate polar compounds
such as B-orcinol depsidones (Culberson et al.
1981).

Further enhancements of this previous method
were later published. In particular, it was repor-
ted that acidic hydrolysis (with concentrated
sulfuric acid) of a number of compounds difficult
to distinguish under their intact form might yield
fragments that chromatograph very well in stan-
dard solvent systems and thus enable identifica-
tion of the unhydrolyzed fragments (Culberson
1972). Another simple derivatization step
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Table 11.2 Various reagents used to detect the lichen substance

Reagent
UV light (254, 365 nm)

lodine vapor

Sulfuric acid

A: Mix equal parts of 95 %
sulfuric acid and methanol
with cooling

B: 5 9% ethanolic solution of
95 % sulfuric acid

C: 5 % solution of 95 %
sulfuric acid in acetic
anhydride

D: Mix equal parts of 95 %
sulfuric acid and glacial acetic
acid

Chlorosulfonic acid dissolve
5 ml chlorosulfonic acid in
10 ml glacial acetic acid with
cooling

Sulfuric anisaldehyde

A: anisaldehyde + 1 mL
sulfuric Acid + 8.5 mL
methanol or

B: 0.5 ml anisaldehyde in

50 ml glacial acetic acid and
1 ml 97 % sulfuric acid

5 % p-phenylene diamine

Ninhydrin

0.2 % ninhydrin in ethanol or
0.3 mg ninhydrin in 100 mL
l-butanol and add 3 mL
glacial acetic acid

After treatment
None

Place the chromatogram into a
chamber in which some
crystals of iodine have been
placed. lodine vapor is more
quickly generated by gently
warming the chamber

Spray the chromatogram with
one of these reagents, Allow
to dry for 15 min in the air and
heat to 110 °C until maximal
visualization of the spots

Heat 5-10 min at 130 °C

Heat to 100-105 °C untl
maximum visualization of the

spots

Heat at 110 °C until maximal
visualization of the spots

Identified compounds
Most lichen substances

Specific set of wavelengthes
can enable detection of
compounds with characteristic
UV profiles, e.g.,
mycosporines 310 nm

General detection reagent

All lichen compounds, brown
spots

All lichen compounds, gray,
brown or blue spots

All lichen compounds, wide
array of colors, terpenoids
violet

Depsides, depsidones,
diphenylethers, monophenolic
compounds, pink, red, blue-
violet

Aromatic aldehydes, yellow
to red

Aminoacids, peptides,
proteins, yellow (secondary
aminoacids) to purple
(primary aminoacids)

References

Brante
(1949)
Munier and
Macheboeuf
(1949)

Jones et al.
(1963)

Metz (1961)

Tschesche
etal (1961)

Tschesche
and Wulff
(1961)
Takeda et al.
(1963)

Stahl and
Kaltenbach
(1961)
Lisboa and

Diczfalusy
(1963)

Huneck and
Yoshimura
(1996)

Patton and
Chism
(1951)

Fahmy et al.
(1961)

Friedman
(2004)

(continued)
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Table 11.2 (continued)
Reagent

0.5 % magnesium acetate in
methanol

0.2 % primulin solution

Sulfuric thymol

Dissolve 0.5 g thymol in
95 ml ethanol and add 5 ml
97 % sulfuric acid with
caution

Diazotized benzidine + NaOH
(solution A: 2.5 g

benzidine + 7 mL conc.HCI in
500 ml H20; solution B: 50 g
NaNO, in 500 mL H,0; equal

After treatment
Heat 5 mun at 90 °C

Dip and wait for 30 min

Heat 15 min at 120 °C

The reagent is stable for a few
hours

Colors can appear quickly or
develop long after depending
on the nature of the phenol

Identified compounds

Anthraquinones glycosides
and related aglycones (pink to
violet)

Lipids, aliphatic compounds.
White fluorescent spots at
366 nm

Sugars. Pink spots

Depsides, depsidones,
monophenolic compounds,
red

References

Shibata et al.
(1950)

Adachi
(1965)

Sherma and
Hood (1965)

volumes of A and B are mixed
immediately before the
application of the reagent)

described is O-methylation using diazomethane
that can be used as another identification hint.
Eventually, acidic hydrolysis of O-methyl
derivatives can provide further evidence for
structure identification and to establish the order
of linkage of phenolic acid units in simple dep-
sides. As a consequence, Ry of hydrolyzed and
O-methyl derivatives began being compiled,
while an increasing number of lichen metabolites
was also referenced (Culberson 1972). A useful
tool for separation of complex mixtures is two-
dimensional TLC as successfully applied for the
separation of p-orcinol depsides from Parmelia
loxodes and P. verruculifera (Culberson and
Johnson 1976). TLC separation of (+) and (—)
usnic acid was enabled by reaction with brucine
as performed by Bendz et al. (1967).

Later, the use of high-performance thin-layer
chromatography (HPTLC) in screening lichen
substances was developed. HPTLC is more sen-
sitive, allows the running of more samples in a
shorter period of time, and requires smaller
amounts of solvent (Arup et al. 1993).

As similar R; value does not mean single
compound, therefore, reliability to only R¢ value
remains a challenging and risky task. However,
standardized methods listed above enable

collecting wvaluable clues regarding chemical
structures and might curtain identification
possibilities.

Image-giving format of open, stationary phase
of TLC can lead to numerous hyphenations. In
particular, TLC can grant valuable information
dealing with bioactivity and thus guide fraction-
ation to focus on biologically active compound.
For instance, bioautography is a microbial
detection method developed on a planar chro-
matography plate and designed to recognize
compounds with antibacterial and antifungal
properties (Choma and Grzelak 2011). Thus,
TLC bicautography was used to assess antibiotic
properties of metabolites from Ramalina farina-
cea (Tay et al. 2004), anti-Helicobacter activity
from various species of lichens (Luo et al. 2011)
as well as fungitoxic compounds from Lobaria
kurokawae (Wang et al. 2009). Biochemical
detection can also be used, and for instance,
screening of radical scavenging molecules can be
evaluated using TLC by spraying stable free
radical DPPH, which has already been performed
on several lichen extracts (Bhattarai et al. 2008).

To sum up, TLC was one of the way to per-
form multiple detection in situ for (i) physical
detection, (ii) microchemical detection, and
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(iii) effect-directed analysis (either biochemically
or microbiologically). Recent innovations in TLC
allow successful hyphenations with different
kinds of spectroscopic tools enabling proper
in situ identification. Without any doubt, most
developed hyphenated techniques are those
combining TLC with mass spectrometry either
online (Morlock and Schwack 2010) or off-line
(Cheng et al. 2011). However, associating TLC
with Fourier transform infra-red (FTIR) or Raman
spectroscopy remain possible approaches. Fur-
thermore, development of zone-collecting tech-
niques (Luftmann et al. 2007) permits selective
desorption and collection of molecules from a
single TLC spot and further achievement of any
structure elucidation technique as NMR (Morlock
and Schwack 2010) (Fig. 11.10).

11.4.2 High-performance Liquid
Chromatography

HPLC has become an important and efficient tool
for the separation and identification of lichen
substances, especially for compounds that cannot
be studied by gas chromatography (GC) either
because they are not volatile enough or are too
unstable at high temperatures. First attempts were
undertaken for chemotaxonomy with reversed-
phase columns using methanol-water—acetic acid
solvent system (Culberson and Culberson 1978).

Although such isocratic methods gave excel-
lent results, gradient elution methods were later
developed that better fit with complex lichen
extracts containing a wide range of hydrophobic
compounds (Culberson and Elix 1989). Gradient

Fig. 11.10 Possible
hyphenations with
thin-layer chromatography
[modified from Morlock
and Schwack (2010)]
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elution in lichenology was introduced by Strack
et al. (1979) that separated 13 different lichen
products (depsides, depsidones, dibenzofurans,
and pulvinic acids) using a reversed-phase col-
umn with a linear gradient based on a water/
methanol system. A first standardized method for
separation of lichen aromatic products was
described using different kinds of reversed-phase
column on the basis of a methanol/orthophos-
phoric acid gradient system and including two
internal standards: benzoic acid (low retention
time) and bis-(2-ethyl-hexyl)phtalate (high
retention time) (Huovinen 1987) according to
which retention indices are defined ensuring
better reliability. However, the latter standard
was further replaced by solorinic acid (more
hydrophobic) making the method suitable for
the identification of lichen extracts containing
chloroxanthones or long chain depsides as well.
This second standardized reversed-phase HPLC
method for identification of aromatic secondary
metabolites from lichens was published by Feige
et al. (1993) and is based on a retention index
I calculated from the elution time of the appro-
priate peak compared with the standards benzoic
and solorinic acids.

Such a relative index corresponding to 331
lichen compounds was determined by Feige et al.
(1993), and this protocol was successfully
applied to several genera of lichens (Lumbsch
et al. 1993). Mietzsch et al. (1994) developed a
computer program dedicated to lichen metabo-
lites identification named Wintabolites. This
software made use of HPLC-R; values, TLC-R;
values, UV/visible colors of TLC spots, and
lichen spot tests to identify molecules. The pro-
gram database included 550 lichen compounds.

Derivatization techniques were further pub-
lished to enable detection of aliphatic lichen
acids (e.g., roccellic, rangiformic acids, liches-
terinic acids) using the same method. Such
metabolites are previously transformed into their
phenacyl, para-nitrophenyl, or benzyl esters that
display strong absorption in the UV (4. ca.
240 nm) (Huneck et al. 1994),

Later, hyphenation with photodiode array
spectrophotometers (DAD), leading to complete
UV—Vis spectra of corresponding peaks, greatly

helped for the identification of molecules. Yo-
shimura et al. described detection of lichen
metabolites according to their UV spectra fea-
tures and relative retention time. HPLC was
achieved using a reversed phase with an isocratic
method (MeOH/H,O/H;PO,). Retention times
were expressed according to 2 standards: acetone
and 1-phenyl-1-dodecanone.

However, relying on retention times only
(even normalized with internal standard) and UV
spectrum is not always sufficient to unambigu-
ously identify a given compound. Nowadays,
most liquid chromatography strategies rely on
LC-DAD-ESI-MS that enable both (i) collection
of UV-Vis spectrum and (ii) determination of the
molecular weight associated with each peak of
the chromatogram.

Hyphenated techniques are now commonly
used as powerful tools of dereplication to focus
on original or biologically relevant metabolites.

As an example, screening of mycosporines
within different lichens was first based on their
characteristic UV symmetrical shape while par-
allel ESI-MS helped focusing on undescribed
molecules according to their molecular weight.
Therefore, purification of a new molecule
mycosporine hydroxyglutamicol from Nephroma
laevigatum was achieved from & g of dried lichen
material (Roullier et al. 2011). However, since the
last standardized method described by Feige et al.
and Yoshimura et al. in the nineties, no further
publication updated extensively the behavior of
lichen metabolites with hyphenated techniques
such as LC-DAD-ESUVMS. Such a standardized
method of reversed-phase LC-DAD-ESI/MS is
described for the conspicuous reign of microfungi
in which are described retention time, UV/Vis
spectrum, and monoisotopic mass for 474 fungal
metabolites (Nielsen and Smedsgaard 2003).
Noteworthy, this database includes some fungal
metabolites that can also be met within lichens
(e.g., emodin, lichexanthone, skyrin ...).

As previously discussed, NMR is arguably the
most versatile analytical platform for complex
mixture analysis (Corcoran and Spraul 2003).
Indeed, successful interfacing of high-pressure
liquid chromatography with parallel NMR
and mass spectrometry were reported, yielding
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extensive structural data on each chromato-
graphed compound (Exarchou et al. 2005).
Wolfender et al. (2001) stated that coupling of
HPLC with NMR is the one of the most powerful
methods for the separation and structural eluci-
dation of unknown compounds in mixture.
However, to the best of our knowledge, no
LC-NMR analysis was reported yet in the field of
lichenology.

11.4.3 Gas Chromatography

GC found some limited applications in lichen-
ology, since most lichen substances are polar and
present low volatility. To cope with this problem,
prior derivatization is usually required in order to
yield volatile enough compounds to be analyzed
by GC, most of the time as their trimethylsilyl,
acetyl, methyl, or trifluoroacetyl derivatives.
Derivatization procedures have been described
by Nishikawa et al. (1973).

Using this method, Tkekawa et al. (1965)
separated  trimethylsilyltriterpene  derivatives
belonging to ursane, oleanane, and lupane groups
(including compounds found within lichens as
friedelin, taraxerol, taraxerone, and zeorin among
others). Different Cy7, Cag, and Cyg sterols from
the moss tree lichen Pseudevernia furfuracea
were also characterized and quantified by
GC-MS (Wojciechowski et al. 1973) after acyl-
ation from low polar organic solvent extractions.
A few studies described GC analyses carried out
on other structural families among which Furuya
et al. (1966) demonstrated that retention time
increases with the number of hydroxyl on the
anthraquinone skeleton.

Low molecular weight carbohydrates from
eight species of lichens were analyzed and
quantified by GC as their acetyl, trifluoroacetyl,
and trimethylsilyl derivatives in comparison with
standard specimens. Arabitol, fructose, glucose,
glycerol, erythritol, mannitol, sucrose, and tre-
halose were commonly found within tested

samples alongside more specific sugars (as um-
bilicin, among others) (Nishikawa et al. 1973).
Later publications reported on GC-MS charac-
terization of Ramalina celastri’s mono and
polysaccharides as their acetate derivatives
(Stuelp et al. 1999). In the same way, acetylated
saccharides from Sticta sp. were analyzed by
GC-MS (Corradi da Silva et al. 1993) as well as
carbohydrates from H. physodes and Platismatia
glauca (Dahlman et al. 2003).

Fatty acid compositions of different Parmelia
species were examined by capillary GC-MS. This
enabled detection of 68 fatty acids as their methyl
ester, trimethylsilyl, or oxazoline ethers (Dem-
bitsky et al. 1992¢). Fatty acid and phospholipid
compositions were also reported within lichens
growing in the Volga river basin using GC-MS
(Dembitsky et al. 1992a), in the Tian Shan
Mountains (Rezanka and Dembitsky 1999b),
with different species of Cladonia (Dembitsky
et al. 1991) or different lichens belonging to
Lecanorales (Dembitsky et al. 1992b). More
recently, fatty acid components—either free or
combined—of the tropical lichen Teloschistes
flavicans were analyzed by GC-MS of derived
methyl esters and compared to those of separately
cultivated symbionts. It was evidenced that the
fatty acid compositions of the whole lichen
strikingly differ from those of isolated symbionts.
Moreover, changes were also observed according
to the temperature. Likewise, capillary GC-MS
demonstrated that seasonal changes also occurred
in the fatty acid composition of two species
of Physcia as well as in Xanthoria parietina
(Bychuk 1993; Dembitsky et al. 1994).

In some cases, GC-MS analyses were per-
formed for biomonitoring purposes as lichens are
known to accumulate some given pollutants in
their tissues (especially epiphytic lichens).
Therefore, GC-MS air pollution assessment
techniques were applied to detect polycyclic
aromatic hydrocarbons within different Pyrenean
lichens (Blasco et al. 2008) or within Italian alps-
dwelling lichens (Nascimbene et al. 2014).
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11.4.4 In Situ Detection

As discussed earlier, having access to the distri-
bution of secondary metabolites could help
understanding both fundamental facts about the
symbiosis itself and enlightening relationships
existing between the lichen and its environment.
In many lichens, some metabolites are only
present or occur in higher concentration in
reproductive compared to somatic structures,
giving support for optimal defense theory in
lichens (Hyvérinen et al. 2000). Accordingly, it
was shown that grazing pattern of snails inver-
sely reflects the partitioning of the secondary
compounds that have a documented deterring
effect, avoiding reproductive parts of the lichen
due to internal defense allocation (Asplund et al.
2010). Moreover, in situ characterization of
compounds has always been considered as a very
interesting approach since it eliminates compli-
cations and artifacts caused by time-consuming
isolation procedures that are still required when
structural analysis is achieved using conventional
spectroscopic methods (Mathey et al. 1987).

11.4.4.1 Histochemical Reactions

First attempts of mapping metabolites” distribu-
tion within lichens used spot tests as described
above. Indeed, specific pattern of distribution of
some metabolites make thalline reactions organ
specific (Kirschbaum and Wirth 1997). Honegger
(1986) described ultrastructural studies of vari-
ous Parmeliaceae using enhanced scanning
electron microscopy sample preparation tech-
niques to avoid dissolution of lichen substances.
SEM images showed varying amounts of crystals
covering the surface of both fungal and algal
cells within different parts of the lichen thallus.
Moreover, histochemical reactions (K, C, KC,
PD) performed with thallus fragments or cryo-
stats allowed localizing different secondary
metabolites within the different layers of the
thallus. The presence of mycobiont-derived
crystalline lichen products on the surface of algae
raises questions. One possible reason may be that
such substances might slow down the metabo-
lism of the photobiont to keep an harmonious

growth pattern with a mycobiont whose growth
abilities are limited (Kinraide and Ahmadjian
1970; Honegger 1986).

11.4.4.2 Laser Microprobe Mass
Spectrometry

Along with thalline reactions, the first general
method used to in situ analyze lichen substances
on a microscale was laser microprobe mass
spectrometry (LMMS also known as LAMMA)
(Mathey 1981). Physical principle of this mass
spectrometry method relies upon the irradiation
of inorganic or organic samples with pulsed
power UV laser under vacuum. Resulting ions
are further analyzed using a time of flight or
Fourier transform mass spectrometer (Van Roy
et al. 1996). Microscale detection is enabled
thanks to a concomitant light microscopic
observation of thin cryosection that allows to
focus laser beam on any sample detail (Wink
et al. 1984). UV irradiation enables selective
desorption and ionization of products with a
chromophoric group. Indeed, a severe limitation
of LMMS is its requirement for UV absorbing
moieties.

As most lichen compounds have conjugated
rings, this analysis method was the first showing
ability to correlate analysis to given structures or
substructures of the microscopical image. A large
variety of lichen metabolites (especially lichen
pigments) sublime when submitted to very
low pressure, such as the vacuum existing
in LAMMA-MS, especially lichen pigments
(Mathey 1981). In such conditions, a mild ele-
vation of temperature leads to vaporization of
lichen metabolites that further yield mass spectra
displaying very prominent parent ions, often
corresponding to the base peak of the spectrum.

The tropical lichen Laurera benguelensis is
characterized by vellow thallus warts that present
amarked yellow fluorescence under UV radiation,
originating from microcrystals located in the cor-
tex (Mathey 1979). LAMMA spectrum obtained
from single microcrystals displayed a character-
istic lichexanthone profile while physcion and
xanthorin, orange anthraquinone pigments, were
distinctly found in the warts containing the fruiting
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bodies in additional Laurera species (Mathey etal.
1980, 1987, 1994).

LMMS was also successful in detection of a
variety of lichen pigments belonging to different
structural families (Mathey et al. 1987; Van Roy
et al. 1996). However, LAMMA analysis only
grants low mass resolution. Hence, unambiguous
detection of compounds requires additional data
from either NMR or HR mass spectroscopy.

11.4.4.3 Raman and FTIR Spectroscopy
First developed Raman analyses mostly dealt
with biodeterioration of monuments and frescoes
due to oxalic acid produced by encrusting micr-
olichens, aiming at characterizing the physical
and chemical nature of the lichen/substratum
system (Edwards et al. 1991). Further works then
moved to ecophysiological studies of lichen
itself.

In situ Fourier transform Raman spectroscopy
was used for identification of pigments and bio-
degradative calcium oxalate directly within thalli
of viable epilithic lichens (Acarospora spp.) har-
vested in contrasted sites from Antarctic and
Mediterranean (Holder et al. 2000). Raman-
specific fingerprints could be used to recognize
two photoprotective pigments: rhizocarpic acid
and B-carotene. Near IR excitation (1,064 nm)
eliminated possible fluorescence originating from
pigments and insensitivity of Raman techniques to
water enabled analysis offield fresh samples with a
spatial resolution of about a 20 pm spot diameter.
Hydration states of calcium oxalate could be dif-
ferentiated with different signals between mono-
hydrate (whewelite) and dihydrate (weddelite).
Edwards et al. (1998) compared parietin contents
of Xanthoria lichens harvested in Antarctic and
temperate habitats using Raman spectroscopy.
Other publications reported on scytonemin
detection by Raman spectroscopy from cyano-
bacteria (Nostoc sp.. Chlorogloeopsis sp., Scyto-
nema sp.. Lyngbya sp.) or from cyanolichen
Collema species (Wynn-Williams et al. 1999).

Raman spectra of lichen samples colonizing
active volcanic environment (Kilauea volcano,
Kona, Hawaii) were acquired to decipher bio-
molecular protective strategies adopted in such

extreme environments (Jorge-Villar and Edwards
2010). Raman profiles were acquired from 16
lichen specimens belonging to eight genera,
growing on basaltic lava or on wood substrates.
It was shown that chlorophyll and a carotenoid
(most likely lutein or astaxanthin) were ubiqui-
tous, but a wide range of protective pigments
could be identified as atranorin, gyrophoric acid,
parietin, pulvinic acid dilactone, and usnic acid
(as well as calcium oxalate mono- and dihydrate
in some cases) using specific patterns (Edwards
et al. 2003a, b).

Lecanoric acid was characterized by FT-
Raman spectroscopy in Parmotrema tinctorium,
highlighting reliability of Raman spectroscopy
for in situ detection of this metabolite from the
whole lichen (de Oliveira et al. 2009).

FT-IR spectromicroscopy fits well to the
examination of the conspicuous reign of fila-
mentous fungi providing spatially resolved
information on cellular biochemical content
(Szeghalmi et al. 2007; Jilkine et al. 2008; Isenor
et al. 2010).

More recently, Raman spectroscopy and
FPA-FTIR were used to image the distribution of
usnic acid within Cladonia arbsucula, C. sul-
phurina, and C. uncialis (Liao et al. 2010). This
dibenzofuran-related metabolite was shown to be
present in pycnidia and younger branches of
C. arbuscula and C. uncialis, in C. sulphurina’s
soredia as well as in the spore-forming region of
C. uncialis’ apothecia.

11.4.4.4 Ambient Mass Spectrometry

Recent technical innovations in mass spectrome-
try now allow detection of molecules in ambient
conditions dealing with a large number of com-
pounds in complex matrices and play an important
role in various fields such as drug discovery,
doping control, forensic identification, and food
safety. Open-air sources especially revolutionized
the way samples are introduced into the ion source
for mass analysis and result in rapid acquisition,
without special sample preparation enabling quick
and sensitive dereplication. Among these open-air
sources is especially worth quoting direct analysis
in real-time mass spectrometry (DART-MS) that
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is based on the interactions of a sample in a water-
containing atmosphere with a gas in a metastable
state heated to a temperature up to 350 °C (Cody
et al. 2005). DART’s detection limit is comprised
in the picomolar range and showed satisfying
results for chemical fingerprinting of many plants
(Kim and Jang 2009). Moreover, a number of
lichenic compounds were shown to accumulate in
upper cortex (Ozenda and Clauzade 1970). Such
a distribution in the most superficial layers
enables their detection using ambient mass
spectrometry techniques as shown on the cyano-
lichen Lichina pygmaea using DART-MS ( Le
pogam et al. 2014).

Ambient mass spectrometry methods have to
be tried with lichens to measure defense reactions
as responses to environmental challenges as
successfully applied to the red algae Callophycus
serratus using DESI imaging (Lane et al. 2009).
Other DESI imaging experiments reported on
hydrolysis of hydroxynitrile glucosides along
leaves wounds of Lomus japonicus (Li et al.
2013).

11.4.4.5 Imaging Mass Spectrometry
Imaging mass spectrometry allows to monitor
the spatial distribution and abundance of metab-
olites. Experimental scheme for mass spectrom-
etry imaging experiments can be defined as
follows (Fig. 11.11). IMS involves rastering a
laser or any other ionization source across a thin
section of biological tissue by moving the sample
stage in predefined x—y coordinates to generate
thousands of position-dependent mass spectra.
Sample preparation may be assisted to aid the ion
ionization or can remain unassisted depending on
both the mechanism of the ion source and the
nature of the compounds to be analyzed. Then,
data processing is accomplished by displaying
ions of interest from a traditional m/z plot to a
false color image eventually superimposed on a
photograph of the analyzed sample (Greer et al.
2011).

Recently, imaging of
metabolites in plant tissues was achieved thanks
to LAESI-MS. LAESI-MS relies on tissue
ablation with a single laser pulse of 2.94 pm

three-dimensional

Mass spectrometry imaging

1 -Tissue sectioned in cryostat

| 2— Sample preparation (colloid or
organic matrix). (Not always)

3 —lons generated at each raster
position

4 - lon distribution mapped to
optical image

Fig. 11.11 Schematic outline of the workflow in a
typical imaging mass spectrometry experiment [adapted
from Greer et al. (2011)]

wavelength. O-H vibrations of the native water
molecules of the tissue samples absorb the laser
pulse energy, leading to ejection of microscopic
volumes of the most superficial layers of the
sample (as neutral particulates and molecules)
that enables establishing depth profiles. This
plume is further intercepted by an electrospray
that postionizes the ablated material (Nemes and
Vertes 2012). 3D-LAESI-MS revealed specific
distribution pattern of several molecules within
the plant Aphelandra in correlation with tissue
specificity (Nemes et al. 2009). Common ioni-
zation methods applied in imaging mass spec-
trometry are listed above (Table 11.3).

Although achieved on a wide range of
organisms [for review see Esquenazi et al
(2009)], no ambient or imaging mass spectrom-
etry was published until now on lichens to the
best of our knowledge.

11.5 Deciphering Metabolic
Networks and Partners’
Cooperation at the Very Heart
of Symbiotic Systems

Systematic analysis of the metabolite composi-
tion caused by cellular reactions is called meta-
bolomics (Oliver et al. 1998). A metabolomic
approach was developed on Xanthoria elegans in
2007 (Aubert et al. 2007). In this study, analysis
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Table 11.3 Characteristics of most commonly used imaging mass spectrometry sources

lonization source Probe beam

MALDI Laser beam

SIMS lon beam

DESI Solvent stream

NIMS Laser beam

LAESI Infrared laser + electrospray

Adapted from Lee et al. (2012), Greving et al. (2011)

of polar metabolites was achieved from crude
perchloric acid extracts using °C and *'P NMR
spectroscopy to compare chemical profiles of
both dry and wet thalli. Such analysis methods
afforded the detection of 30 metabolites from the
raw extract with no further sample workup
(mostly sugars, sugar phosphates, polyols,
phosphoenolpyruvate, and nucleotides). The data
implied that metabolite composition was atfected
by stress conditions. Aubert also described
increased concentrations of ribitol and mannitol
under dry conditions. Sugars are known protec-
tors of cellular substructures when lichens have
to survive under dryness (Crowe et al. 1992).

As previously discussed, lichens are able to
synthesize unique secondary metabolites. How-
ever, the relative contribution of its partners in
providing such original compounds remains
quite unstudied. This question is especially
interesting when both partners possess the
enzymatic machinery required to biosynthesize
one metabolite [e.g., mycosporine and cyanoli-
chens (Balskus and Walsh 2010)]. Moreover,
knowledge about biosynthesis pathway is also a
prerequisite for natural compounds production
by biotechnological means.

Most current methods used to decipher met-
abolic pathways are based on stable isotope
labeling (Eisenreich and Bacher 2007). Typi-
cally, organisms are grown with labeled struc-
tures that are most of the time very general
precursors (e.g., glucose, acetyl CoA, CO,, NHy,
aminoacids) that will spread in all their possible
metabolic fates. Subsequent analysis of enriched
biomolecules by either quantitative NMR spec-
troscopy or mass spectrometry has shown to be a

Pressure regime Spatial resolution (m)

Vacuum (most of the time) 10-100

or ambient (AP-MALDI)

Vacuum 0, 2-3

Ambient 200

Vacuum 15-20

Vacuum Lateral: 300-500
Depth: 30-40

powerful method for unraveling the dynamics of
metabolic networks (Fan et al. 2012). Indeed,
according to the detected profiles, metabolic
history of the studied metabolite can be traced
and then compiled to a comprehensive map about
metabolic pathways and fluxes occurring in the
network.

Although initially focused on single organ-
isms such as plants or bacteria [for review see
Eisenreich and Bacher (2007) and Heinemann
and Sauer (2010)], techniques of stable isotope
labeling were later applied to multi-organismic
systems (Gotz et al. 2010).

To our knowledge, only a few labeling studies
for biosynthetic-unraveling purposes  were
reported on lichens. Lines et al. (1989) investi-
gated polyol metabolism in Xanthoria calcicola
using a 3¢ NMR spectroscopy approach. More
recently, a proof on concept was published in
2011 on the chlorolichen X. parietina (Eisenreich
et al. 2011). Photobiont cells (Trebouxia de-
colorans) were first harvested alone in a medium
containing '*C-glucose, which enabled satisfying
labeling of most if not all metabolites according
to the authors. In a second step, algae were
combined with unmarked mycobiont to recon-
stitute lichen symbiosis. Therefore, detection of
3Clabeled fungal metabolites is indicative for
prior transfer and usage of algal biomass for
biosynthetic purposes by the mycobiont. '*C
NMR of crude methanol extracts of marked
photobionts alone and reconstituted symbiosis by
cocultivation with unlabeled fungus bear striking
differences that demonstrate substrate transfer
and further metabolism by the mycobiont. Closer
investigation of those signal patterns shall
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provide information regarding (i) the nature of
transferred compounds, (ii) the rate of this
transfer and eventually, (iii) subsequent trans-
formations occurring within the second partner
(Eisenreich et al. 2011).

Such technologies took advantage of tremen-
dous advances in mass spectrometry that now
enable microscale mapping of metabolites
directly within producing organisms (Esquenazi
et al. 2009). Coupling of stable isotope profiling
with imaging mass spectrometry enables both
tracing and mapping of molecules within its
biological system. This approach is especially
promising for interfaces or symbiotic systems in
order to know the compartment in which a
molecule undergoes biotransformation (Jones
et al. 2013; Pernice et al. 2012).

11.6 Conclusion

The evaluation of lichen metabolites for thera-
peutic purposes is generating an increasing
interest as their activities are varied and often
significant (Boustie et al. 2011). Very few lichen
compounds are commercially available, and the
thousand known metabolites are only partly or
not at all investigated for their medicinal potential
(Stocker-Worgdtter  2008). Moreover, lichens
appear to harbor a diversity of culturable micro-
organisms from which original active compounds
were recently isolated (Grube et al. 2012).

As lichens grow slowly, both in nature and
axenic conditions, analysis must deal with low
amounts of crude material. The past few years
have witnessed major developments in purifica-
tion, dereplication, and structure elucidation of
lichen compounds, enabling much faster access
to sufficient amounts of pure compounds.

Although not described here, innovative
strategies were also developed for extracting and
separating compounds which facilitate detection
and identification of lichen compounds. New
extraction methods developed on lichens include
supercritic fluid extraction (SFE) involving the
so-called supereritic fluids (SCF) (Lisickov et al.
2002; Zizovic et al. 2012) that appears to be a
powerful strategy. Although a specific device is

required, the main advantages of these methods
are that (i) they display solvating powers similar
to liquid organic solvents with higher diffusivity
and lower viscosity, (ii) they can provide quan-
titative or complete extraction (by forcing con-
tinuously the fluid to flow through the sample),
(iii) the solvating power of the fluid can be
adjusted by changing the pressure and/or the
temperature, (iv) adding modifiers to a SCF can
change its polarity, (v) they avoid solvent resid-
uals and last but not least, (vi) they are chemi-
cally inert which avoid chemical artifacts that can
be dread when using classical separation proce-
dures (Lang and Wai 2001).

A light fluorous catch and release approach
was another option used to separate three closely
related paraconic acids from Cerraria islandica
allowing the isolation and identification of roc-
cellaric acid from this lichen for the first time
(Horhant et al. 2007).

The recent innovations in hyphenated tech-
niques combining separation (HPTLC, HPLC,
GC) and detection tools (currently MS, UV, IR)
have already had a substantial impact in short-
ening the timeline for dereplication, isolation,
and structure elucidation of the lichen products
present in crude extract. Once hampered by
methods limitations, lichen study might benefit
from tremendous advances in analytical chemis-
try (MAS-NMR, DART-MS, LC-NMR...)
described herein. Consequently, sensitive dere-
plication of lichen chemodiversity should facili-
tate focusing on minor, and possibly unknown,
compounds. Standardized methods to identify
recurrent products and to remove them should be
developed in this way. As illustrated, various
methods can be performed on solid samples then
bypassing chemical artifacts associated with
purification processes, giving in some cases
direct field information. Furthermore, improve-
ments in imaging techniques pave the way for
future investigations into metabolic interactions
taking place in lichen miniature ecosystem and
might help deciphering ecological relevance of
lichens metabolites.

Coupling these approaches with advances in
purification, structure elucidation, and stream-
lining of the screening processes, the timeline for
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lichen products drug discovery is shortened
similar to that expected for synthetic compounds,
now being compatible with the present regime of
blitz screening campaigns.
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E. Conclusion

Le mode de vie lichénique, associant un champignon a un partenaire réalisant la photosynthése
(microalgue verte et/ou cyanobactérie) est représenté par plus de 18.500 espéces (Feuerer and
Hawksworth, 2007).

Bien qu’étant parfaitement intégrés aux champignons, la physiologie particuliere des lichens est a
l'origine d’une chimie unique, avec environ 90% de métabolites secondaires spécifiques aux lichens
(Stocker-Worgotter, 2008). Ces molécules sont faconnées via trois voies de biosynthése
(polyacétates/polymalonates, shikimate, mévalonate) inégalement fonctionnelles d’'une espéce a
lautre. Il en résulte une vingtaine de noyaux de base diversifiés par des ornementations chimiques
voire des réarrangements plus complexes. Nous en retirons quelques informations d’intérét pour notre
étude :

- certaines molécules sont récurrentes au sein de nombreuses especes (e.g acides usnique et
stictique, atranorine) ;

- le taux de matiére organique extractible par les solvants organiques est compris entre 5% et
25% du poids sec du lichen (nettement supérieur & ce qui obtenu chez les végétaux) (Boustie
etal., 2011) ;

- les extraits sont quasi-constamment dominés par quelgques voire un seul métabolite
majoritaire masquant les autres composés présents dans le lichen ;

- la quantité de lichen a analyser (thalles parfois trés petits, lichens multiples sur une surface
réduite) peut étre trés limitée.

Ces différentes caractéristiques soulignent le besoin de techniques de détection trés sensibles aussi
bien pour passer outre les faibles quantités disponibles que pour contourner « I'arbre qui cache la
forét ».

Les métabolites secondaires jouent un réle majeur dans la symbiose lichénique. Leur abondance et la
présence récurrente de certains d’entre eux évoquent a la fois des activités pléiotropiques et leur
caractére incontournable pour le lichen. Un lien étroit existe généralement entre la localisation des
métabolites lichéniques et le réle qu’ils jouent dans le cadre de la symbiose (Hauck et al., 2009a) d’ou
l'intérét de pouvoir préciser finement la facon dont les métabolites se distribuent dans le thalle
lichénique. Cette observation peut aussi étre tres informative pour anticiper leurs propriétés physico-
chimiques, biologiques... et orienter vers leurs applications potentielles (thérapeutiques par exemple).

54



APPROCHES DEREPLICATIVES
INNOVANTES EN
LICHENOLOGIE

Cladonia sp.







APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

PARTIE 2 : APPROCHES DEREPLICATIVES INNOVANTES EN
LICHENOLOGIE

Le chapitre précédent a permis de situer I'intérét que représentent les lichens en pharmacognosie. La
valorisation de leur chimiodiversité unique repose sur la mise en ceuvre de procédés de déréplication
précoces pour pouvoir y cerner l'originalité structurale en amont d’études phytochimiques.

Les démarches analytiques entreprises dans le cadre de ces travaux se fondent sur des
caractéristigues des lichens et/ou de leurs métabolites secondaires ouvrant des perspectives
méthodologiques originales.

En premier lieu, ce travail s’est penché sur un protocole de déréplication treés utilisé en lichénologie : la
Chromatographie Couche Mince (CCM). Les lichénologues utilisent couramment cette technique en
se limitant & une caractérisation par rapport a des témoins. Les techniques de couplage actuelles en
laboratoire nécessistent un appareillage dédié (spectrophotodensitométre, HPLC-DAD+/-MS).
Soucieux de faire un lien avec l'approche CCM courante en allant au-dela de la caractérisation
comparative, nous hous sommes intéressés au couplage CCM-ESI-MS. L'utilisation de cette interface
est en plein essor depuis des années mais n’avait pas encore été appliqué aux lichens. Ces travaux
se sont inscrits dans le cadre du stage de Master 1 (Spécialité Chimie Moléculaire) d’Aline Pillot
réalisé d’Avril a Juin 2015.

En second lieu, nous avons voulu étudier l'intérét de nouvelles approches de spectrométrie de masse
pour une analyse directe de thalles lichéniques. Les métabolites secondaires lichéniques tendent a
étre secrétés a la surface des filaments mycéliens pour venir y cristalliser (Honegger, 1986b). De
nombreuses études ultrastructurales en microscopie électronique a balayage a basse température ont
permis de constater la présence de cristaux de morphologie et de distributions variées au sein de
différents lichens. Cette accumulation superficielle des composés lichéniques laisse présager de
possibles profilages chimiques in situ. La distribution superficielle des composés nous a orientés vers
les analyses de lichens en DART-MS.

Dans le prolongement de ces études, I'accumulation sous forme cristalline au sein des thalles
lichéniques nous a amenés a explorer récemment lintérét de la diffractométrie rayons X. Ces
expeériences de diffraction ont été menées a 'Ecole Nationale Supérieure de Chimie de Rennes (Dr.
Thierry Bataille, Dr. Laurent Le Pollés).

L'absorption UV de la plupart des métabolites secondaires lichéniques nous a conduits a
expérimenter le LDI-MS, méthode de spectrométrie de masse pour laquelle la désorption et
l'ionisation reposent sur une irradiation laser, avec une longueur d’'onde située dans le domaine des
UV dans le cas présent. Ces analyses ont fait I'objet d’'une collaboration avec I'Université d’Angers
(Dr. Andreas Schinkovitz, Pr. Pascal Richomme) et ont utilisé un spectrométre implanté au sein de la
plate-forme PIAM (Plate-forme d’Ingénierie et d’Analyses Moléculaires).

56



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

|. Analyses de lichens par CCM-ESI-MS

La Chromatographie Couche Mince reste aujourd’hui la technique d’analyse chimique la plus
couramment appliquée aux lichens du fait de sa simplicité d'utilisation et du possible profilage de
lichens a haut débit par cette approche (Le Pogam et al., 2015a). Les méthodes de détection optiques
et chimigues actuellement employées identifient habituellement des groupes structuraux ou la
présence de fonctions chimiques mais ne sont pas discriminantes quand il s’agit de distinguer des
composés individuels, d’ou l'intérét d’associer la CCM a des techniques d’identification a proprement
parler et notamment a la spectrométrie de masse. Le couplage de la CCM a la spectrométrie de
masse a donc fait 'objet d’intenses recherches et diverses stratégies analytiques ont émergé pour
permettre cette association (Cheng et al., 2011).

Le couplage CCM/MS est a lorigine de contraintes inédites par rapport a d’autres techniques
chromatographiques comme I'HPLC ou la GC puisqu’au terme du processus chromatographique, les
composés restent adsorbés a la surface de la silice plutét que d’en étre élués par un flux liquide ou
gazeux. Deux grandes approches peuvent étre mises en ceuvre pour permettre le couplage a la
spectrométrie de la masse (Morlock and Schwack, 2010) :

- les techniques dites d’élution qui consistent a dissoudre le composé in situ pour ensuite
'acheminer vers le spectrométre de masse en maintenant un débit liquide stable. L'interface
CAMAG acquise par le laboratoire s’inscrit dans cette premiére stratégie ;

- les techniques basées sur la désorption font appel a des sources pouvant générer des ions a
partir d’'une surface comme la CCM. Dans ce second cas de figure, les sources les plus
souvent associées a l'analyse de CCM sont le MALDI, le DART, mais également le SIMS
(Secondary lon Mass Spectrometry) ou encore le DESI (Desorption Electro Spray lonisation).

Concernant les lichens, si de judicieuses standardisations intervenues au cours des derniéres
décennies ont permis d’améliorer grandement la fiabilité des identifications de composés lichéniques
permises par CCM (Culberson and Kristinsson, 1970; Culberson et al., 1981) (standardisation des
solvants de migrations, migrations avec phases mobiles multiples, présence d’étalons internes), la
distinction de certains composés (e.g depsides a chaines aliphatiques, depsidones polaires) reste
complexe. Dans de tels cas de figures, des analyses CCM complémentaires doivent étre mises en
ceuvre comme la migration dans d’autres solvants « a la carte » dédiés a la séparation de composés
précis (Culberson et al., 1981) ou encore I'hydrolyse acide ou la méthylation par le diazométhane
lorsque les composés parents se distinguent mal (Culberson, 1972).

L’intérét de la spectrométrie de masse couplée a la CCM pour I'identification de composés lichéniques
a fait I'objet du stage de Master 1 d’Aline Pillot. Ces analyses CCM/ESI-MS (mode négatif) se sont
déroulées en deux temps, s’intéressant d’abord aux seuils de détection de différentes molécules
lichéniques pures couvrant les principaux groupes structuraux lichéniques puis une quinzaine de
lichens ont ensuite été étudiés par cette approche, livrant des profils chimiques satisfaisants. En
paralléle, 'analyse CCM-MS du lichen subantarctique Usnea trachycarpa a pu mettre en évidence des
sighaux ne correspondant a rien de décrit jusqu’'a présent dans cette espéce, révélant le potentiel
déréplicatif de cette méthode.

Ces travaux ont fait 'objet d’'une publication a soumettre dans The Lichenologist. Le supplément
relatif a ce draft constitue 'Annexe 3 (p. 210). La rédaction de cette publication n'est pas encore
finalisée.
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Mass spectrometry as a versatile ancillary technique for the rapid in
situ identification of lichen metabolites directly from TLC plates

Pierre Le Pogam, Aline Pillot, Francoise Le Dévéhat, Anne-Cécile Le
Lamer, Béatrice Legouin, Aurélie Sauvager, Alice Gadea, Damien Ertz,
Joél Boustie

Abstract:

Thin Layer Chromatography still enjoys a wide-spread popularity among lichenologists as one of the
fastest and simplest analytical strategies, remaining today the primary method to assess the chemical
content of lichens. The pitfalls associated with this approach are well known as TLC leads to
characterize compounds rather than identifying them, which might lead to erroneous assignments,
accounting for the long-held interest in hyphenating TLC with dedicated identification tools. As such,
commercially available TLC/Mass Spectrometry (MS) interfaces can be easily connected to any brand
of mass spectrometer without adjustments. The spots of interest are extracted from the TLC plate to
retrieve mass spectrometric signals within a single minute, thereby ensuring proper identification of
the chromatographed substances. The outcomes of this hyphenated strategy in the specific field of
lichens is illustrated by describing the TLC migration and direct MS analysis of (i) single lichen
metabolites of various structural classes and later emphasized through the chemical profiling of
crude acetone extracts of (ii) a set of lichens of known chemical composition and at last (iii) applied
to a lichen of unknown profile, Usnea trachycarpa.
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Introduction

As a simple, cost-effective and easy to operate chromatographic technique, Thin Layer
Chromatography (TLC) remains today the primary method to assess the chemical content of lichens
(Le Pogam et al. 2015a). The use of new plates for each separation bypasses memory effects
associated to column based chromatographic techniques so that TLC is a fitting tool for the direct
analysis of crude extracts with minimal preparation procedures. Likewise, the spotting of many
samples on a TLC plate makes this technique appropriate for high-throughput analyses. Despite these
advantages, the separative efficiency of this rapid and simple chromatographic technique is usually
low and most often leads to characterize compounds rather than properly identifying them.

In the specific field of lichenology, many efforts were undertaken to improve both the reproducibility
and the separation efficiency of TLC. Regarding the first aspect, standardized methods for routine
identification of lichen products by TLC were published in 1970 (Culberson & Kristinsson 1970). These
still widely followed guidelines include three standard solvent systems for migration and assign
unknown spots to Rf classes defined by comparison to two common lichen metabolites used as
marker controls (atranorin and norstictic acid) to limit Rf varying problems. Identification possibilities
can further be narrowed down according to (i) the appearance of the spot under visible light, (ii) the
short and longwave UV light exposure color reaction after H,SO, spraying as well as (iii) the
microchemical reactions and (iii). In cases when metabolites cannot be satisfactorily separated by
TLC, some derivatizations like acidic hydrolysis or methylations proved useful to identify the parent
molecule (Culberson 1972). It is noteworthy that two-dimensional TLC was sometimes applied for the
separation of complex mixtures (Culberson & Johnson 1976). Secondly, to improve separation
efficiency, refined TLC techniques arose including High Performance TLC (HPTLC) that uses gel
particles of small diameter as the stationary phase (4-6 uM instead of the nominal 5 to 20 uM for
regular TLC plates) to increase the number of interactions with the chromatographed molecules
(Siouffi 2005; Sherma 2008). HPTLC separation was performed in the same standardized conditions
on a set of 69 lichen substances and their Rf values were collated by Arup and co-workers (Arup et al.
1993)..

To characterize unknown metabolites, one can refer to the aforementioned papers that gathered the
chromatographic behaviors of lichen metabolites. Informatic tools can now also assist the
identification process. For such purposes, LIAS metabolites is a database containing 881 lichen
compounds in which the identification of metabolites is guided through a set of characters such as Rf
values in standardized solvents, long wavelength UV exposure and microchemical reactions among
others (Rambold et al. 2014). Although such techniques enable sensitive detection of lichen
compounds, these methods are not comprehensive and being based on functional groups, they
poorly discriminate between individual compounds. Hence, even when Rf values and spectroscopic
characteristics are fully consistent with that of a standard, one should keep in mind that the capacity
to determine molecular structures through such detection techniques remains limited and risky
(Cheng et al. 2011). As such, numerous abusive shortcuts led to erroneous assignments when it
comes to discriminate between closely related metabolites. However, by 2016, TLC still remains the
prevalent analytical approach to study lichens chemistry often without the support of other
analytical approaches.

Such observations account for the long-held interest in the hyphenation of TLC with analytical tools
dedicated to proper structural elucidation. For this purpose, mass spectrometry is an attractive
candidate as it is one of the most versatile structure elucidative analytical approach by measuring the
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mass to charge ratio (m/z ratio) of charged species produced by an ion source and might as well
provide further details regarding substructures through fragmentation. Therefore, coupling of planar
chromatography with mass spectrometry has been a field of very high level of research over the last
decades (Sherma 2010) which resulted in a commercially available TLC-MS interface in the middle of
2009. If these hyphenated approaches garnered a considerable interest in the wider field of natural
products, no application to lichen material was described prior to this paper, as far as could be
ascertained.

The present study evaluated the adequacy of Negative lon ElectroSpray lonization (NI-ESI-MS) for the
straightforward identification of lichen metabolites directly from TLC plates. For this purpose, a wide
range of lichen substances were analyzed as single molecules to assess both the versatility and the
sensitivity of the technique. Subsequently, this TLC hyphenated approach was applied to the crude
acetone extracts of a set of lichens of known chemical composition to validate the method in regular
TLC conditions. A specific emphasis is given on cases where traditional where traditional methods of
detection does not provide a reliable identification of lichen metabolites. At last, the ability of the NI-
ESI-TLC-MS to identify unknown molecules is evidenced through the case of the subantarctic lichen
Usnea trachycarpa.

Material and Methods
Lichen material and compounds

Single compounds used in this manuscript belong to the library of single lichen compounds of UMR
CNRS 6226 PNSCM, being isolated and identified through extensive spectroscopic studies during
previous phytochemical investigations. Pure compounds were dissolved in acetone and the migration
used toluene/acetic acid (17/3) as a mobile phase. Acetone extracts were obtained extracting 1.0 gr
of ground lichens with 3 mL of analytical grade solvent. Place of harvest and herbarium codes are
given in Table 1 for all species considered in this paper.

Lichens Voucher specimen Sampling site, collection date
Cladonia portentosa® JB/05/48 Lot, France, 2005

Cladonia pyxidata ° JB/11/133 Savoie, France, 2011
Flavocetraria nivalis® JB/02/37 Pyrénées, France, 2002
Lecidella asema® 2014/)YM/04 Bretagne, France, 2014
Lethariella canariensis® JB/04/41 Madeére, Portugal, 2004
Ophioparma ventosa® JB/09/58 Tyrol, Austria, 2009
Pannaria rubiginosa®

Pertusaria amara® JB/07/108 Brittany, France, 2007
Pseudevernia furfuracea“ JB/00/04 Limousin, France, 2000
Pycnothelia papillaria® 1B/?/94 Brittany, France, 2007
Ramalina cuspidata var. | JB/11/e495 Brittany, France, 2011
stenoclada®

Ramalina  siliquosa var. | JB/11/e496 Brittany, France, 2011
crassa®

Ramalina  siliquosa  var. Brittany, France, 2011
zopfii®

Roccella phycopsis® JB/05/46 Brittany, France, 2005
Tephromela atra® JB/05/e56 Brittany, France, 2005
Usnea trachycarpa® JB/14/203 lles Kerguelen, France, 2013
Xanthoparmelia pulla® JB/15/204 Ile-de-France, France, 2015
Xanthoria parietina® JB/06/59 Brittany, France, 2006
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Table 1 : List of species, sampling locations and dates for the lichens used in the study. Letters
indicated as superscripts after lichens’ names refer to the solvent system used for the migration of
the plate. ®: toluene/ethyl acetate/formic acid (70/25/5) ; b : toluene/acetic acid (17/3) ; c:
toluene/formic acid (85/15) and d : chloroform/acetone 3/1.

Chromatographic procedures

Samples were applied to 10x20 cm silica gel pre-coated 60F254 plates (Merck) by an Automatic TLC
Sampler Il (Camag). For pure compounds, the analyses were first attempted depositing 10 uL of a
dichloromethane solution at 0.1 mg/mL. If the molecule was properly detected at this first
concentration, new analyses were performed reducing the concentration of the solution (down to
0.01 mg/mL) and/or the deposited volume (down to 5 pL). In case of unsatisfactory detection from
the initial conditions, these parameters were increased with maxima of 0.5 mg/mL and 20 pL. Crude
acetone extracts were prepared at a concentration of 0.5 mg/mL in dichloromethane while single
molecules were prepared at different concentrations to determine the limits of detection (LOD) and
ten microliters aliquots of the samples were applied as 5 mm streaks, 1 cm from the lower edge,
unless otherwise specified. Thereafter, each plate was transferred to a pre-saturated development
chamber, using the solvent systems described in Table 1. The plates were developed with a fitting
solvent mixture to a migration distance of 70 mm. Plates were then monitored under white and
ultraviolet light (254 and 365 nm) and the spots to be desorbed were circled with a pencil.

TLC-NI-ESI-MS analysis

The TLC-MS interface (Camag TLC-MS Interface, Muttenz, Switzerland) is fitted with a flowpump of
which the inlet is connected to an HPLC pump (TSP Spectra System P1000XR, Thermo Scientific,
Waltham, Massachussets, USA) while the outlet is attached to an expression CMS single quadrupole
(Advion) equipped with an ElectroSpray lonization (ESI) probe. The oval-shaped extraction head (4x2
mm) was used for the extraction of the compounds from the TLC plate. The mass spectra were
obtained in situ using a 9/1 mixture of methanol/water (both supplemented with 0.1% formic acid)
as extracting solvent with a flow rate of 0.2 mL/min during one minute per spot of interest. Full scan
mass spectra were recorded in the Negative-lon (NI) mode in a mass range of 100 to 1200 Da
applying the following parameters: detector gain 1200, ESI voltage 3.5 kV, capillary voltage 180 V,
source voltage 20 V, source voltage dynamic 20 V, nebulizer gas pressure 60 psig, desolvation flow
gas rate 4L/min, capillary temperature 250°C and gas temperature 20°C. Data processing and
evaluation for MS measurement were performed with the Data and Mass Express 2.2.29.2 software
(Advion). A didactic overview of the analytical process of TLC-ESI-MS is provided in the Supporting
Material.

Results
Analysis of single lichen metabolites

Single lichen metabolites from various structural series were first analyzed by TLC-MS. Both their
spectral signatures and limits of detection are collated in Table 2.

Structural class Compound Nominal Rf Main signals Limit of detection
Mass (Da) (ug)
Depsides Atranorin 374 0.79 195+177 0.5
Evernic acid 332 0.45 331+167 0.5
Depsidones Variolaric acid 314 0.14 313 2
Dechlorodiploicin 388 0.62 387 0.1
Dibenzofuran Usnic acid 344 0.71 343 <0.05
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derivatives

Diphenylethers B-collatolic acid 526 0.26 525 1
Xanthones Secalonic acid D 638 0.28 637 10
Paraconic acid Lichesterinic acid 324 0.43 323 1
Pulvinic acid derivatives | Vulpinic acid 322 0.88 321 0.1

Table 2 : Mass spectrometric signals and limits of detection for a set of different lichen metabolites
encompassing the main structural series. Rf were determined using toluene/acetic acid (170/30) as
mobile phase.

Most molecules could be detected in the low microgram range but two tested molecules displayed
higher limits of detection: 3-dechlorodiploicin and secalonic acid D. As an illustration, four of these
mass spectra are depicted in Figure 1.
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Figure 1: NI-ESI mass spectra recorded directly from TLC plates for some single lichen metabolites (at
twice the limit of detection given in table 1). All molecules displayed here exhibit quasi-molecular M-
1 signals as base peaks. The fragmentation of evernic acid reveals its monoaromatic building blocks
as depicted below. The complex signal pattern of dechlorodiploicin is related to the presence of
chlorine atoms in this depsidone.

TLC-NI-ESI-MS Chemical profiling of lichens of known chemical composition

TLC-MS afforded a quick and easy identification of lichen metabolites produced by an array of
different lichens enlisted below, with most compounds being detected as quasi-molecular ions (Table
3).
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Lichen Rf* | MS signals | Nominal mass Compound
(a.m.u.) (Da)
Cladonia portentosa | 0.62 | 443+237 444 Perlatolic acid
0.78 | 343 344 Usnic acid
Cladonia pyxidata 0.29 | 471+355 472 Fumarprotocetraric acid
Flavocetraria nivalis | 0.71 | 343 344 Usnic acid
0.78 | 351 352 Pinastric acid
0.88 | 321 322 Vulpinic acid
Lecidella asema 0.65 | 359 360 Asemone
0.75 | 373 374 3-0O-methylasemone
0.69 | 393 394 Thiophanic acid
0.81 | 407 408 3-0O-methylthiophanic acid
Lethariella 0.03 | 271 272 Canarione
canariensis 0.78 | 195+177 374 Atranorin
0.81 | 407+211+1 | 408 Chloroatranorin
95+177
Ophioparma ventosa | 0.34 | 225+181 420 Thamnolic acid
(without 0.62 | 387+209+1 | 388 Divaricatic acid
apothecium) 95
0.77 | 343 344 Usnic acid
Pannaria rubiginosa | 0.79 | 361 362 Pannarin
Pertusaria amara 0.41 | 413 414 Subpicrolichenic acid
0.46 | 441 442 Picrolichenic acid
Pseudevernia 0.36 | 469 470 Physodic acid
furfuracea 0.41 | 483 484 2’-0-methylphysodic acid
0.79 195 +177 374 Atranorin
0.81 | 407+211+1 | 408 Chloroatranorin
95+177
Pycnothelia 0.58 | 323 324 Protolichesterinic acid
papillaria 0.80 177 374 Atranorin
Ramalina cuspidata | 0.42 | 371 372 Norstictic acid
var. stenoclada
Ramalina  siliquosa | 0.19 | 387 388 Salazinic acid
var. crassa 0.76 | 343 344 Usnic acid
Ramalina  siliquosa | 0.29 | 343 344 Hypoprotocetraric acid
var. zopfii 0.84 | 343 344 Usnic acid
Roccella phycopsis 0.06 | 421+271+1 | 422 Erythrin
81+167
0.41 | 299 300 Roccellic acid
Tephromela atra 0.31 | 511 512 a-alectoronic acid
0.42 | 525 526 a-collatolic acid
0.62 | 411 412 Gangaleioidin
0.79 195+177 374 Atranorin
Xanthoparmelia 0.64 | 387+209+1 | 388 Divaricatic acid
pulla 95
0.68 | 415+209+1 | 416 Stenosporic acid
65

63



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

Xanthoria parietina 0.64 | 269 270 Emodin
0.83 Not 284 Parietin
detected

Table 3 : Chemical profiling of various lichen species using TLC-NI-ESI-MS: Rf and mass spectrometric
signals for detected secondary metabolites. * Solvent systems used as mobile phases are given in
Table 1 (Material and Methods).

To further evaluate the extent of the advantages offered by TLC-MS hyphenation, MS detection was
attempted on metabolites that are tricky to discriminate using TLC. To assess whether TLC-MS is able
to address these routine queries, the TLC depositions associated to these plates were performed
manually, according the widely followed guidelines published by Elix & Ernst-Russell (1993).

One such example is that of aliphatic chains-bearing depsides, here emphasized through the specific
examples of divaricatic acid (Ophioparma ventosa) and perlatolic acid (Cladonia portentosa). Even
though Rf values of these very common depsides are supposed to discretely increase with the total
length of their side chains, their TLC behavior remains virtually identical, precluding their
unambiguous assignments. Hence, the reliable TLC identification of these molecules should rely on
chromatographing their hydrolysis products which are readily distinguishable (Culberson & Culberson
1966; Culberson 1972). Using MS as an ancillary technique bypasses the mandatory need for
chemical derivatization and provides a straightforward and unambiguous identification of these
depsides as illustrated in Figure 2.

@ m/z343
=>Usnic acid
e ———————
n 443.2
% 7 Intensity Cladonia portentosa
- ® '—\. 80: => Perlatolic acid (444 Da)
-_— e, O
40+
20 S
E 237.1
0 - 1
100 200 300 400
o - . 387.1
Lo 4" % 1 Intensity Ophioparma ventosa O0H
80 => Divaricatic acid (388 Da)

60-

40 A
3 195.0
20 177.0
0 | m/z
100 200 300 400

Cladonia  Ophioparma
portentosa  ventosa ’ m/z 225
=>Thamnolic acid

Figure 2: Developed TLC plate (under UV 254 nm) of acetone extracts of Cladonia portentosa and
Ophioparma ventosa and NI-mass spectra of their aliphatic depsides with their chemical structures.

While TLC-MS afforded complete chemical profiles for most lichens described throughout this paper,
the specific case of Xanthoria parietina is worth mentioning. The TLC-MS profiling of Xanthoria
parietina only revealed emodin, failing to reveal any further anthraquinone, including the very major
parietin. Adversely, the chlorinated xanthones of Lecidella asema could be satisfactorily detected
unlike secalonic acid A. The mass spectra obtained from these lichens as well as the chemical
formulae of the detected and not detected compounds supporting further discussion are gathered in
Figure 3.
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Figure 3: Developed TLC plates of acetone extracts of Xanthoria parietina (under UV 254 nm) and
Lecidella asema (under white light) with NI-mass spectra of the detected compounds. The plate of
Lecidella asema reveals the imprints left after desorption by the oval elution head. Their chemical
structures are represented with a specific emphasis on the chemical features of interest (hydrogen
bonds and red circled free phenol groups to support the discussion).

TLC-NI-ESI-MS Chemical profiling of lichens of Usnea trachycarpa

As a lichen of unknown composition, the chemical analysis of Usnea trachycarpa was of particular
significance. This lichen species is known to produce various secondary metabolites including usnic
acid, depsidones (norstictic and salazinic acids) and an array of six closely related paraconic acid
derivatives (Elix et al. 2007). Hence, three couples of isomers differing in the position of the double
bond (either exocyclic and endocyclic) were described from this Usnea: muronic and isomuronic
acids (366 Da), murolic and neuropogolic acids (368 Da) and 13-acetoxyprotolichesterinic and 13-
acetoxylichesterinic acids (382 Da), respectively (Bodo & Molho 1980; Ghogomu & Bodo 1982). All
these substances could be detected in a straightforward manner even though couples of paraconic
acids could not be discriminated by TLC owing to their very close physico-chemical features (Figure
4). Indeed, such derivatives of lichesterinic and protolichesterinic acid are known to be very difficult
to separate using classical chromatographic techniques, pledging for the development of refined
strategies to purify them (Horhant et al. 2007). These analyses also revealed the occurrence of an
unknown metabolite with m/z 340.
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Lichens Rf Signals Identified metabolite Nominal mass
Usnea trachycarpa | 0.15 387 Salazinic acid 388
0.24 339 Unidentified compound 340?
0.27 367 Murolic and/or 368
neuropogolic acids
0.40 365 Muronic and/or 366
isomuronic acids
0.44 371 Norstictic acid 372
0.44 381 13- 382
acetoxyprotolichesterinic
acid and/or 13-
acetoxylichesterinic acid
0.85 343 Usnic acid 344

Table 4: Chemical profiling of Usnea trachycarpa using TLC-NI-ESI-MS: Rf (in toluene/ethyl
acetate/formic acid 70/25/5) and mass spectrometric signals for detected secondary metabolites.

The chemical profile provided by TLC-NI-ESI-MS was compared to that granted by in situ DART-MS,
an emerging analytical strategy for the high-throughput chemical profiling of lichens. The NI-DART-
MS analysis performed on the whole lichen does not reveal any further metabolite; highlighting the
completeness of the information brought by TLC-NI-ESI-MS. The assigned elemental composition of
m/z 340 provided by DART-HRMS, corresponding to a putative C19H3,0s (for the neutral species) may
support further structural determination.
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Figure 4: Developed TLC plate of the acetone extract of Usnea trachycarpa (under UV 254 nm) with NI-mass spectra of the detected compounds.
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Discussion

The overall findings of this study highlight the versatility of mass spectrometric detection to afford an
expeditious identification of various lichen structures from all the main structural series directly from
regular TLC plates and within a minute. Most interestingly, the mass spectra obtained from lichen
compounds most often display prevalent quasi-molecular ions and can thus be easily and
straightforwardly interpreted. Among the tested compound that encompass a major part of lichen
chemodiversity, only depsides were significantly dissociated. Such fragmentations might be
considered as an added value in the identification process of depsides as it provides further clues
regarding the monoaromatic subunits of the depside structure, especially when the deprotonated
ion is still present in the mass spectrum (e.g erythrin, divaricatic acid, evernic acid, perlatolic acid,
chloroatranorin). The observed fragments are indeed released through the cleavage of the ester
bond to afford the detection of either the carboxylic acid (S ring) and/or alcohol part (A ring) of the
depside. These dissociation are consistent with that described from various mass spectrometry
techniques (Huneck et al. 1968; Holzmann & Leuckert 1990; Le Pogam et al. 2015c¢). In a rather
limited number of cases (i.e atranorin and thamnolic acid), the lack of the deprotonated species
complicates the assignment of the metabolite. Yet, the arising of characteristic fragment ions still
represents a valuable contribution to the identification process in conjunction with mutually
supportive data.

Regarding the sensitivity of the technique, most molecules could be detected in the low microgram
range. One can however note that two pure molecules displayed higher limits of detection which
emphasize two limitations of the technique. At first, variolaric acid displays a slightly higher limit of
detection of 2.0 pg, which is 20-fold that of the other studied depsidone: 3-dechlorodiploicin,
indicating that the difficult detection of the former is not related to its depsidone scaffold. This
difference is not related to the ionization efficiency of these molecules because the same detection
threshold is obtained when directly injecting these two depsidones into the mass spectrometer.
Hence, it can be assumed that variolaric acid, as a very polar compound, is hardly extracted from the
silica gel, accounting for the higher detection threshold when compared to that of the apolar 3-
dechlorodiploicin. This difficult elution of low Rf compounds from the plate might account for the
difficult TLC-MS detection of such compounds.

Likewise, secalonic acid D detection by TLC/MS is much less sensitive than that of the other tested
compounds. Due to secalonic acid D being the sole single lichen xanthone available during the course
of this study, no limit of detection could be determined on a further molecule of this structural
group. Nevertheless, the extensive chemical profiling of the xanthone-producing Lecidella asema
demonstrates that TLC-MS can afford a sensitive detection of xanthones. A similar phenomenon is
reported with the anthraquinones of Xanthoria parietina in which the very major parietin (ca. 95%) is
not detected by mass spectrometry (Piattelli & de Nicola 1968) whereas the minor emodin (1.5%) is
satisfactorily detected. This limitation does not refer to a specific drawback of TLC-MS hyphenation
but is related to the ElectroSpray Negative lonization process that mainly facilitates the formation of
deprotonated ions . A closer look at the structure of these undetected compounds reveal that their
phenolic groups are in vicinity to a hydrogen bond acceptor moiety. In such cases, the instigation of
intramolecular hydrogen bonds prevents the formation of the [M-H] ions. Conversely, metabolites
displaying a free phenolic group could be easily deprotonated and satisfactorily detected (emodin
and xanthones of Lecidella asema) (Le Pogam et al. 2015c). A possible way to overcome this
limitation would be to hyphenate TLC with ion sources that enable the formation of radical ions,
bypassing the need to deprotonate the molecule. A good candidate for such purposes is the Laser
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Desorption lonization (LDI) source which was recently proven to afford a complete chemical profile
of the lichen Xanthoria parietina from its acetone extract (Le Pogam et al. 2015c). A few publications
reported on successful TLC/LDI-MS hyphenation for the detection of different structural groups
(Shariatgorji et al. 2009) and we are currently attempting this analytical strategy for the identification
of lichen metabolites from TLC plates.

In all these cases, it thus appears that the lower sensitivity observed for these molecules depends on
their individual physico-chemical properties rather than on their structural class. These limitations
should be kept in mind to account for the poor detection of some lichen compounds.

The adequacy of TLC-MS to discriminate between closely related metabolites is demonstrated here
through the expeditious discrimination of aliphatic depsides that remains a vexing problem when
using traditional detection approaches of TLC. In this paper, the very closely related perlatolic acid
and divaricatic acid are unambiguously discriminated.

A further outcome is that the mass spectra presented in Figures 2 and 3 were obtained from
manually spotted plates. Hence, TLC-MS is versatile regarding the amount of extract deposited on
the plate and routine manually-prepared TLC plates are perfectly relevant to afford mass
spectrometric detection, bypassing the mandatory need for expensive automated deposition
facilities. It can therefore be imagined that ambiguous TLC plates regularly prepared by lichenologists
could be forwarded to analytical chemistry platforms for subsequent mass spectrometric analyses.

While TLC-NI-ESI-MS appears as a valuable approach for the identification of lichen compounds for
chemotaxonomic purposes. This technique might be of interest from a chemist view to evidence
original lichen molecules and possibly streamline their isolation, as evidenced here through the
example of Usnea trachycarpa. The loss of two less CH; units between this unknown signal and that
of murolic/neuropogolic acids may be indicative of a shorter side chain containing two less CH; units
than these latter compounds, which would be in agreement with its higher polarity. This finding
paves the way for further phytochemical investigation of Usnea trachycarpa, to definitely confirm
this assumption by elucidating the structure of this metabolite. For such purposes, it is worth noting
that the TLC-MS interface also enables collecting the eluted compounds for any further offline
analyses, including NMR spectroscopy (Adhami et al. 2013).
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Il. Nouvelles techniques pour I’analyse de lichens in situ

A. Apport déréplicatif du DART-MS

Le développement de méthodes de criblage rapides et de techniques d’identification in situ représente
aujourd’hui un enjeu majeur dans des domaines aussi variés que la recherche de nouvelles
molécules, la sécurité alimentaire, les expertises toxicologiques (Figure 16)... Les avantages de ces
approches tiennent a l'accélération du processus déréplicatif en minimisant la préparation de
I'échantillon (qui peut étre virtuellement nulle) et la durée de I'analyse en elle-méme, a I'économie de
solvants tout en évitant les artéfacts pouvant étre associés aux procédés d’extraction et de
purification. Aussi, les techniques de spectrométrie de masse réalisant I'analyse d’échantillons en
conditions ambiantes (DART-MS, DESI-MS...) ont connu un essor considérable durant ces derniéres
années et ont notamment fait montre de leur aptitude a détecter des métabolites secondaires au sein
de matrices biologiques variées (notamment de végétaux) voire a y zoner leur répartition (Li et al.,
2013).

High Through-put Screening

e v rParie 1 MS Inlet

FIGURE 16 : PRINCIPALES TECHNIQUES DE SPECTROMETRIE DE MASSE A IONISATION AMBIANTE ET QUELQUES
POSSIBLES APPLICATIONS (TIRE DE (LI ET AL., 2013))

Pour autant, aucune méthode de spectrométrie de masse ambiante n’avait été appliguée a un
guelconque lichen lorsque ces travaux ont été engagés en 2013. Ces méthodes répondent bien a
certaines contraintes inhérentes aux lichens comme la faible quantité de matériel disponible et la
possibilité d’'analyser des spécimens ancrés sur leur support, ce qui revét un intérét particulier pour les
lichens qui en sont difficilement dissociables (espéces crustacées).

L’apport déréplicatif du DART a été évalué au travers de différents modeles d’étude qui ont été décrits
dans plusieurs publications.
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a. Profilage chimique de Lichina pygmaea

Classification :
- Embranchement : Ascomycétes
- Classe : Lichinomycétes
- Ordre : Lichinales
- Famille : Lichinacées
- Genre: Lichina
- Espéce : pygmaea

Notre premier modéle d’étude, le cyanolichen Lichina pygmaea, est constitué d’un thalle fruticuleux,
brun olive a noir lorsqu’il est humide. Il forme des tapis laches et étendus sur les rochers, de 8 a 10
mm de hauteur. Ses rameaux sont aplatis avec un diamétre de 'ordre de 0.5 mm. Les ascocarpes
sont terminaux avec des apothécies apparaissant gonflées, sous la forme de disques punctiformes
bruns péles de 2 mm de diamétre. L’hyménium est constitué d’asques cylindriques étroites contenant
chacune 8 spores. Ces derniéres sont incolores, simples, ovales et de dimension 22-25 x 12-15 ym.
Lichina pygmaea possede un cortex bien développé. Les couches sous-corticales et la médulle sous-
jacente contiennent le photobionte qui a longtemps été rattaché a des cyanobactéries du genre
Calothrix mais que de récentes études génétiques rapprocheraient plutdt de Rivularia (Ortiz-Alvarez et
al., 2015).

Cette espece a été étudiée pour s’intéresser a la détection de sucres et de composés azotés dont la
mycosporine sérinol (Figure 17). Les mycosporines sont des molécules dotées d'un intérét particulier
dans le domaine de la photoprotection. Une analyse phytochimique poussée de ce lichen a été
réalisée au sein du laboratoire par une doctorante précédente (Dr. Catherine Roullier, sous la direction
du Dr. Maryléne Krugler et du Pr. Joél Boustie) (Roullier et al., 2009).

Lichina pygmaea
(0]
ﬂ OH OH OCH30H
07>~ ~COOH HoWVOH i LOH
0 OH OH HO HO 1)
H
5-oxoproline D-Mannitol Mycosporine serinol

FIGURE 17: PHOTOGRAPHIES DE LICHINA PYGMAEA ET STRUCTURE DE SES METABOLITES SECONDAIRES DETECTES EN
DART-MS
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La déshydratation de la mycosporine sérinol sous l'effet des conditions d’ionisation DART a été
étudiée sur le plan thermodynamique en faisant varier la température de la source d’ions pour avoir
acceés aux données thermodynamiques de cette réaction et ainsi pouvoir évaluer sa vraisemblance
dans le milieu naturel. Ces travaux ont fait I'objet d’'une publication dans le Journal of Mass
Spectrometry qui est fournie dans la suite de ce document. Les groupes structuraux identifiés sont des
sucres, des acides aminés et une mycosporine.
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Analysis of the cyanolichen Lichina pygmaea
metabolites using in situ DART-MS: from
detection to thermochemistry of
mycosporine serinol

Pierre Le Pogam,? Béatrice Legouin,® Anne-Cécile Le Lamer,*” Joél Boustie®
and David Rondeau““*

Direct Analysis in Real Time DART-HRMS is here first applied to the detection of molecules from a lichen, Lichina pygmaea. The aim
was to propose an innovative method of in situ detection of lichen secondary metabolites using the possibilities of elemental com-
position determination available when a DART source is interfaced with a TOF analyzer. Three kinds of samples have been submit-
ted to DART ionization, i.e. an intact thallus, a powder obtained from the crushed lichen and an aqueous extract. In situ analysis of
crushed lichen, yields an extensive chemical profile, comparable to what is obtained from the aqueous extract, comprising both
major polar metabolites described in literature along with some other signals that could correspond to potentially unknown me-
tabolites. One of the detected secondary metabolites, mycosporine serinol, underwent a dehydration reaction prior to its transfer
in the gas-phase by DART ionization. The consideration of the thermal transfers involved in the DART ionization process and the
possibility to record time-dependent mass spectra through the use of the TOF analyzer allowed establishing Arrhenius plots of this
water molecule loss to obtain associated thermodynamic quantities. The low values of corresponding activation enthalpy [AfH:n of
the order of 25k mol ') enabled formulating some assumption regarding a possible role of such metabolites in the lichen.
Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: DART-MS; in situ analysis; lichen metabolites; thermochemistry; Arrhenius plots
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synthetic derivatives inspired applications as skin care products
given the strong need in the cosmetic market for chemically stable,
Lichens are pioneer symbiotic organisms resulting, for most of  atoxic, potent and broad-spectrum molecules. As an example,
them, from the association between a fungus and an alga  Helioguard 365° is a commercial formulation based on MAA

Introduction

(chlorolichens). In some cases, i.e. for 10% of lichens, the green alga
is replaced or accompanied by a cyanobacterium, which can absorb
atmospheric nitrogen Algal or cyanobacterial partners realize
photosynthesis and provide sugars and polyols to be metabolized
by their fungal associate which corresponds to about 90% of the li-
chen biomass. These miniature ecosystems can survive in harsh
conditions (extreme temperatures, desiccation and UV radiation)
which involve production of a vast array of protective compounds.
As a result of the symbiosis, unique metabolites are excreted by the
fungal hyphae? most of them being polyphenolic compounds
with depside and depsidone structures mostly observed in
chlorolichens. Cyanolichens are generally devoid of these hydro-
phobic metabolites and accumulate high quantities of polysaccha-
rides and other polar compounds.m

Among those original compounds, mycosporines and
mycosporine-like amino acids (MAA) are regarded as very promis-
ing molecules since they display unique ultraviolet-absorbing ca-
pacities based on their common cyclohexenone (e.g. mycosporine
serinal) or cyclohexenimine conjugated arrangements!® They in-
deed stand among the strongest UVA absorbing compounds in na-
ture and are also effective against shortwave UVB radiations with
Amax ranging from 305 to 360 nm and molecular extinction coeffi-
cient () of about 40 000Imol 'em '.®! Therefore, MAAs and

shinorine and Porphyra-334 from the red alga Porphyra umbilicalis
encapsulated in liposomes to increase their uptake by the skin®
Moreover, their implication in several other processes has been
suggested: oxidative stress, salt stress, desiccation, thermal stress,
fungal reproduction or as an intracellular nitrogen reservoir.” De-
tection of these polar and water soluble mycosporines is usually
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based on LC-DAD-MS (Liquid Chromatography-Diode Array
Detector-Mass Spectrometry) profiles requiring time and solvent-
consuming extraction and analytical processes that in tumn involve
the risk of chemical artifacts.® To circumvent such hazards, in situ
analysis of natural products appears to represent a valuable ap-
proach and is required to check location and distribution of identi-
fied molecules on a micrometer scale” As lichen metabolites are
generally shown to crystallize on the surface of the hyphae or at
least to accumulate in the upper layers of the lichen thallus,*'”
their detection might be possible using ambient methods of mass
spectrometry.

Recent technical innovations in mass spectrometry allow detec-
tion of molecules in ambient conditions, dealing with a large num-
ber of compounds in complex matrices and play an important role
in various fields such as drug discovery, doping control, forensic
identification and food safety.”"'? Open air sources especially rev-
olutionized the way samples are introduced into the ion source for
mass analysis and result in rapid analysis, without special sample
preparation. Those new developments can give an insight into
the chemical composition of raw biological matrices and some
techniques are even able to show where the metabolites can be
found within a sample"® These methods, widely used in the field
of pIants,” #19 have never been applied to lichens, which appear
to be a relevant model regarding the aforementioned external dis-
tribution of many molecules. Direct Analysis in Real Time (DART)
ionization is one of the so-called ‘open-air sources’ used in ‘ambient
mass spectrometry’ for the analysis of untreated samples and entire
objects.m-m

In DART ionization, the sample is positioned between the hot
gas outlet of the DART gun and the inlet orifice of the MS. In most
cases, a stream containing neutral helium atoms in a long-lived
excited-state induces the Penning ionization of ambient water,
generating protonated water clusters, such as (H,0),Hs0", which
further participate to the analyte ionization through gas-phase pro-
tonation via ion/molecule reactions®'¥ A Transient Micro-
Environment Mechanism (TMEM) was also proposed to account
for a direct ionization of the analyte when the DART gas stream
is in contact with the sample.[m In this case, the TMEM is described
as being induced by the desarption of the volatile matrix of the an-
alyte. This is consistent with the fact that the overall DART ioniza-
tion process intrinsically involves some sample desorption from a
surface due to the interaction of the hot helium stream with the
exposed sample.?" The step of surface desorption leads to relate
DART ionization efficiency not only to the proton affinity of the
species of interest transferred in the gas phase, but also to the tem-
perature and flow rate of the metastable atom gas and the boiling
point of the analyte.??! DART-MS has demonstrated its utility in the
detection of target substances from different vegetable surfaces"®
and has already been used for thermal profiling of solids and pow-
ders or time-dependent measurements of volatile organic com-
pound release from eucalypts directly submitted to DART-MS
analysis 2

For the present paper, we have used the potentialities of
the DART source to initiate direct analyses of lichen samples
by mass spectrometry. The aim was to propose an innovative
method of in situ detection of lichen secondary metabolites
using the possibilities of the elemental composition determination
available when a DART source is interfaced with a Time Of Flight
analyzer. The advantages provided by such device were used to
analyze a black marine cyanolichen: Lichina pygmaea (Lightf) C.
Agardh, in which we previously isolated and identified N-
containing compounds, among which mycosporine serinol. %2

Three kinds of samples were then studied, ie. an intact thallus
of L. pygmaea, a powder obtained from the crushed lichen and
an aqueous extract containing mycosporines thanks to a passive
diffusion from the lichen thallus in pure water. The reactivity of
mycosporine serinol under the desorption/ionization conditions
made us consider DART-MS as a relevant platform to reach
associated thermochemical data. We thus performed a thermo-
chemical study on mycosporine serinol dehydration using poten-
tialities of the TOF mass spectrometer to record time-dependent
mass spectra and to produce a temperature controlled helium
stream.

Materials and methods
Materials

L. pygmaea is a black marine fruticose cyanolichen corresponding
to the association of a Calothrix photobiont and a mycobiont
belonging to the Lichinaceae family.m] L. pygmaea is common
on rocks on exposed shores in the upper pan of the tidal region.
Our samples were collected in December 2007 at ‘La Pointe de la
Garde’ in Dinard (48°38.09'N, 02°08.15'W, llle-et-Vilaine, France).
Lichen thalli were sorted out, washed and dried under ambient
atmosphere. Macroscopic and microscopic observations as well
as comparison to a reference sample of the REN-ABB herbarium
enabled its identification as L. pygmaea (Lightf) C. Agardh. A
voucher specimen is kept in the laboratory with the reference
JB/07/98. Lichen powders required for our analysis were simply
grinded with hand mortar and pestle. L. pygmaea’s aqueous ex-
tract was performed after a single minute dipping of a piece of
uncrushed thallus (roughly 50 mg) within 2 ml of pure water based
on the optimum extraction process described elsewhere."! Pure
mycosporine serinol was previously extracted and purified from
L. pygmaea using the method described by Roullier et al®¥ HPLC
grade methanol and dichloromethane were supplied by SDS
(Peypin, France). PolyEthyleneGlycol (PEG) was purchased from
Aldrich-Sigma (Saint-Quentin Fallavier, France). Distilled water
was used to perform aqueous extracts.

Mass spectrometry

The analyses of L. pygmaea containing samples, ie. intact thallus,
powder and aqueous extract, were performed using a JEOL JMS-
T100CS (AccuTOF CS) orthogonal time-of-flight (TOF) mass spec-
trometer (Peabody, MA) equipped with an lonSense DART Source
(Danvers, MA). Ultra high purity helium was used as reagent gas at
a flow rate of 4/min~' and under a temperature value of 523 K.
DART-MS was used in positive ion mode. The following DART-
needle, discharge electrode and the grid electrode voltage values
used were 3500, 150 and 250V, respectively. The voltage values of
orifice 1, orifice 2 and the ring lens were set at 15, 5and 10V, re-
spectively. The orifice 1 temperature was kept at 80°C. The detec-
tor voltage was set at 2300V. The mass spectra were recorded
every second and with a resolution of 6000 (fwhm definition).
The mass scale was calibrated using the [M+H]" ion series of a
poly(ethylene glycol) diluted in a dichloromethane/methanol mix-
ture (1:1). To perform accurate mass measurements, the mass drift
compensation procedure available on the main program that con-
trols the AccuTOF CS was used to compensate for the m/z drift in
the range of m/z 100 to 350. The DART-MS analyses of the intact
thallus of L. pygmaea were performed by holding the sample be-
tween tweezers directly under the helium stream. The DART
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analysis of the crushed lichen was performed by presenting a
glass rod previously dipped inside the lichen powder. The DART-
MS analyses of any liquid samples were performed by depositing
10 pl of a solution containing the sample of interest at the surface
of a glass rod located in front of the ion source. For the evaluation
of the thermochemical data related to the dehydration reaction of
the mycosporine serinol, two samples containing 400 ug of the
pure compound in 1 ml of water solution were prepared. DART-
MS analyses were performed at different temperature values of
the helium stream. These values will be further indicated in the
text. A 10-pl sample droplet was submitted to each DART-MS anal-
ysis during 2 min without removing the sample positioned under
the hot helium stream. After each set of analysis performed from
one sample at different temperatures, two procedures were used
for the data treatment. With the so-called procedure A, a desired
reconstructed ion chromatogram (RIC) was considered from the
MS signal of the [M+H]" ion of the mycosporine serinol and its
dehydrated form. A drag over a range at 20% of the top of each
mono-isotopic peak was done. Note that for the DART mass spec-
tra recorded in the case of the data treatment by the procedure A,
two helium flow rate values were used, ie. 4 and 61 min ' With
the so-called procedure B, another sample was analyzed at differ-
ent temperatures using a unique helium flow rate of 41 min T Af-
ter the 2-min run time, average mass spectra were created by
specifying the elapsed time range by right-dragging on the total
ion chromatogram (TIC) recorded during the DART analysis. The
plots representing the time dependence of the relative amounts
of the compound losing a water molecule were obtained by calcu-
lating the logarithm of the survival yield (SY) of the mycosporine
serinol [M + HI* ion such as:

(M +H")

YﬁfUI\-’I—HZO+H]')+l([M+H]') .

where, ([M+H]") and [M—H,0+H]") are the intensities of
the protonated molecules of the mycosporine serinol and
its dehydrated form, respectively. The values of (M +HI") and
M — H,0+H]") were obtained through the RIC intensities by
using the procedure A and the intensities of the mono-isotopic
peaks measured on the average mass spectra when the proce-
dure B was chosen.

Thermodynamic analysis

The logarithm of the SY values (see Eqn (1)) obtained from mass
spectra recorded at different temperatures were plotted at a func-
tion of the time t (s). For plotting the Arrhenius diagram, we have
considered that the numerator parameter in Eqn (1) corresponds
to the amount of mycosporine serinol that has not reacted and
that the sum at the denominator is related to the amount of
the metabolite prior to the dehydration reaction. The slope values
of the different straight lines In(SY) vs t obtained from the linear
regressions of the data reported at a function of time for different
temperatures can be used to obtained an Arrhenius diagram. The
values of these slopes that are related to rate constant k(7) values,
are plotted as a function of 1/T. The linear regression performed
from an Arrhenius plot can give the activation parameters of
the mycosporine dehydration reaction, i.e. the energy (E,) that is
calculated from the slope of the straight line and the pre-
exponential factor (As) that is obtained from the intercept. The
actual temperature of the metastable helium stream exiting the
DART gun was obtained by distinguishing the experimental

temperature set by the DART software (T,) from the actual tem-
peratures (T,cy,a) previously measured by Harris et al. at different
helium flow rate values, e.g. 4 and 61min~".* By referring to
the measured values obtained by these authors, a scaling linear
function was used such as:

T = Tata = 0.7133  Tser + 20.667 (2)
and

T = Toa = 0.6667 Top+ 19667 3)

for the 4Imin~' and 6Imin~' flow rates, respectively. Note

that the linear regressions were obtained with R*=09997 and
0.9999 for the Egns (2) and (3), respectively. The thermochemical
data were obtained by formulating the rate constants of dehy-
dration reaction in terms of thermodynamic functions instead
of Arrhenius activation parameters. This was done using the
Wynne-Jones and Eyring derivation for a unimolecular reaction
such as™™":

—E,\ kT INCY —ATH,
1) = s o0 (22) =L exp(nyenp( 52 oxp( )

where h is Planck’s constant, kg is the Boltzmann's constant and
APH, is the standard molar activation enthalpy such as:

APH,, =E, —RT 5)

and AfS is the standard molar activation entropy such as:

AlS = R|:In[Ape) —1In (k;,’%) - 1} (6)

Results and discussion

Chemical profiling of L. pygmaea

From the three different samples, a piece of intact thallus was di-
rectly submitted to DART-MS analysis. In this case, only diethyl
and dibutylphtalates have been detected as their protonated forms
which are known to be sensitive to DART-MS analysis.2%2 In a first
approximation, such results can be attributed either to the absence
of any detectable metabolite at the thallus surface or to the DART-
MS inadequacy for such purpose. By contrast, the DART-MS5 analysis
of the crushed lichen powder leads to mass spectra exhibiting nu-
merous ions at the m/z ratios ranging from 100 to 350 Th. A repre-
sentative DART mass spectrum is depicted in Fig. 1(a) and (b),
encompassing the m/z ranges from m/z 100 to 200 and m/z 200
to 350, respectively.

The results of the accurate mass measurements performed from
the most intense ions observed in the mass spectrum of Fig. 1(a)
and (b) are regrouped in Table 1. Each experimental value has been
compared with the theoretical mass calculated in an error range of
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Figure 1. DART-TOF mass spectrum of a powder formed from the crushed Lichina pygmaea (see Table 1 for the attribution of mass measurements): a)

encompasses the m/z ranges from 100 to 200 and b) from 200 to 350.

+10 ppm from candidate compositions encompassing: Cs_jpoHs-
20000-10 Ng—s- One will remark that in Table 1, the proposed formula
for the m/z 130.0475 ion, is the only one obtained when an error
range of +20 ppm was considered.

The selected formulae have been compared with secondary me-
tabolites identified from phytochemical studies that we previously
performed on L. pygmaea!***? Both major polar metabolites

described within L. pygmaea can be identified from this rapid in situ
characterization. For the present study, the signal at m/z 130 is re-
lated to the [M+ H]" ion of the 5-oxoproline. The m/z 183 ion corre-
sponds to the protonated molecule of mannitol. The m/z 244 seems
to stem from the dehydration of mycosporine serinol which is de-
tected as its protonated form at m/z 262. The structures of these
chemical species are depicted in Fig. 2.
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Table 1. Results of exact mass measurements performed from the
mass spectrum of the Fig. 1 related to the DART-MS Analysis of a Lichina
pygmaea powder
Measured mass  Proposed formulae  Calculated mass (error in ppm)
130.0475 CsHgO3N 1300499 (-18.4)
183.0864 CeH1s0g 183.0863 (+0.5)
GH;iN4O, 183.0876 (—6.6)
244.1194 Cy4H4gNOg 2441180 (+5.7)
CoHy N, 0, 2441166 (+11.5)
Cy4H1N205 2441207 (—5.4)
262.1283 Ci1HxoNOg 262.1285 (—0.7)
CoHyaN4O5 2621272 (+4.2)
CaH0g 262.1258 (+9.6)
3121203 CisHa007 312.1203 (0.0}
CyaH;aN3Og 3121190 (+4.2)
CygH16N405 3121217 (~4.5)

Other signals are detected. The most prominent is the m/z
312 ion that can be attributed to the presence of potentially un-
known molecules. The assigned elemental composition proposi-
tions may support further structural determinations (see Table 1).

[
[v 2 on OCH, L OH
H y
o ool on

T 1 HOHC-, OH
w

" o 1
kil

u on

CHNO, CeHy 0, €y HygNOg

( (D 1)

{mycasporine serinol)
Figure 2. Structures and elemental compositions of the metabolites
detected within Lichina pygmaea crushed powder.

MS[1];1.429..1.968; / ESL [ PLP_13_HAWLP_HYD_2_001
Relative Intensity

To study how exhaustive is the detection performed on the
crushed lichen, we compared it to the analysis of a classical aque-
ous extract. Indeed, previous works demonstrated that L. pygmaea
compounds of interest were well extracted using pure water and
uncrushed raw material!” Following such an extraction process,
the DART spectrum of the obtained aqueous extract (Fig. 3)
displayed a comparable pattern of peaks.

Noteworthy, the relative intensity of the dehydrated
mycosporine serinol (m/z 244) relative to that of the m/z 262 ion
is higher in the Fig. 3 than in the Fig. 1(b). This accumulation of a
metabolite dehydration product in an agueous extract can be con-
sidered as an astonishing result that made us focus on mycosporine
serinol’s reactivity.

Reactivity of mycosporine serinol

The DART mass spectrum of a pure solution of mycosporine serinol
is reported in Fig. 4.

The accurate mass measurements performed from the mass
spectrum of the Fig. 4 confirm the detection of mycosporine serinol
highlighted in the case of the mass spectra of Figs. 1 and 3. The el
emental compositions obtained from candidate formulae are in
agreement with the measurements by considering error values of
5.7 and —0.7 ppm for the m/z 244.1192 and m/z 262.1295, respec-
tively. In the higher m/z ratio range, behind the phtalate detections
atm/z 279.1598 and 391.2856, one can note the presence of signals
over m/z 450. As reported in Table 2, the elemental composition cal-
culated from the m/z 5232514 ion is in agreement with the detec-
tion of a protonated dimer of the mycosporine serinol in the gas
phase that can be written: [C;H;oNOgHC; 1H;oNOgI "

Likewise, the signals at m/z 487.2299 and m/z 469.2186 are attrib-
uted to proton-bound dimers [Cq;H;sNOsHC,;H,;NOs]* and
[C1H17NOsHC, 1H;sNOL] ¥, respectively (see Table 2). They are diag-
nostic species of a dehydration reaction of the mycosporine serinol
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Figure 3. DART mass spectrum of an immersion solution of a Lichina pygmaea whole thallus in pure water.
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Figure 4. DART-MS spectrum of a pure solution of mycosporine serinol (1 mg/mi).

Table 2. Results of exact mass measurements performed from the
mass spectrum of the Fig. 4 related to the DART-MS analysis of a pure
sample of mycosporine serinol

Measured mass  Proposed formulae  Calculated mass (error in ppm)

469.2186 CasHzN;0g 4692181 (+1.1)
487.2299 CooHasN;040 4872286 (+2.7)
5232514 CasHaoN304 523.2498 (+3.0)

prior to its transfer in the gas-phase where each non-covalent di-
mer is protonated. Note that the detection at a very low relative in-
tensity of an ion at m/z 469 shows the possibility of the occurrence
of a double dehydration reaction of mycosporine serinol at the
sample surface. Such reactivity can be attributed to the acting
mode of the DART source.

The ionization DART-MS processes are indeed based on the pro-
duction of excited helium atoms that induce a cascade of gas-
phase reactions initiated by reagent ions produced from ambient
water vapor or other gaseous compounds such as solvent
molecule '**) However, the presence of the analyte in the gas
phase is required to observe charged species on the mass spec-
trum. This is here the role of the ancillary heating element incorpo-
rated in the DART source that provides a heated helium gas stream
to sustain the transfer of the sample in the gas-phase by evapora-
tion orthermal desorption. The energy then provided for these pro-
cesses can also be used for a thermal dehydration reaction of a
sample such as the mycosporine serinol before its vaporization. In
this context, the relatively short time scale of mass spectrum acqui-
sition available with the TOF analyzer can be considered with inter-
est to perform time-resolved measurements. The aim is then to
evaluate thermal decomposition rate constants of the mycosporine
serinol at different temperatures of the helium gas stream of the
DART source.

Thermochemical study of mycosporine serinol’s dehydration

The logarithm of the survival yield (SY) (see Eqgn (1)) of the proton-
ated mycosporine serinol was plotted as a function of the exposure
time to the DART source for different temperatures according to
the two procedures A and B previously described in experimental
section. The representations of the time dependence of In(SY) ob-
tained for different temperature values after data treatment from
the two procedures A and B are shown in Figs. 5 and 6, respectively.

—7 PR o T
T + - 45 T
007 K sk '
| ) AR 450k
1 A Ay,

In(SY)

Figure 5. Time-dependence of In(SY) at different actual temperatures of
the helium stream of the DART source. Note that the values have been
obtained from the procedure A described in experimental section.
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Figure 6. Time dependence of In(SY) at different actual temperatures of the helium stream of the DART source, with SY values obtained from mono-isotopic
peak intensities measured from average mass spectra (see procedure B in experimental section). Note that the equation of each fit of the experimental with a
linear function and the R square are placed close to the plotted corresponding straight line.

For the procedure A, the values of the slopes calculated from the
linear fits to the experimental kinetic data are reported in Table 3,
with each associated linear regression expressed as the R%. For

Table 3. Temperatures set by the software for a given helium stream
flow rate, actual temperature calculated from the Eqns (2) and (3) (see
experimental section), values of the coefficient determination of each
linear regression and the slope values calculated from the fits of the ex-
perimental data with a linear function

Heater set temperature Actual s Slope
(He flow rate) temperature (K)
225°C (6 1min~") 443K 0.993 —0.0509
225°C (4 1min~") 454K 0.945 —~0.0604
250°C (61 min~") 459K 0.948 —0.0767
250°C (4 Imin~") 472K 04973 —~0.0852
275°C (4 min~") 490K 0.958 —0.0920
300°C (6 Imin~") 493K 0979 —0.0916
300°C (4 Imin~") 508K 0.955 —0.1225
325°C (4 Imin~") 526K 0.897 -0.1778
16 a)
.
-18
\\
20
22
S
'_-é =24 [ 1] .

-32

the procedure B, these values are directly reported in Fig. 6 close
to each linear regression. As previously described in experimental
section, the data treatment leads to establish Arrhenius plots of In
[k(T] vs 1/T that are depicted in Fig. 7(a) and 7(b) for the A and B
procedures, respectively.

The Arrhenius activation parameters and the thermochemical
data can be deduced from each equation written such as:

k(T =a (1/T)+b (7)

where a represents the slope value of the straight lines obtained by
fitting the data plotted in Fig. 7(a) and 7(b) with a linear function
and b is the intercept of each Arrhenius plot. From the values of
the a and b parameters of the Eqn (7), it is possible to calculate
the Arrhenius activation parameters and the thermochemical data
that characterize the dehydration reaction of the mycosporine
serinol, using the Egns (5) and (6). The values then obtained are re-
ported in Table 4.

From the data presentedin Table 4, it appears that the results ob-
tained from the two data treatment procedures are consistent
there between. The very low values of £, and A7H " suggest that

0,5 4 \
-

Ia[k(T]

-5

00018 00019 (XU 00021 0.0022 0023

1"

00016 0.0m7 00018 0.0019 00020 0.0021
UTK"

Figure 7. Arrhenius plots for the dehydration reaction of the mycosporine serinol obtained from time resolved mass spectrometry measurements using
DART-TOF analysis and data treatment by means of a) procedure A (R° =0.965) and b) procedure B (JF?2 =0.984) (see experimental section).
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Table 4. Thermochemical data obtained from Arrhenius diagrams
plotted for the dehydration reaction of the mycosporine serinol ana-
lyzed by time resolved mass spectrometry measurements using DART-
TOF analysis and data treatment by means of the procedure A and B de-
scribed in the experimental section

Thermochemical data Procedure A Procedure B

Slopes values (a) —3067K”" —4300K™"

Intercept (b) 3.97 672

Activation energy (E.) 25 kimol ™' 36k mol "

Arrhenius pre-exponential 535" 835"
factor (Ape

Activation enthalpy (AfH,)® 21k mol™! 32K mol ™!

Activation entropy (AS,)®  —224Jmol” 'K~ —201Jmol 'K’

“Calculated by considering a temperature of 480K corresponding to
the mean actual temperature used in each analytical procedure A
and B.

such a dehydration reaction could likely occur with natural stimuli
such as a warm-up at ambient temperature or under sun exposure.
The magnitude of these values is even in the range of the water va-
porization enthalpy.®" This is in agreement with the fact that
mycosporines are usually considered to act as a chemical agent that
participates to the defence against desiccation as proposed else-
where in literature®*** One can also propose that this dehydra-
tion reaction could lead to a compound which absorbs in the UV
range with a higher molar extinction coefficient than the
mycosporine itself if the loss of the water molecule yields an
insaturation on the cyclohexenone moiety. Such an assumption
should be confirmed by molecular modeling.

Ifthe A, factor value cannot be determined with a high accuracy
(see Table 4), the corresponding A,*fm' quantity appears to be char-
acteristic of a surface reaction. For a better examination of such an
assertion, one can be referred to the expression of these parame-
ters in the context of the transition state theory (TST) by using sta-
tistical thermodynamic that describes the relationship between the
A,e and the molar activation entropy according to the following
formula:253%1

keT Qf-QF-Qh, _ kel (Afs:n)
=5 = ——.exp(1)-ex (8)
e h Qu‘er‘wa h XF'( ) P R

In Eqn (8), kg is the Boltzmann constant, h is the Planck constant
and Qand Q* are the partition functions for the reactant at the ini-
tial state and the activate complex at the transition state, respec-
tively. Note that in Eqn (8), the subscript tr, rot and vib represent
the translational, rotational and internal vibrational motions of the
molecule, respectively.””!

Knowing the value of the reaction entropic barrier of about
—200Jmol~ "K' (see Table 4), the examination of Eqn (8) sug-
gests that the mycosporine dehydration reaction involves an unfa-
vorable entropic factor that can be explained as follow. The
conversion at the surface of unhindered translational degrees of
freedom to a translationally constraint transition state would con-
tribute first to lowering AFS, through the quantity @ /Q, %
The unfavorable entropic factor can also be related to the chemical
reactivity of the mycosporine serinol through the water molecule
loss reaction. Indeed this one is known to proceed via a concerted
mechanism involving an activated complex characteristic of a

rearrangement reaction.”®’ With this behavior, internal rotations
characterized by low values of vibrational frequency can be con-
verted to out-of-plan vibration of relatively high frequency values
leading to vibrational partition functions of the activated complex
that differ from the vibrational partition functions then implying
Qi < Quie- One will note that concemning the ratio @7,/ Qe the
same explanation can be made for the rotational degrees of free-
dom of the overall reactant and transition state than for the ratio
Q% /Qur. Nevertheless if the evaluated entropic factor from the time
resolved mass spectrometry measurements using DART-TOF analy-
sis of the mycosporine appears unfavorable to a spontaneous pro-
cess of dehydration, this one is dramatically overcome by a
favorable energetic factor highlighted in this study by the evalua-

tion of £, and AIH, .

Conclusion

This study demonstrates for the first time the possibility to use
DART-MS analysis as well as for in situ detection of lichen metabo-
lites than for thermochemical studies of reactions ongoing
under the conditions of DART ionization process. DART-MS analy-
ses herein described on our lichenic samples afforded immediate
in situ detection of most known polar secondary metabolites
from L. pygmaea without wiping or solvent extraction. Such an im-
mediate access to elemental composition from crushed material
emphasizes the potential of DART-MS as an early and refined
dereplication tool. In our example, elemental formulae have
been proposed for the signal detected at m/z 312 which may be
attributed to the presence of an unknown secondary metabolite,
calling for further investigations. We also report on some prelimi-
nary information regarding the distribution of mycosporine serinol
within the thallus. Absence of DART-MS detection from the
external part of the cortex is suggesting its location in the deep
layers of the lichen. Imaging mass spectrometry techniques
(MALDFimaging, TOF-5IMS) are currently undertaken to map more
accurately its distribution within the thallus. Given the surprising
reactivity of mycosporine serinol, aqueous solutions of other
mycosporines were submitted to DART-MS analysis (mycosporine
glutamicol and mycosporine glutamicol ethyl-ester) (data not
shown). Both of them displayed the same behaviour with a
dehydration ongoing. So far, despite having successfully analyzed
an array of typical lichen structures using DART-MS (comprising
depsides, depsidones, aliphatic acids and quinones)!*’ this
dehydration reaction appeared to be somehow specific to
mycosporines. Hence, realtime detection of dehydration arising
from nitrogen-containing compounds within lichens may serve as
a hint to screen for mycosporines.

Besides the use of DART-MS for chemical profiling purposes,
the consideration of the thermal transfers in such an ambient
ionization source has allowed us to reach thermodynamic quan-
tities associated with the dehydration reaction of one of these
metabolites, mycosporine serinol. Such a monitoring is possible
thanks to (1) real-time acquisition of mass spectra and (2) the
possibility to control the temperature of the helium stream.
The low mean activation enthalpy value of this reaction esti-
mated in this paper (~25kJ mol ") led us to an assumption re-
garding the putative role of mycosporine serinol in preventing
lichen's dehydration. As Lichina pygmea is an altematively sea-
immerged and atmosphere-dried lichen, this observation could
be of concem with its adaptation to environmental stress
desiccation.

J. Mass Spectrom. 2015, 50, 454-462

Copyright © 2015 John Wiley & Sons, Ltd.
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Therefore, DART-MS, alongside other mass spectrometry, shows
promising results in exploration of lichenic chemodiversity and ap-
pears as a powerful tool, not only for dereplication but also to get
new insights into chemical ecology.
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b. Profilage chimique d’Ophioparma ventosa et études
phytochimiques associées

Un second volet de I'étude DART s’est articulé autour d’'un chlorolichen crustacé alpin, Ophioparma
ventosa.

- Embranchement : Ascomycétes
- Classe : Lécanoromycetes

- Ordre : Lécanorales

- Famille : Ophioparmacées

- Genre : Ophioparma

- Espece : ventosa

Ophioparma ventosa est un lichen crustacé dont le thalle est bien délimité au pourtour et qui arbore
une couleur jaune plus ou moins nuancée de verdatre ou de gris. Le thalle, dont I'épaisseur va de 2 a
10 mm, est crevasseé et présente une surface aréolée-verrugueuse. La micro-algue verte est de type
trébouxioide. Les apothécies, l|écanorines (dont le rebord régresse toutefois au cours du
développement), sont caractérisées par une vive coloration rouge-écarlate et mesurent de 2 a 4 mm
de diameétre. Les asques contiennent 8 spores incolores contenant 5 a 7 cloisons et sont de
dimension 40-50 x 4-5 ym. Une description histologique plus précise de ce lichen est fournie dans la
publication relative a I'imagerie des composés au sein de coupes d’Ophioparma ventosa.

Ce lichen, de chimie complexe et variable (May, 1997; Skult, 1997), est caractérisé par la présence de
polyphénols lichéniques typiques appartenant a plusieurs familles structurales (depsides,
dihydrodibenzofurane, naphtoquinone, acides gras, parfois depsidones). Ce lichen arbore de nettes
différences de couleur entre ses apothécies de couleur rouge et le reste du thalle qui présente des
teintes variables allant du gris au vert en passant par le jaune, ce qui en fait également un modéle de
choix pour réaliser de I'histolocalisation. Le profilage DART-MS directement réalisé sur du lichen
broyé a permis de générer un profilage chimique complet et a notamment révélé la présence d’acide
miriquidique, depside rare et inconnu a ce jour chez O. ventosa, soulignant l'intérét du DART pour la
déréplication de polyphénols lichéniques. L’exhaustivité de l'information fournie par le DART-MS a pu
étre établie par une analyse phytochimique compléte de ce lichen. Des analyses comparées des faces
supérieure et inférieure de ce lichen au thalle épais livrent également quelques premiers éléments
concernant la distribution des composés dans le lichen. Cet axe de travail a donné lieu a un article a
paraitre en 2016 dans Phytochemical Analysis (Le Pogam et al., 2016a). Les documents
complémentaires associés a cette publication sont présentés en Annexe 4 (p. 214). Les familles
structurales identifiées au DART lors de ce travail sont les suivantes: depsides, depsidones,
naphtoquinones, dihydrodibenzofurane et acides gras (Figure 18).
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In situ DART-MS as a Versatile and Rapid
Dereplication Tool in Lichenology: Chemical
Fingerprinting of Ophioparma ventosa

Pierre Le Pogam,® Anne-Cécile Le Lamer,*”* Béatrice Legouin,* Joél Boustie®
and David Rondeau““*

ABSTRACT:

Introduction - Lichens widely occur all over the world and are known to produce unique secondary metabolites with various bi-
ological activities.

Objective - To develop high-throughput saeening approaches requiring little to no sample preparation to alleviate the
dereplication holdup and accelerate the discovery workflow of new structures from lichens.

Methodology - The extracellular distribution of lichen metabolites is incentive for in situ chemical profiling of lichens using the
ambient mass spectrometry DART-MS. For this purpose, the chlorolichen Ophioparma ventosa, producing an array of lichen poly-
phenolics that encompass the main structural classes associated to lichen chemodiversity, re presented arelevant model to assess
the versatility of this platform. The feasibility of this approach was first established by analysing the pure compounds known
from this species prior to being extended to different solid organs of the lichen.

Results - All tested compounds could be detected in positive and negative ion modes, most often with prevalent protonated or
deprotonated molecules. Only depsides underwent a significant in-source fragmentation in both ionisation modes, which should
be regarded as an added value for their structural elucidation. In situ DART-MS analyses of Ophioparma ventosa provided an
extensive chemical profile and noteworthy pinpointed miriquidic acid, an unusual lichen depside so far unknown within this
species. At last, in situ DART-MS granted a first insight into the distribution of the metabolites within the lichen.

Conclusion - DART-MS represents a versatile tool to the wide field of lichenology, facilitating accelerated and sharp analyses of
lichens and bypassing costly and tedious procedures of solvent extraction. Copyright © 2016 John Wiley & Sons, Ltd.

B Supporting information can be found in the online version of this article.

Keywords: Lichens; polyphenolics; in situ DART-MS
_______________________________________________________________________________________________________|]

environmental analysis, food safety testing, forensics and analyses
in the realm of natural products (Cooks et al,, 2006). Several advan-
tages can be expected from such approaches: no extraction steps

Introduction
Lichens are worldwide distributed symbiotic organisms mostly

consisting of an association between a fungus and an alga. Valua-
tion of lichens unigue metabolites for therapeutic purposes is gen-
erating an increasing interest (Shukla et al,, 2010) pledging for the
development of refined dereplication tools to focus on minor and
unknown metabolites. Liquid chromatography-electrospray
ionisation-mass spectrometry (LC-ESI-MS) remains the most com-
mon dereplication approach in lichenclogy, often associated with
detection in MS/MS or MS"” mode (Le Pogam et al, 2015a). Since
many lichen metabolites are shown to crystallise on the external
surfaces of hyphae (Boustie et al, 2011), new trends in lichenology
include in situ analysis to get information directly from the natural
complex matrix (Le Pogam et al, 2015a).

Some innovative in situ approaches rely on recent methods of
MS such as desorption electrospray ionisation (DESI) and direct
analysis in real time (DART) that create ions outside the instrument,
hence giving ability to record mass spectra on samples in their
native environment without any preparation or pre-separation
(Li et al, 2013). lons released through the sample surface are
transported through the air in a conventional mass spectrometer
resulting in straightforward analysis. Owing to their versatility,
those ambient M5 techniques generated great interest in many
fields:  high-throughput  saeening of phammaceuticals,

avoiding chemical artefacts, qualitative and quantitative informa-
tion obtained within a few minutes and direct analysis of genuine
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compounds, including access to the regional distribution of
metabolites (Sica et al, 2014).

DART atmospheric pressure ionisation is one of those ambient
ionisation sources that enable mass measurements of gas, liquids
and solid samples (Li et al,, 2013). Itinvolves a stream carrying neu-
tral helium atoms in a metastable (excited) state that induces Pen-
ning ionisation of atmospheric water to yield protonated clusters
{H50),H0™ that further ionise analytes through gas-phase proton-
ation (Cody et al, 2005). A transient microenvironment mecha-
nism, involving the desorption of the volatle matrix, can also
account for a direct ionisation when the gas stream is in contact
with the sample (Song et al,, 2009). This previous step of suface
desorption leads to relate DART ionisation efficiency to the proton
affinity of the analytes, but also to the temperature and the flow
rate ofthe metastable atom and to the boiling point of the analyte
(Zhou et al, 2010). Patented in 2005, DART-MS showed up as a
versatile analytical platform, successfully applied to a variety of
samples including biological matrices (Gross, 2014).

Such features prompted us to try in situ DART-MS analyses for
chemical profiling of lichens. We recently reported on in situ
DART-HRMS analyses of sugar derivatives and nitrogen-containing
metabolites in the cyanolichen Lichina pygmaea, highlighting its
potential as an accelerated dereplication tool (Le Pogam et al,
2015b). To further evaluate the advantages offered by DART-HRMS
in lichenology, its adequacy for in situ detection of archetypal
lichen polyphenclics such as depsides and depsidones remained
to be determined. For this purpose, the chlorolichen Ophioparma
ventosa was selected as a relevant model since itis described to
contain a wide array of typical lichen structures (Skult, 1997; May,
1997). Ophioparma ventosa (L) Norman also represents a well
fitted model to study the spatial allocation of lichen polyphenolics
between its bloodred fruiting bodies (apothecia) and the
grey/yellowish rest of the lichen (thallus).

A first insight into the chemical profile of our sample of
Ophiogparma ventosa was provided by high performance liquid
chromatography-diode array detector-mass spectrometry (HPLC-
DAD-MS) analyses of the whole lichen. Preliminary DART experi-
ments using pure compounds classically described within O.
ventosa were then conducted to study the behaviour of lichen
polyphenolics with this ion source. At last, direct in situ DART-
HEMS analysis of lichen material, including both thallus and
apothecia, were achieved and compared to HPLC-DAD-MS and
phytochemical investigation.

Experimental

DART-HMRS

Al analyses were performed using a JEOL JMST100CS (AccuTOF CS
orthogonal time-of-flight (TOF) mass spectrometer (Peabody, MA, USA)
equipped with an lonSense DART Source (Danvers, MA) (Model DART
100). Ultra-high purity helium was used as reagent gas at a flow rate of
4 L/min and under a temperature value of 523 K The following DART-
needle, discharge electrode, and the grid electrode voltage values used
were 3500, £150, and +250 V, respectively. The voltage values of orifice 1,
orifice 2, and the ring lens were set at 15, 5, and 10 V, respectively. The
orifice 1 temperature was kept at 353 K The detector voltage was set at
2300 V. The mass spectra were recorded every second with a resolution
of 6000 [full width at half maximum (FWHM) definition]. The mass scale
was calibrated using the [M + H]" ion series of a polyethylene glycal diluted
in a dichloromethane/methanol mixture (1:1) and [M-H] ion series of a
polyethylene glycol sulphate in negative ion (NI mode (both purchased
from Aldrich-Sigma, St Quentin Fallavier, France). To perform accurate mass

measurements, the mass drift compensation procedure available on the
main program that controls the AccuTOF C5 was used to compensate for
the myz drift in the mnge of 100 to 500 Da.

DART-MS analyses of the intact pieces of Ophiopama ventosa were per-
formed by holding the sample between tweezers directly under the helium
stream. DART-MS acquisitions of compounds in solid form and crushed
lichens were performed by presenting a glass rod previcusly dipped inside
the powdered compound or crushed lichen. DART-MS analyses of liquid
samples were achieved by depositing 10 pL of solution at the surface of a
glass rod located in front of the ion source.

To estimate the distribution of the metabolites within Ophioparma
ventosa thallus, DART helium stream was directed towards both faces of a
single piece of thallus. First, the lower face was analysed (0.2-0.5 min) prior
o being withdmwn from the source so that all spedies could disappear
from the mass spectrum. During a second period of time (0.6-0.9 min),
the upper side of the piece of lichen was analysed. Reconstructed ion
chromatograms (RICs) were then considered for m/z values of interest by
dragging over the width at 20% of the top of each mono-isotopic peak.

HPLC-DAD-M5

The HPLC system (Prominence Shimadzu, Marne La Vallée, France) was
equipped with a Kinetex Cyg HPLC column (100 mm = 4.6 mm - 26 pm -
100 A, Phenomenex) and consisted of a quaternary pump (LC20ADSP), a
surveyor autosampler (SIL-20AHT), and a DAD (SPD-M20 A) scanning the
wavelength range from 220 to 600 nm. HPLC analysis was performed by
gradient elution using the following pammeters: A (011% formic acid in wa-
ter) and B (acetonitrile). T: 0 min, 20% B; 0~25 min, 80% B linear; 25-30 min,
100% B linear; 30-35 min, 100% B; 35-40 min, 20% B linear. The flow rate
was 0.5 mbL/min,

The LC-ES| and ESFMS” mass spectra were obtained from a LCQ Deca ion
rap mass spectrometer (Thermo Finnigan, Villebon sur Ywette France)
equipped with a ESl source (spray voltage 3.5 kW, sheath gas: nitrogen 60
arbitrary units, auxiliary gas: nitrogen 5 arbitrary units, capillary temperature
220 *C and capillary voltage +36 and —27 V) in positive and negative
ionisation modes, respectively. The M5” spectra were recorded using condi-
tions described elsewhere (Parrot et al, 2013).

Chemical reagents

Analytical and HPLC grade sohvents for extraction and for chromatography
were purchased from Carlo Erba Reactifs (Val de Reuil, France). HPLC grade
water was obtained by an EasyPure (Bamstead, NH, USA) water purification
system. Deuterated solvents were purchased from Euriso-top (Gif-sur-
Yvette, France). All other chemicals and standards were available from
VWR international (Radnor, PA, USA). Lichen compounds were isolated
during previous phytochemical investigation or as described herein,

Lichen material

Ophioparma ventosa was harvested in Obergurgl (Austria) (April 2008) and
identified by Pr. ). Boustie. A voucher specimen is kept in the labomatory
with the reference JB/09/158. The phytochemical investigation of Q.
ventosa is detailed in the Supporting Information.

Results and discussion

HPLC-DAD-MS analysis of Ophioparma ventosa extracts

The chemiaal profiling of Ophioparma ventosawas first assessed by
HPLC-DAD-MS analyses of its acetone extract (Fig. 51, Supporting
Information). MS analyses were conducted wsing an ESI source
either in Pl or NI mode (Table 51, Supporting Information).
Haemoventosin (1) was the only molecule detected in positive
ion (Pl) mode, as a [M + H]™ of m/z 305 value. This protonated mol-
ecule lost a water molecule to yield a m/z 387 fragment ion upon
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collision-induced dissociation (CD). All other molecules were only
detected using NI mode, which led to characterise the presence of
thamnolic acid (2), divaricatic acid (4) and usnic acid (5). Values of
m/z ratios of the major peaks detected on the ESI mass spectrum
are in agreement with the formation of the [M-H]™ ions from all
aforementioned metabolites. CID-MS/MS spectra obtained from
the selection of each [MH]™ parent ion of compounds 2, 4 and
5 show the formation of fragment ions (Table S1).

For the three species 2,4 and 5, the product ions are consistent
with metastable dissociations of [M-H] ™ ions of lichen compounds
obtained by fast atom bombardment (NI-FAB) (Helzmann and
Leuckert, 1990) and laser desorption/fionisation mass spectrometry
(NI-LDI-MS) (Le Pogam et al, 2015¢) (Table 51). In the case of usnic
add (5), the only fragment ion (m/z 328) thatis detected in nega-
tive (D-MS5/MS from the selection of the m/z 343 ion is due to the
loss of a methyl radical leading to an energetically favoured diben-
zofuran system as described elsewhere (Huneck and Schmidr,
1980). Such an exception to the “even-electron rule” upon low-
energy collision induced decomposition in NI-ESI-MS/MS has been
already mentioned when the product ion is a radical anion
stabilised by resonance (Cai er al, 2010). LC-MS analysis
pinpointed the presence of a fifth metabolite (3), which was not
matching with any previous reports on Ophioparma ventosa. The
exclusive ionisation of this molecule in NI mode and the two co-
occurring fragments suggest the presence of a depside. The next
step was to compare the chemical profile provided by this bench-
mark method to that provided by in sitw DART-MS analyses. Owing
to the chemical reactivity that can be associated to the DART-MS
ionisation process (Le Pogam et al, 2015b), the expected single
compounds were first analysed with this ion source to establish
their spectral signatures prior to investigating the lichen material.

DART-HRMS analysis of metabolites expected within
Ophioparma ventosa
Literature data suggest the possible occurrence of a dozen of

metabolites for Ophioparma ventosa, covering several major clas-
ses of lichen polyphenolics. The investigation of DART mass

spectrometric behaviour was thus extended to some depsidones
(stictic acid, norstictic acid, psoromic acid) and a depside
(atranorin) alongside molecules identified during HPLG-MS analy-
sis (May, 1997) (Fig. 1). Those molecules were isolated and identi-
fied in the laboratory, some of them being purified during the
concomitant phytochemical study undertaken on O. ventosa (for
chemical details, see Supporting Information).

A first outcome is that all the tested compounds could have
been detected in both ionisation modes under DART-HRMS condi-
tions. The accurate mass measurements were performed from the
maost intense ions and each experimental value was compared
with the theoretical masses (Tables 52 and 53). In all cases, only
one molecular formula was proposed.

Dibenzofuran-related usnic acid. As a major and constant
component of Ophioparma ventosa, and a recurrent metabolite
in many lichens, mass spectrometric behaviour of usnic add under
DART conditions was of particular significance. In both ionisation
modes, the accurate mass measurements performed from the
mass spectrum of a solution of usnic acid led to the detection of
prevalent [M-H]~ (m/z = 343.0826) and M + HI® ions
(mfz = 345.0972) (Fig. SZ Tables 52 and 53).

The ion observed in Fig. S2(A) at m/z 329.0671 (Cy;H,:05, Table
52) originates from the loss of a methyl radical from a radical anion
of usnic acid. This reactivity has been previously described in the
literature during the analysis of lichen compounds in MS using soft
negative ionisations (Huneck et al., 1968 Holzmann and Leuckert,
1990; Le Pogam et al, 2015c).

Depsidones. Several depsidones have been described within
Ophioparma ventesa including stictic, norstictic and psoromic
acids (May, 1997). Given the poor solubility of depsidones in most
solvents, their analysis was directly achieved using powders rather
than solutions. DART-MS analyses were thus carried out by submit-
ting to the warm-up metastable helium stream a glass rod previ-
ously dipped into the powdered compound. DART-MS ability to
analyse powders is of specific interest for the study of lichen me-
tabolites since many of them are poorly soluble in usual solvents
(Kristmundsdottir et al., 2005). In both ionisation modes, all three

Depsides
OH COOH
[a]
OH
~o OH ~o OH
COOH
Divaricatic acid Thamnalic acid Alranorin
CaHzaOr CigH1g0yy CygHq0p
Dihenzafuran derivative Quinone
? 3\ f |' C OH ©
; : CHO  COOH
Stictic acid (R = CH3) Psoramic acid {+}- Usnic acid © (+)-Haemoventosin
C1aH140g CigHa40s CiaHig07 CasHa07
Marstictic acid (R = H)
CygH120y

Figure 1. Structure of lichen compounds described in Ophioparma ventosa.
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depsidones were detected through their protonated or
deprotonated molecule (Fig. 53-55; Tables 52 and 53).

Naphthoquinone. Haemoventosin is the main naphthazarin
dye accounting for the deep red colour of the apothecia (Le
Pogam et al, 2016). A complex pattern of signals appeared during
the mass spectrum acquisition, with two successive Pl mass
spectra (Fig. 2). Whereas only the protonated molecule of
haemoventosin is found at the beginning of the DART-MS analysis,
two additional signals appear at m/z 303 and 307 framing the m/z
305 ion after a dozen of seconds. This behaviour refers to the
bimolecular reactivity of quinone and hydroguinone type
compounds (Chambers, 1974). These signak arise through a
thermally activated redox reaction between the quinone and
hydroquinone functions of haemoventosin (Fig. 2). NI-DART mass
spectrum of haemoventosin revealed a similar pattermn of signals
related to its bimolecular reactivity (Fig. 56). The presence of m/z
304 ion in the NI-DART mass spectrum stems from an electron
capture reaction related to the DART process (Fig. 2). This also ac-
counts for the detection of m/z 302 since the diquinone systerm
might not lose a proton.

Depsides. Literature data suggest possible occurrence of four
depsides within Ophioparma ventosa: divaricatic, thamnolic and
decarboxythamnolic adds and atranorin (Skult, 1997; May, 1997).
Instability of thamnolic acid due to its trend to decarboxylate is a
well-established process so that decarboxythamnolic acid was
regarded as an artefact rather than a genuine lichen molecule
(Culberson et al, 1977, 1986). Therefore, only the behaviour of
the three other depsides under DART-MS conditions was
investigated.

The NFDART mass spectra reported in Fig. 3 displayed promi-
nent signals attributed to the [M-H]™ ions of divariatic acid
[Fig. 3(A)], decarboxythamnolic acid [Fig. (3B)] and atranorin
[Fig. 3(Q)] as confirmed by the results of accurate mass measure-
ments (Table S2).

The NI-DART mass spectrum of divaricatic acid can be
interpreted straightforward by referring to the NI-ESI-MS/MS re-
sults (Table 51), except for an additional m/z 165. This fragment
ion might arise from a decarboxylation reaction occurring from
m/z 209, respectively. One can note that m/z 177 identified from
ESI-MS/MS spectra of divaricatic acid (Table S1) did not show up
in NI-DART-MS.

Regarding the MNI-DART mass spectrum of thamnolic acid
[Fig. 3(B)], the ion of highest m/z ratio {(m/z 375) corresponds to
the [M-COx-H]™ species. As discussed earlier, this one is refer-
enced as being produced by a thermally induced deaarboxyk
ation reaction when thamnolic acid is submitted to MS analyses
(Culberson et al, 1977). Despite this, m/z 225 and m/z 211 signals
observed in the NI-DART-MS of Fig. 3(B) are in agreement with
the chemical structures in the case of the ESI-MS/MS experiments
performed from the [M-H]™ m/z 419 of thamnolic acid (Table S1).

Finally, the NI-DART-MS spectrum of atranorin [Fig. 3(C)] re-
vealed besides its deprotonated molecule at m/z 3730926 a signal
labelled at m/z 1950450 corresponding to C;3H;0; (Table S2),
which is inconsistent with the structure of atranorin. This signal is
maost likely explained by the overlapping peaks of elemental com-
position CygHy104 (195.0663) and CgH70s (195.0299). The molecu-
lar formula retrieved from m/z 163.0393 (GH,04) is consistent with
the loss of a methanol molecule from the alcohol moiety of
atranorin [see blue arrow in Fig. 3(Q), as described ekewhere
(Musharraf et al, 2015). The m/z 177.0191 ion would be rather

due to the loss of water molecule from the m/z 195.0299 ion [see
green arrow in Fig. 3(Q)].

Alcohol and carboxylic acid moieties might serve as landmarks
when screening for depsides using NI-DARTMS. These specific
cleavages of the ester and ether bonds, as depicted on Fig. 3,
respectively through the blue and green arrows, are typical frag-
mentation processes of depsides described using other sources
such as ESI-MS (Bouchoux, 2013), LDI-MS (Le Pogam et al, 2015c¢)
and FAB-M5 (Hokmann and Leuckert, 1990).

The PI-DART mass spectrum of atranorin revealed a prevalent
protonated molecule at mfz 375 alongside other ions at miz 179
and 197 [Fig. 4(A-(D]]. The formation of these species could be
due etther to a thermal degradation of the analyte before
ionisation or to the dissociation of the gaseous ion at m/z
375.1080 from an in source CID. The elemental compositions re-
trieved for m/z 179.0340 (oxonium ion) and 197.0793 (protonated
carboxylic acid) are in agreement with that of fragment ions pro-
duced in the interface of the DART source. This zone facilitates
the observation of completely desolvated ions by raising the po-
tential difference between focus items delimiting the intermediate
pressure area, better defined here as the orifice 1. However, as the
electric fields increase, the desolvated ions can also undergo an in
source-CID process that leads to the formation of fragment ions. If
the relative intensities of low m/z ratio ions produced into the ion
source increase with the orifice 1 voltage value while the relative
intensity of the higher m/z ratio ion decreases, then the two pro-
cesses can be related. PI-DART mass spectra of atranorin recorded
at different orifice 1 voltage values are displayed in Fig. 4(A)-(D).
The intensity of m/z 375 decreases as orifice 1 voltage increases
until its complete disappearance for a value of 45 V. It appears that
the ion at m/z 197 is the most intense signal when DART mass
spectra were recorded at orifice 1 values of 5V [Fig. 4(A)), 15 V
[Fig. 4(B)] and 25 V [Fig. 4(Q)]. Its relative intensity decreases as
the orifice 1 value reaches 45 V [Fig. 4(D)] whereas the signals at
m/z 179 and 165 have inaeased with the desolvation energy, ie.
from 15 to 45V [Fig. 4(B)-(D)].

From these observations, a fragmentation mechanism has been
proposed (Scheme S1). Mote that this putative pathway is sup-
ported by MS/MS experiments performed from the protonated
molecule of atranorin (Longevialle, 1992; Bouchoux, 2013). Never-
theless, as previously noted in this paper, the ESlin Pl mode cannot
lead to the observation of the [M + H]™ ion of atranorin.

Since thamnolic acid immediately decarboxylates under DART-
MS ionisation conditions, the study of its behaviour can be asso-
ciated to that of decarboxythamnolic acid with m/z = 377.0874 as
[M + HJ*. As for atranorin, the mass spectrum revealed carboxylic
acid and oxonium ions at respective m/z ratios of 2270556
(CyoHy104), and 2090444 (C,,H,0.) [Fig. 4(E)]. A third signal at
m/z 169.0532 (CgHy0,) was in agreement with an alcohol moiety
of decarboxythamnelic acid analogous to that observed in NI
mode. The elemental composition proposed for 191.0342
(CioH704) is consistent with the loss of a water molecule from
the oxonium fragment. The PFDART-MS analysis of thamnelic
acid can lead to a proposition of fragmentation mechanisms
regrouped in Scheme 52.

As shown in Fig. 4(F), the PI-DART mass spectrum of divaricatic
acid does not lead to detect a characteristic [M + H™ ion at m/z
389. Therefore, the origin of the ionsobserved in this PI-DART mass
spectrum cannot be investigated, ie. thermally activated during
the warm-up by the helium stream or dissociated by in source
apD in the desolvation interface. However, the structures of ions
detected in Fig. 4(F) are in accordance with carboxylic acid
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scheme

{211.0966), oxonium (193.0863) and alcohol (197.0808) moieties
(Fig. 57).

Fragmentation pattems described from depsides listed earlier
can lead to propose three signals as signatures for PI-DART-MS,
i.e. carboxylic acid, oxonium and akohol moieties (Fig. 5), alte-
gether with NI-DART-MS landmarks, i.e. alcohol and carboxylic
add. Such in source-CID process of depsides in both ionisation

modes shall be considered as an added value for their structural
elucidation (Fig. 5).

0On the whole, DART-MS showed up as a promising tool for de-
tection of lichen metabolites through the detection of protonated
and deprotonated molecules (depsidones, usnic  acid,
haemoventosin and depsides in NI mode). Owing to DART-MS
adequacy for detection of typical lichen polyphenolics being

wileyonlingibrary.com/journal/pca

Copyright © 2016 John Wiley & Sons, Ltd.

Phytochem. Anal. 2016, 27, 354-363

90



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

Phytochemical

In situ DART-MS analysis of the lichen Ophioparma ventosa Analysis
x10°  Arbitrary Units Divaricatic acid
CasHuOr
2500, A oH
[M-CyiHesDs]" 5 cOoH
2000 195.0662 ..
b
1500 [M-GoH130n]” Y
MCuHureol | o
w11 i,
10001 ey orer [ |
[M=C1oH 11 04-C 0] [maH]
500 165.0911 3871434
| |
150 200 250 300 350 400
i Arbitrary Units COOH Thamnalic acid
10 [M-CieHs0s-COZ]"  [M-CsHO:] o Caltnty,
B 1s7.0862 225.0420 o
P Y
£ Lo M-COsHI"
A 3750723
& [M-C:H; 05O o oM
181.0508
4
2 [M-C1sHs O] [M-2€0z-H]
|z1uT¢s 331.0810
|
150 200 250 300 350 ) 400
mfz
¥105  Arbitrary Units mﬁ
6000 Rk
C "
373.0026
4000
195.0450
20001 1y CuH,0u-CHOH]'
1630393 | i
[M-C i1 03-H:0]
| 17?.01“'_
[ L
150 200 250 300 350 400

m/z

Figure 3. NFDART-MS specra of divaricatic acid (A), thamnolic acid (B) and atranorin (C).

demonstrated, in situ detection was further attempted from raw
lichen material. Diagnostic signals expected for metabolites
contained within the sample of Ophioparma ventosa are collated in
Table 1.

DART-HRMS analyses of Ophioparma ventosa

To check whether DART-MS represents a fitting tool for in situ
chemical fingerprinting of lichens, a first step was to directly
analyse the crushed lichen material, including both thallus and
apothecia.

In situ analysis of whole crushed lichen. Analyses performed
in either Pl or NI modes on crushed total lichen instantly revealed
some aforementioned molecules.

NI mode mass spectrum [Fig. 6(A); Table S4] displayed peaks
standing for divaricatic acid (m/z 195, 209, 387), thamnolic acid
(m/fz 167, 225, 375), haemoventosin (m/z 303, 305) and ushic acid
(m/z 343). Of special interest is the occurrence of some unassigned
peaks that do not correspond to any pure compound previously
analysed (m/z 223, 251, 255, 279, 281, 283 and 403) suggesting
the occurrence of additional metabolite(s) within Ophioparma
ventosa. Interestingly, m/z 223 and 251 most likely correspond to

signals associated to the unidentified compound 3 detected in
LC-DAD-MS analysis.

In Pl mode [Fig. 6(B); Table S5], signals coresponding to
divaricatic acid (m/z 167, 193, 197, 211), thamnolic acid (m/z 169,
227, 377) haemoventosin (305) and usnic acid (345) could also
be evidenced, as well as unknown peaks (m/z 225, 253 and 405)
that correspond to those observed in NIl mode, and an additional
peak at m/z 235,

The couple of negative and positive ions (respectively m/z
403:405) stood for a molecular formula of C,;H 4,0, which is con-
sistent with a tetrahydroxyfatty acid previously reported within
Ophioparma ventosa, ventosic acid (Fig. 6). In the rest of this paper,
such couples of ions will be referred to as (m/z xuyy) where s and
yy are nominal masses of the ions measured in NI- and PI-DART-
MS, respectively.

Regarding the other unassigned peaks, signals detected at
m/z  22309892251128 (standing for Ci:Hqe0s)  and
251.0913:253.1088 (accounting for C;3Hs0s) were accompanied
by a third unassigned signal at m/z 235.0931 (standing for
Cy3Hy504) exclusively observed in Pl mode. The joint occurrence
of those latter (m/z 253 and 235) differing by H,0, with the lighter
missing in NI mode set typical DART-MS landmarks of a depside, as
defined earlier. According to this proposed fragmentation scheme,
these fragments might reveal a complete molecular formula of
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Figure 5. Putative structures of diagnostic ions of depsides submitted to

Pl- and NI-DART-MS analyses.

Ca5H3005 for a nominal mass of 458 Da (C:He04 + CiaHisOy —
2H), which is in agreement with the detection of a deprotonated

molecule at miz 457 for compound 3 in NI-ESI-MS (Table 51). This
pattern of signals has been compared with secondary metabolites
described in lichens. Five lichen metabolites displayed such molec-
ular formula, four of them being depsides. Only two of them,
glomelliferic acid and miriquidic acid, were compatible with the
aforementioned fragmentation process. Such isomers, only differ-
ing by the position of the ketone moiety on the side chain, could
not be distinguished by MS. A phytochemical investigation
enabled identifying this depside as miriquidic acid, reported here
for the first time in a sample of Ophioparma ventosa (Fig. 6).
DART-MS analyses of pure miriquidic acid confirmed this putative
fragmentation process that fits the dissociation pathway proposed
for the other depsides (Fig. S8; Tables S6 and 57). One should note
that miriguidic acid Pl and NI DART-MS spectra do not reveal
protonated and deprotonated molecules, respectively.

At last, NI-DART-MS spectrum revealed some further signals
(mfz 2552; 2792; 2812; 283.2) with that of fatty acids 16:0,
182, 18:1 and 18:0, respectively. These series of fatty acids are

wileyonlingibrary.com/journal/pca Copyright © 2016 Jo
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Usnic acid
Haemowventosin
Divaricatic acid
Thamnolic acid

Table 1. PI- and NI-DART-MS signals for metabolites occurring within the sample of Ophioparma ventosa

Negative ion (NI) mode signals

329, 343
302, 303, 304, 305
195, 209, 387 (151, 165)
167, 211, 225, 375

Note: numbers indicated between brackets refer to second generation fragments and thus do not stand among the signature signals

Positive ion (Pl) mode signals

345
303, 305, 307

193, 197, 211 (153, 167)

168, 209, 227, 377 (165, 191)

described earlier.
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Figure 6. In sty DART-MS spectra of whole crushed Ophioparma ventosain (A) NI and (B) Pl modes. Numbers assodated to the molecules are given accord-
ing to their retention time using HPLC-MS (see Table 51). Red = haemoventosing blue = thamnalic acid; purple = divaricatic add; yellow = usnic acid

Compounds identified within Ophioparma ventosa using DART-MS (C).

known to be the most common among lichens and as such,
GC-MS analyses of Ophioparma ventosa demonstrated the
occurrence of palmitic, linoleic, oleic and stearic acids within this
lichen (Rycroft et al, 1995). This supports NI-DART-MS adequacy
for detection of fatty acids, as recently outlined (Cody et al,
2015).

Then, to reach distribution pattemns of secondary metabolites
within Ophioparma ventosa, apothecia and thallus were separately
presented in front of the DART-MS ion source. Given apothecia’s
thinness (in micrometres), analysis of uncrushed material was pre-
sumed to yield an exhaustive chemical profile. Conversely, thallus
parts are much thicker (in milimetres) and were thus investigated
under both their crushed and entire forms. It @n indeed be

hypothesised that metabolites located within the depth of the
thallus might remain inaccessible to the helium stream when
analysing intact pieces.

In situ analysis of apothecia and thallus. As expected, the
analysis of entire (Fig. 59; Tables 58 and 59) and crushed apothecia
afforded similar mass spectra. In both Pl and NI modes, the spec-
trum of uncrushed apothecia displayed signals corresponding to
divaricatic acid, thamnolic acid, usnic acid, and haemoventosin.
Mareover, the signal at m/z 405 attributed to ventosic acid was
observed in the Pl mode spectrum.

Intact thallus DART-MS analysis yielded a spectrum comprising
signal pattems for divaricatic acid, thamnolic acid and usnic acid

Phytochem. Anal 2016, 27, 354-363
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in NI mode (Fig. 510; Tables 510 and 511). Thamnolic acid occur-
rence on uncrushed material was only suggested through its alco-
hol moiety (m/z 169) in Pl mode meanwhile all DART-MS landmark
signals for this depside (Table 1) could be cbserved in NI mode. As
expected, haemoventosin, the main colouring matter of apothecia
was not detected in the thallus.

Analyses carried out on crushed thallus enabled in situ detection
of the diagnostic compounds with ventosic acid and miriquidic
add in both ionisation modes (Fig. 511; Tables 512 and 513). This
might suggest that these latter compounds are mainly located
inside the thallus rather than on its surface.

Noteworthy is that Pl- and NI-DART-MS spectra acquired from
intact pieces of thallus look guite different whereas those obtained
from crushed thallus appear to be rather comparable. Indeed, li-
chen samples are damaged during the course of DART-MS analy-
ses, which requires analyses of two distinct samples to perform
PI and NI acquisitions. Differences in chemical profiles might then
be explained by the uneven distribution of metabolites within the
thallus of Ophioparma ventosa. Conversely, grinding the thallus is
presumed to average the chemical composition and limit differ-
ences between samples of powdered lichen. Given the thickness
of O. ventosa thallus, we hypothesised that its compounds could
be differentially panitioned in the depth of the lichen. This

0.2 - 0.5 min. x10? Arbitrary Units

assumption prompted an estimation of the localisation of O.
ventosa metabolites using in situ DART-MS on a single piece of
apotheciate thallus.

In situ estimation of metabolites distribution within
Ophioparma ventosa thallus. Spatial localisation of metabolites
of Ophioparma ventosa was evaluated by carefully shooting DART
helium stream to the lower (0.2-05 min) and upper (0.6-0.9 min)
faces of an apotheciate thallus. Both sides displayed different mass
spectra, which could be acquired within a single minute analysis.

NI-DART mass spectra comesponding to those two faces are
depicted in Fig. 7(A) and (B) (Tables 514 and S15) and recon-
structed ion chromatograms associated with m/z values of species
of interest are displayed in Fig. 7(C).

As expected, haemoventosin (m/z 305) could only be reported
on the upper part of the lichen. Likewise, thamnolic acid (m/z
375) was mostly detected from these superficial layers. Usnic acid
could be observed in both upper and lower parts of the thallus.
However, reconstructed ion chromatogram (at m/z 343) revealed
that this compound mestly occurred in the upper layers of the
thallus [Fig. 7(Q]. Divaricatic acid (m/z 195) mainly appeared on
the spectrum of the inferior face of the lichen. Ventosic acid also
seems to occur predominantly in the deepest layers of the lichen,

A
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Figure 7. NI-DART-MS spectra of lower (A) and upper (B) faces of Ophioparma ventosa apotheciate thallus. Red = haemoventosin; blue = thamnolic acid;
purple = divaricatic acid; yellow = usnic acid. (C) in situ NFDART-MS acquisition on a piece of intact apothecdiate thallus of 0. ventosa from lower face to upper
face reconstructed ion chromatograms for divaricatic, ventosic, thamnolic, usnic acid and haemoventosin versus time,
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albeit also observed on PI-DART-MS of uncrushed apothecia. Non-
detection of miriquidic acid might suggest its location within the
depth of the lichen.

In the current study, the ambient DART ionisation process is first
applied to the main classes of lichen polyphenclics. DART
ionisation could detea all secondary metabolites described within
the crustose lichen Ophioparma ventosa, encompassing the main
structural classes of lichen polyketides. A further advantage of
DART-MS is its ability to detect all these metabolites from a single
ionisation mode, unlike ESI that requires joint analyses in both
ionisation modes to get a complete insight into the chemistry of
this lichen. Most mass spectra displayed prevalent protonated or
deprotonated molecules enabling the straightforward identifica-
tion of the compounds. Among tested compounds, only depsides
underwent a significant fragmentation and their recurrent dissoci-
ation pathways in both ionisation modes should be regarded as an
added value for their structural elucidation rather than a drawback.

Furthermore, this versatile analytical platform enabled reaching
complete chemical profiles from raw pieces of Ophioparma
ventosa, without any sample work-up. Pl- and NI-DART-MS
pinpointed the occurrence of miriquidic acid, a rare depside, here
described for the first time within a sample of O. ventosa,
supporting the adequacy of this device for dereplicative purposes
in lichenology. As the chemical knowledge regarding natural sub-
stances increases, now encompassing about 1100 secondary me-
tabolites, DART-MS can be considered as a refined dereplication
procedure in lichenology. These findings widen the versatility of
DART-MS in the more general field of phytochemistry.

In situ DART-MS spectra acquired from different parts of the
lichen might shed light on the uneven distribution of metabolites
within the thallus of Ophioparma ventosa. Since the spatial pattern
of metabolites within lichens is presumed toreflect theirecological
signifi@nce, such information shall advance the understanding of
lichen biology. Regarding the specific example of O. ventosa, a
follow-up study using proper tools of imaging MS is ongoing to
get a sharp insight into the localisation of its metabolites.

Acknowledgements

This work was supported by the University of Rennes 1 through
the project “Défi emergent LICHENMASS" and used the mass
spectrometry facilities of the DReAM platform of IETR (Rennes).
The authors are grateful to Dr. Sylvain Guyot (P2M2 platform, INRA,
Rennes) for MS/MS analysis and to Aurélie Bemard for her techni
cal assistance.

References

Bouchoux G. 2013. From the maobile proton to wandering hydride ion:
mechanistic aspects of gas-phase ion chemistry, J Mass Spectrom 48:
505-518.

Boustie J, Tomasi 5, Grube M. 2011, Binactive lichen metabolites: alpine
habitats as an untapped source. Phytochem Rev 10: 287-307.

Cai'Y, Mo Z, Rannulu NS, Guan B, Kannupal 5, Gibb BC, Cole RE. 2010. Char-
acterization of an exception to the ‘even-electron rule’ upon low-energy
collision induced decomposition in negative ion electrospray tandem
mass spectrometry. J Mass Spectrom 45: 235-240.

Chambers JQ. 1974, Electrochemistry of quinones. In The chemistry of the
qguinonoid compounds, Vol 2, Patai 5, Rappaport Z (eds). Wiley: New
York; 737-791.

Cody RB, Laramée JA, Durst HD, 2005, Versatile new ion source for the
analysis of materials in open air under ambient conditions. Anal Chem
77:2257-2302.

Cody RE, McAlpin CR, Cax CR, Jensen KR, Voorhees KJ. 2015. Identification
of bacteria by fatty acid profiling with direct analysis in real time mass
spectrometry. Rapid Commun Mass Spectrom 29: 1-6.

Cooks RG, Ouyang Z, Takats Z, Wiseman M. 2006. Ambient mass spectrom-
etry. Science 311: 1566-1570.

Culberson CF, Culberson WL, Johnson A, 1977, Monrandom distribution of
an epiphytic Lepraria on two spedes of Parmelia. Phytochemistry 16
127-130.

Culberson CF, Culberson WL, Johnson A 1986. Two new lichen products,
elatinic acid and methyl barbatate, from the genus Hoematomma
(Ascomycatina, Heematommatoceae). Mycologio 78: B88-891.

Gross JH. 2014, Direct analysis in real time - a critical review on DART-MS.
Anal Bioanal Chem 406: 63-80.

Holamann G, Leuckert C. 1990. Applications of negative fast atom bom-
bardment and M&MS to screening of lichen compounds. Phytochemis-
try 29: 2277-2283.

Hureck 5, Djerassi C, Becher D, Barber M, Von Ardenne M, Steinfelder K,
Tummler R 1968, Flechteninhalsstoffe—XXX:E Massenspektrometrie
und ihre anwendung auf strukturelle und strecchemische probleme
— XX Masse nspektrometrie von depsiden, depsidonen, depsonen,
diberzofuranen und diphenylbutadienen mit positiven und negativen
ionen, Tetrahedron 24: 2707-2755.

Hureck S, Schmidt J. 1980. Phenolische Verbindunge n einiger Flechten aus
der Familie Physciaceae. Biol Mass Spectrom 7: 301-308.

Kristmundsdattir T, Jansdattir E, Ogmundsdattir HM, Ingdlfsdattir K. 2005,
Solubilization of poory soluble ichen metabolites for biological testing
oncdl lines. Eur J Pharm Sci 24: 539-543,

Le Pogam P, Herbette G, Boustie J. 2015a. Analysis of lichen metabolites: a
variety of approaches. In Recent Advances in Lichenology, Vol. 2, Upreti
DK, Divakar PK, Shukla V, Bajpai R (eds.). Springer. New Dehli; 229-261.

Le Pogam P, Legouin B, Le Lamer AC, Boustie J, Rondeau D. 2015b. Analysis
of the cyanolichen Liching pygmaea metabolites using in situ DART-MS:
from detection to thermochemistry of mycosporine serinol. J Mass
Spectrom 50: 454-462.

Le Pogam P, Schinkovitz A, Legouin B, Le Lamer AC, Boustie J, Richomme P.
2015¢c. Matrix-free UVHaser desorption ionisation mass spectrometry as
a versatile approach for accelerating dereplication studies on lichens,
Anal Chem 87: 10421-10428,

Le Pogam P, Le Lamer AC, Siva B, Legouin B, Bondon A, Graton J, Jacquemin
D, Rouaud |, Ferron S, Obermayer W, Babu K5, Boustie J. 2016. Minor
pyranonaphthoguinones from the apothecia of the lichen Ophioparma
ventosa. J Nat Prod 79 1005-1011.

Li LP, Feng BS, Yang W, Chang CL, Bai ¥, Liu HW. 2013. Applications of
ambient mass spectrometry in high-throughput screening. Analyst
138: 3097-3103.

Longevialle P. 1992. lon-neutral complexes in the unimolecular reactivity of
organic cations in the gas phase. Mass Spectrom Rev 11: 157-192.

May PF. 1997. Ophioparma lapponica: a misunderstood species. Haw Pap
Bot 2: 213-228.

Musharraf G, Kanwal N, Thadhani VM, Choudhary ML 2015. Rapid identifi
cation of lichen compounds based on the stucture-fragmentation
relationship using ESHMS/MS analysis. Anal Methods 7: 6066-6076.

Parrot D, Jan S, Baert N, Guyot 5, Tomasi S. 2013. Comparative metabolite
profiling and chemical sudy of Remaling siiguosa complex using
LC-ESFMS/MS approach. Phytochemistry 89: 114-124.

Rycroft DS, Connolly JD, Huneck 5, Himmelreich U, 1995, Revised structure
of haemoventosin, Z Naturforsch B 50: 1557-1563.

Shukla V, Joshi GP, Rawat MSM. 2010. Lichens asa potential natural source
of bioactive compounds: a review. Phytochem Rev 9: 303-314.

Sica VP, Raja HA, El-Himat T, Oberlies NH. 2014, Mass spectrometry imaging
of secondary membolites directly on fungal culures. RSC Adv &
63221-63227.

Skult H. 1997. Notes on the chemical and momphological variation of the
lichen Ophioparma ventosa in East Fennoscandia. Ann Bot Fenn 34:
291-297.

Song L, Gibson SC, Bhandari D, Cook KD, Bartmess JE. 2009. lonization
mechanism of positive-ion direct analysis in real time: a transient micro-
envirmnment concept. Anal Chem 81: 10080-10088.

Zhou M, McDonald JF, Fernandez FM. 201 0. Optimization of a direct analy-
sis in real time/time-offlight mass spectrometry method for rapid
serum metabolomic fingerprinting. J Am Soc Mass Spectrom 21: 68-75.

Supporting information

Supporting information can be found in the online version of this
article.

Phytochemn. Anal 2016, 27, 354-363

Copyright © 2016 John Wiley & Sons, Ltd,

wileyonlinelibrary.com/journal/pca

£€9¢



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

Lors de I'étude phytochimique d’Ophioparma ventosa, il est apparu que ses apothécies concentraient
plusieurs pigments tandis que la littérature ne fait état que d'un seul, 'haemoventosine, méme si
différents articles avaient déja décrit la présence de pigments non identifiés et présents a I'état de
traces dans les organes reproducteurs d’Ophioparma ventosa (Rycroft et al., 1995). Sur la base de ce
constat, une étude phytochimique des seules apothécies du lichen a été engagée et s’est soldée par
l'isolement de six naphtoquinones, dont 'haemoventosine. Pour les cing autres quinones, I'une d’entre
elles, 'anhydrofusarubine lactone est ici décrite pour la premiére fois chez un lichen tandis que les
quatre autres correspondent a de nouvelles structures : I'ophioparmine, deux épiméres de la 4-
hydroxyhaemoventosine et un isomére de la 4-hydroxyhaemoventosine dont la stéréochimie n’a pas
pu étre complétement établie (Figure 19). Ces travaux ont été réalisés en collaboration avec le Dr.
Bandi Siva, doctorant en chimie a I'époque qui avait été accueilli a Rennes d’avril a juin 2014 (sous la
direction du Dr. Suresh K. Babu) dans le cadre du LIA Franco-Indien. Les modélisations de
dichroisme circulaire ont quant a elles été réalisées par le Dr. Jérbme Graton et le Pr. Denis
Jacquemin (CEISAM, Nantes).

O OH O

O OH

Ophioparma ventosa
(L.) Norman

FIGURE 19: NAPHTOQUINONES ISOLEES AU COURS DE L’ETUDE PHYTOCHIMIQUE MENEE SUR LES APOTHECIES
D’ OPHIOPARMA VENTOSA

Cette étude phytochimique et I'élucidation structurale de ces nouvelles structures est décrite au titre
d’un article paru dans Journal of Natural Products en 2016. Son supporting material peut étre consulté
en Annexe 5 (p. 234).
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ABSTRACT: Four new quinonoid naphthopyranones, ophio-

parmin (1), 4-methoxyhaemoventosins (2a and 2b), and 4- _'[*]*1*3 A5
hydroxyhaemoventosin (3), together with anhydrofusarubin YLR ey
lactone (4) and haemoventosin (5) were isolated from the fﬁﬁ‘° Jihc""’
fruiting bodies of Ophioparma ventosa, a crustose lichen. Their Y Lh ey E]\n&”
structures were determined by spectroscopic analyses, and the ST S S W

2 3 IS8 =T
absolute configurations of 1 and 2 were elucidated through LT Y

experimental and calculated electronic circular dichroism
analyses. Compounds 1, 2, and S exhibited moderate to Ophioparma ventosa

strong antioxidant activities. The main pigment haemoventosin {L) Borman

exhibited significant cytotoxicity toward a panel of nine cell

lines.

ichens are resilient symbiotic consortia that consist of a haemoventosin, but they assigned an erroneous furanonaph-
fungus and an algal/cyanobacterial partner. As a thoquinone structure.” The correct pyranonaphthoquinone

consequence of this original lifestyle, specific secondary structure of haemoventosin was assigned in 1995.° Several
metabolites are produced, and the ever-expanding array of authors reported on the presence of “numerous” minor
lichen metabolite bioactivities warrants further chemical pigments most likely corresponding to additional quinones,”®
investigations of these fascinating organisms." Lichens of alpine without identifying any of these. Naphthoquinones are a
and polar habitats are of interest because their ability to privileged class of secondary metabolites that exhibit a wide
withstand such stressful conditions is often based on the range of biological activities, predominantly cytotoxic or
synthesis of protective compounds.” A focused study on antibacterial properties;” however, the biological properties of
differentiated organs such as apothecia, which represent less haemoventosin have not yet been investigated.
than 2% of the thallus weight, is thought to not only facilitate The significant cytotoxic and antioxidant activities of the
the isolation of minor and specific compounds but also provide pigment-enriched fraction prompted an undertaking of
a better indication of their ecological significance. chemical investigations of the pigments of Ophioparma ventosa

As such, the crustose Alps mountain-living lichen Ophio- apothecia. Herein, based on (+)-HRESIMS dereplication of this
parma ventosa (L.) Norman has been phytochemically quinone-enriched fraction, the isolation and structural
investigated by several authors and reported to contain elucidation of four new quinonoid naphthopyranones, namely,
depsides (mainly divaricatic and thamnolic acids), dibenzofur- ophioparmin (1), 4-methoxyhaemoventosins (2a and 2b), and
an-related usnic acid, a tetrahydroxyfatty acid (ventosic acid) 4-hydroxyhaemoventosin (3), are reported. Two known
and some additional compounds, such as psoromic, stictic, and naphthazarinopyranones, anhydrofusarubin lactone (4) and
norstictic acids and atranorin, among others.”* Regarding the
intense blood-red color of O. ventosa apothecia, Bruun and Received: December 4, 2015
Lamvik first reported the isolation of its major pigment, Published: March 2, 2016

© 2016 American Chemical Society and

< ACS Publications  American Society of Pharmacognosy 1005 DOL: 10.1021/acsjnatprod.5b01073
J. Nat. Prod. 2016, 79, 1005—-1011
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Figure 1. Structures of compounds 1—35.

Table 1. 'H (500 MHz) and “C (125 MHz) NMR Data for 1-3 (CDCl;)

4-methoxyhaemoventosin (2)

ophioparmin (1)

major diastereoisomer (2a)

minor diastereoisomer (2b)

4-hydroxyhaemoventosin (3)

position d¢, type 8y, mult. (J in Hz) d¢, type 8y, mult. (J in Hz) 8y, mult. (J in Hz) d¢, type 8y mult. (J in Hz)
1 ND 159.0 157.9

3 81.7 5.18, dd (4.0, 2.9) 76.5 5.08 dq (7.0, 1.5) 4.54, dq (6.5, 1.5) 74.2 5.14, q (6.9)
4 66.9 531,d (2.9) 698 471 d (1.5) 4.66, d (1.5) 392 3.93, s
4-OCH, - - 57.5 346, s 3.46, s

4a 136.7 136.8 137.9

s 1537 153.6 1533

5-OH - 12.29 - 1225, s 1229, s - 1181, s
Sa 1154 115.4 1144

6 188.0 187.6 1883

7 160.9 160.2 160.5

7-0OCH; 56.8 397, s 574 397, s 3.96, s 56.8 3.90, s

8 1116 6.25, s 112.5 6.26, s 6.25, s 1112 6.17, s

9 184.1 183.8 183.6

9 1132 112.7 1119

10 156.7 156.2 156.4

10-OH - 13.66 - 1351 s 13.53, s 1352, s
10a 122.1 122.9 123.7

1la 41.6 2.00, ddd (14.0, 9.8, 4.0) 18.0 128, d (7) 162, d (6.5) 19.6 1.35,d (69)
11p 2.67, dd (14.0, 5.5)

12 76.6 4.60, m

13 20.6 141, d (6)

(+)-haemoventosin (5), are also described, the former being
new to lichens. Owing to the minute amounts of compounds
isolated, only 1, 2, and 5 could be assayed for their antioxidant
properties. The major pigment, 5, was tested for its in vitro
inhibition of cell proliferation against a panel of nine different
cell lines.

B RESULTS AND DISCUSSION

The CH,Cl, extract of the apothecia of O. ventosa was washed
with a cyclohexane/EtOAc mixture (9/1) to afford a pigment-
enriched fraction. The naphthopyranone composition of this
fraction was revealed by direct infusion (+)HRESIMS analysis.
Indeed, due to their strong chemical homologies, the different
dyes could not be separated by HPLC. Accurate mass
measurements derived from the most intense ions observed
in the mass spectrum (Figure S1, Supporting Information) are
collated in Table S2 (Supporting Information). All exper-
imental values were compared with the theoretical mass
calculated in an error range of +5 ppm from candidate
compositions consistent with a quinonoid naphthopyranone
core encompassing Cpa_a0Hp-2005-10. Eight molecular for-

1006

mulas could be retrieved, among which only haemoventosin®
was previously reported from O. ventosa.

On the basis of the significant cytotoxic and antioxidant
properties of this naphthoquinone-enriched fraction, successive
fractionations were performed, including silica gel chromatog-
raphy and preparative TLC, affording compounds 1, 3,
anhydrofusarubin lactone (4), and haemoventosin (5). A
second sample of O. venfosa was processed, which permitted
the identification of the new naphthopyranones 2a and 2b as a
mixture of diastereoisomers (Figure 1).

Compound 1 was obtained as an amorphous red powder.
The 3C NMR and (+)HRESIMS data established a molecular
formula of C;H,04 consistent with a naphthopyrone
derivative, and the UV spectrum of 1 showed absorption
maxima at 233, 285, and 501 nm, similar to those of
haemoventosin $. The 'H NMR and HSQC spectra revealed
two hydrogen-bonded hydroxy groups at dy 13.66 and 12.29;
one aromatic proton at dy; 6.25 (1H, s, H-8); three oxygenated
methine signals at 8 5.31 (1H, d, J = 2.9 Hz, H-4), 5.18 (1H,
dd, | = 4.0, 29 Hz, H-3), and 4.60 (1H, m, H-12); two
diastereotopic methylene hydrogens at 8y 2.67 (1H, dd, J =
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14.0, 5.5 Hz, H-llﬂ) and 2.00 (1H, ddd, J = 14.0, 9.8, 4.0 Hz,
H-11,); one aromatic methoxy singlet at &y 3.97 (3H, s, 7-
OCH,;); and one aliphatic methyl group at §;; 1.41 (3H,d,J =6
Hz, H-13). These data combined with the "*C NMR data
obtained from HSQC and HMBC correlations were reminis-
cent of those of haemoventosin § (Table 1). The main
difference was the presence of two additional coupled
oxygenated methines at &y/dc 5.31/66.9 (H-4) and dy/dc
5.18/81.7 (H-3). HSQC-TOCSY correlations revealed that H-
3, H-4, and H-11-H-13 belonged to the same spin system, and
the sequence CH;-13/CH-12/CH,—11/CH-3/CH-4 could be
deduced from cross peaks in the COSY spectrum. HMBC
correlations of H-4 with C-5, C-4a, and C-10a showed that C-4
was adjacent to the naphthazarin moiety. The deshielding of H-
3 and H-4 and the 11 indices of hydrogen deficiency suggested
the presence of a dihydrofurano-fused a-pyrone system to fulfill
the molecular formula requirements, although a shortage of
material prevented the detection of the a-pyrone carbonyl.>~'*
Note that the HMBC spectrum did not reveal the H-3 to C-1
cross peak characteristic of a d-lactone ring. An overview of the
spectroscopic behavior of related structures such as lasionec-
trin;8 lichenicolin A;9 pentacecilides A, B, and C;13 or
dihydroisocoumarins'* revealed that none of them displayed
this key correlation. This correlation is also absent from the
HMBC spectrum of haemoventosin 5. In addition, the HMBC
spectrum did not reveal any cross-peak between H-4 and H-12,
but HMBC correlations between analogous positions in
molecules displaying the same fused a-pyrone/tetrahydrofuran
substructure are also often lacking (e.g., the isocoumarin series,
exserolides A-E,'° and 11-hydroxymonocerin''), thus being
consistent with the presence of the tetrahydrofuran ring. On
the basis of these aforementioned data, the 2D structure of
compound 1 was established as depicted in Figure 1. This
dihydrofurano-fused a-pyrone system has been reported for a
limited number of naphthopyranones,”® for example, lasionec-
trin®'® and lichenicolins A and B.” Its fusion with a
naphthazarin core is described here for the first time.
Regarding the relative configuration of 1, NOESY
correlations of H-1la (8 2.00) with H-3, H-4, and CH;-13
showed that these protons and the methyl group are cofacial
The 3]3,4 value of 2.9 Hz is consistent with that described for
related compounds having a cis junction of the tetrahydrofuran-
fused a-pyrone moiety, whereas compounds having a trans
junction show a lower value.' The NOESY correlation
between H-11f8 (5 2.67) and H-12 confined these protons
to the opposite face of the tetrahydrofuran ring (Figure 2).
The (35, 48, 125) absolute configuration of 1, ophioparmin,
was subsequently assigned based on a comparison between the

- CO8Y

-~ HMBC #~“ NOESY

Figure 2. Key COSY (bold bonds, left) and HMBC ('H — *C)
(arrows, left) and key NOESY correlations (double-headed arrows,
right) of compound 1.
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calculated (TDDFT) and experimental electronic circular
dichroism (ECD) spectra (Figure 3).

The '"H NMR spectrum of compound 2, with a molecular
formula of C,gH,,0g, exhibited many signals analogous to that
of compound §, but rather than the diastereotopic methylene
protons, the spectrum revealed the presence of a second
oxygenated methine at dy; 4.71 (1H, d, J = 1.5 Hz, H-4) and an
aliphatic methoxy group at éy; 3.46 (3H, s, 4OCH;) (Table 1).
Key HMBC correlations of H-4 with C-4a and C-10a and of 4-
OCHj; with C-4 defined the position of this aliphatic methoxy
group at C-4 (Figure 4). The comparison between the
calculated and experimental ECD spectra facilitated the
identification of 2 as (3S,4R)-4-methoxyhaemoventosin (Figure
3)-

The 'H NMR spectrum of compound 2 revealed that most
of the signals were duplicated to yield minor peaks that overlap
more or less completely with the major ones. Two signals are
notably modified: the aliphatic methyl group CH;-11, which
was shifted upfield (Jy 1.28 to 1.62), whereas the oxygenated
methine H-3 was shielded in the minor form (J 5.05 to 4.54)
with identical coupling constants. Because the peak associated
with the methine H-4 was also slightly shifted (5y; 4.71 for 2a vs
4.66 for 2b), compound 2 was hypothesized to be a mixture of
diastereoisomers with the major form 2a (as suggested from the
ECD data of the mixture) and the minor form 2b in a 2:1 ratio.
Overlapping signals arising from the common scaffold of 2a and
2b prevented the determination of '*C NMR data related ta the
minor compound 2b. The ECD data of a diastereoisomeric
mixture can still provide valuable information, particularly when
the calculated ECD spectrum shows an excellent fit with the
experimental spectrum of the mixture, as in Figure 3C. Because
each component contributes to the overall electronic circular
dichroism spectrum with a weight comparable to its molar
fraction, the entire spectrum is expected to reflect that of the
predominant compound.’” A proof-of-principle study estab-
lished the reliability of ECD data on an epimeric mixture
through the example of tetracydin and 4-epitetracydin.'®
Regarding the identical vicinal coupling constants for H-3 and
H-4 between 2a and 2b, NMR studies in related dihydro-2-
pyrones indicated that small values of the vicinal coupling
between H-3 and H-4 suggest a synclinal (gauche) effect but do
not allow distinction between the cis (axial—equatorial) and
trans (equatorial-equatorial) orientations of H-3 and H-4, only
excluding a frans-diaxial arrangement of these protons.'® ™'
This further supported the hypothesis of two diastereoisomers,
suggesting that 2b might represent a 3,4-cis
Considering the identical configurations of C-3 in 1, 2a, and
5 and assuming that oxidation at C-4 occurs after cyclization
during the biosynthesis process,” 2b is hypothesized to
correspond to (35,4S5)-4-methoxyhaemoventosin. This hypoth-
esis is further supported by the interpretation of the '"H NMR
chemical shift differences of the oxygenated methine and the
aliphatic methyl of the two isomers. Indeed, signals located in
the shielding zone of the benzene ring are located in an axial or
axial-like position (CH3-11 in 2a and H-3 in 2b), whereas
deshielded signals refer to moieties located in an equatorial
position (CH;-11 in 2b and H-3 in 2a), as assessed on closely
related systems.*® Given the impossibility of an axial /axial
configuration due to the low magnitude of the vicinal coupling
constant between H-3 and H-4, the axial position of H-3
implies the equatorial position of H-4, thus confirming the 3,4-
cis configuration of 2b.

isomer.
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Figure 3. Comparison of the experimental ECD spectra of 1 (B), 2 (C), and 5 (A) and calculated ECD spectra for the stereoisomers shown in

Figure 1. Experimental ECD spectrum of 3 (D).

— HMBC

Figure 4. Diagnostic HMBC correlations ('H — *C) of compounds 2
and 3.

Compound 3 could be assigned a molecular formula of
CsH}, 04, which differs from haemoventosin 3 by an additional
oxygen atom. Their 'H NMR spectra exhibited close
similarities, but that of 3 lacked the diastereotopic methylene
signals of haemoventosin 5, which were replaced by an
oxygenated methine (Jy 3.93), suggesting the replacement of
one diastereotopic proton by a hydroxy group (Table 1).
Indeed, HMBC correlations between H-4 and C-3, C-4a, C-§,
and C-10a validated the C-4 location of this hydroxy group

(Figure 4), and compound 3 was thus identified as 4-
hydroxyhaemoventosin.

The absolute configuration of 3 could not be established
through comparison between the calculated and experimental
ECD spectra, which provided no clear-cut match, irrespective of
the absolute configuration used in TDDFT. The chemical shifts
of the oxygenated methine and the aliphatic methyl,
reminiscent of that of 2a, indicated the equatorial position of
H-3. The positive Cotton effect observed at approximately 260
nm in the ECD spectrum can be correlated to the P-helicity of
the heterocyclic ring (Figure 3).** Collectively, these results
suggested the 3S-configuration, which is shared with the
metabolites described herein. Assuming the H-3a,, orientation
of 3, either a trans H-3a,q — H-ﬁfﬁEq or a cis H-3a,, — H-4a,,
might account for the absence of coupling between H-3 and H-
4, hence precluding the assignment of the C-4 configuration.

Compound 4 was identified as anhydrofusarubin lactone on
the basis of its 'H BC NMR data®®*® This
naphthoquinone was previously isolated from the phytopatho-

and

Table 2. Cytotoxicity Against Cultured Cell Lines (ICs,) and Antioxidant Activity Results

cytotoxic activity

antioxidant activity

tested compound or fraction B16 HaCaT DPPH NBT

pigment fraction 6.30 + 0.8 ug mL™' 3.30 + 0.8 yug mL™" >500 pug mL™! 8.30 + 1.4 ug mL™"
1 >10 uM >10 uM - 49.90 + 4.0 uM
2 - - - 6.10 + 1.2 uM

5 240 + 0.4 puM 1420 + 1.0 uM >500 pg mL™' 190 + 0.4 uM
doxorubicin 043 +0.13 uM 0.53 + 0.07 uM - -
vincristine 0.50 + 035 uM 0.65 + 020 uM - -

gallic acid - - 7.20 + 0.3 pug mL™! -

ascorbic acid -

1008

2210 £ 7.1 uM
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genic fungus Fusarium solani, but this is its first report from a
lichen, even though closely related molecules such as fusarubin,
anhydrofusarubin lactol, and coronatoquinone are all known
from lichen sources.””™* Compound 5 was identified as
(+)-haemoventosin by comparison of its 'H and '*C NMR data
and optical activity with an earlier report on the structural
reassessment of this compound.®

The cytotoxicity of the pigment-enriched fraction was
investigated against B16 murine melanoma and HaCaT
human keratinocyte cell lines, revealing significant cytotoxic
activities with respective ICs, values of 6.3 + 0.8 yg mL™" and
3.3 + 0.8 pg mL™". This semipurified extract exhibited strong
antioxidant properties via an NBT test with an 1C, value of 8.3
+ 1.4 pug mL™" compared to that of ascorbic acid used as a
positive control (3.8 + 1.2 yg mL™"). Owing to a shortage of
material, only 1 and § could be evaluated for their cytotoxicity
(Table 2). Only the latter exhibited a significant cytotoxicity,
which prompted a further study of its bioactivity on seven other
cell lines. Compound § exhibited significant cytotoxic activity
toward all cell lines, with ICs; values ranging from 3 to 10 uM
(Figure $20, Supporting Information).

Compounds 1, 2, and 5 were tested for radical-scavenging
activity against superoxide anion (O, *), and compound § was
also tested against 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radicals. No compounds or fractions exhibited activity during
a DPPH assay (ICsp § > 3000 M), which may be explained by
the intramolecular hydrogen bonds between phenolic hydroxy
groups and quinone moieties of all the structures described
herein.®® As superoxide anion scavengers, compound 1
exhibited moderate activity, with an 1Cg, value of 50 + 4
uM, whereas compounds 2 and 5 both exhibited stronger
activities than that of ascorbic acid used as a positive control
(Table 2).

In summary, new minor quinonoid naphthopyranones
ophioparmin (1), 4-methoxyhaemoventosins (2a and 2b) and
4-hydroxyhaemoventosin (3), as well as the known anhy-
drofusarubin lactone (4) and haemoventosin (5), were isolated
from the apothecia of the lichen O. ventosa. Compounds 1, 2,
and § exhibit moderate to strong antioxidant activities, and 5
exhibits a significant cytotoxic effect against a panel of nine cell
lines. These pigments appear to be exclusively located in the
fruiting bodies of the lichen, and ongoing mass spectrometric
imaging should support this assumption. Reproductive
structures are often reported to produce other lichen
compounds than the remaining thallus®* or known to be
more concentrated in phenols compared to somatic tissues.**
This is consistent with the optimal defense theory that predicts
the allocation of defensive compounds to structures that are the
most valuable for the fitness of the organism. Regarding the
specific example of O. ventosa, the presence of such quinones
might account for the atypical bacterial communities sheltered
by its apothecia, selecting bacterial strains that are able to
withstand such a cytotoxic mixture.”* Because these molecules
concentrate at the surface of the fruiting bodies, their spreading
at the surface of the spores might be beneficial to outcompete
other microorganisms. Finally, these compounds might act as
antioxidant and UV screening filters to protect spores during
their maturation within asci.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations
were recorded using a PerkinElmer 341 automatic polarimeter
at 293 K at the sodium line; [a]p are given in 107" deg-cm™.
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g~ Electronic circular dichroism and corresponding UV—
visible spectra were recorded using a Jasco J-815 ECD
spectrometer. 1D and 2D NMR spectra were recorded in
CDClI; using a 500 MHz spectrometer equipped with a TCI
cryoprobe at the PRISM core facility (Rennes, France). HRMS
data on the quinone-enriched fraction were measured using a
Thermo Fisher Scientific Q Exactive equipped with an ESI
source by direct injection at a rate of 400 nL-min™' at the
CRMPO (Centre Régional de Mesures Physiques de I'Ouest,
Rennes 1), and the measurements were performed in positive-
ion mode. Analytical grade solvents for extraction and
chromatography were purchased from VWR International
(Pennsylvania, USA). Open column chromatography was
performed on silica gel (40—63 um, Kieselgel, Merck) in
normal phase and at atmospheric pressure. The preparative
TLC plates used for purification were glass backed (20 X 20
cm) and normal phase silica plates (250 pm thickness)
purchased from Macherey-Nagel (Diiren, Germany). Solutions
were applied to the preparative plate at 12 mm from the lower
edge using an automatic TLC sampler Il device (Camag,
Muttenz, Switzerland) as streaks with a 160 mm length. The
preparative TLCs were developed in dedicated solvent systems,
and the plates were allowed to fully air-dry prior being rerun in
the same solvent system. Migrations were thus repeated until a
good separation could be achieved between the closely related
naphthopyranones. Subsequently, the silica was scraped oft the
plate, and the band of interest was desorbed in CH,Cl,/MeOH
(95/5) three times (30 min each).

Plant Material. Two samples of Ophioparma ventosa were
harvested for this study:

- Sample 1 was harvested in Tyrol (Austria), 500 m south
of Obergurgl (elevation 1800—1850 m). The lichen was
collected and identified by one of the authors (J.B.) in
04/2009. A voucher specimen was deposited at the
herbarium of PNSCM laboratory with the reference JB/
09/158.

- Sample 2 was harvested in Styria (Austria) at the south of
the lake Grofler Winterleitensee (elevation 1950—2000
m). The specimen was collected and identified by one of
the authors (W.0.) in 09/2014. A voucher specimen
(No. 13218a) was deposited at the herbarium GZU.

Extraction and Purification of Compounds. Out of 100
¢ of thallus, the meticulous dissection of O. venfosa’s apothecia
from sample 1 yielded 1 g of apothecia that was powdered and
extracted with CH,Cl, (4 X 10 mL, 4 h) to afford a total of 100
mg of extract. This raw extract was washed three times with a
9:1 mixture of cyclohexane/EtOAc to afford 40 mg of a
naphthoquinone-enriched fraction. This fraction was subse-
quently chromatographed on silica gel using a cyclohexane/
EtOAc/CH,Cl,/MeOH gradient system (1:0:0:0 to 0:0:1:1 via
0:1:0:0) to yield seven fractions (F1—F7). Fraction F7 (20 mg),
which was primarily composed of naphthazarin pigments, was
selected for further purification using column chromatography
based on a CH,Cl,/MeOH (1:0 to 7:3), affording five
subfractions (F71 to F75). Subfraction F74 (8 mg) was
subjected to a preparative TLC in a toluene/EtOAc/formic
acid (70/25/5) solvent system. Five consecutive runs were
required to achieve a proper separation of the compounds.
Three bands were desorbed from this plate, affording
anhydrofusarubin lactone (4) (1 mg), haemoventosin (5)
(1.8 mg), and ophioparmin (1) (0.4 mg). Subfraction F75 (6
mg) was also subjected to preparative TLC in CH,Cly/
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EtOAc/formic acid (88/10/2), and the plate was developed
twice. This second plate yielded 0.4 mg of 4-hydroxyhaemo-
ventosin (2).

Likewise, 1.1 g of apothecia could be recovered from sample
2. Apothecia were ground using a mortar and pestle prior to
extracting the powdered material with CH,CL, (4 X 10 mL) at
room temperature for 4 h.

The diferent extracts were combined to yield a total mass of
115 mg, which was subjected to silica gel column
chromatography using a cyclohexane/EtOAc/CH,CL/MeOH
gradient system (8:2:0:0 to 0:0:1:1) to yield five main fractions
(F'1-F'S). Fraction F'4 (20 mg) was separated by preparative
TLC using the same protocol as described earlier for fraction
F74 on the basis of its observed similarities with the latter.
Owing to the higher weight of this fraction, the material was
applied to three TLC plates. After five runs each, these plates
afforded a total of 6 mg of haemoventosin (5) and 0.2 mg of
ophioparmin (1). Three successive preparative TLC runs from
fraction F’S (4.5 mg) in a toluene/EtOAc/formic acid (70/25/
5) solvent system afforded 0.7 mg of 4-methoxyhaemoventosin
(2).

Ophioparmin (1). Red amorphous powder. UV (MeCN),
Amax (log £) 233 (4.57), 285 (4.23), 501 (4.02); ECD (c = 0.9
mM, MeCN) 4., (A¢) 258 (—11.21), 311 (26.38); 'H NMR
and '3C NMR data, see Table 1; (+)-HRESIMS m/z 369.05830
[M + NaJ* (caled for C;H,,04Na, 369.05809).

4-Methoxyhaemoventosins (2a, 2b). Red amorphous
powder. UV (MeCN), 4,,., (log £) 231 (3.50), 291 (3.05),
501 (2.97); ECD (c = 0.5 mM, MeCN) Ay, (Ag) 267 (2.55),
309.5 (—3.20), 374.0 (1.44); 'H NMR and *C NMR data, see
Table 1; (+)-HRESIMS m/z 357.0580 [M + Nal* (caled for
C6H,4,05Na, 357.05809).

4-Hydroxyhaemoventosin (3). Red amorphous powder. UV
(MeCN), 4, (log £) 228 (3.31), 289 (2.90), 490 (2.72); ECD
(c= 0.5 mM, MeCN)) A, (Ae) 267.5 (3.42), 293.5 (11.17),
352 (=1.24), 441.5 (+6.24), 499.5 (—4.97); 'H NMR and *C
NMR data, see Table 1; (+)-HRESIMS m/z 343.04240 [M +
Na]* (caled for CsH;,0gNa, 343.04244).

Anhydrofusarubin lactone (4). Purple amorphous powder.
'H NMR (CDCl,, 500 MHz): 1422 (1H, s, OH-10), 12.78
(1H, s, OH-5), 6.85 (1H, 5, H-4), 6.32 (1H, 5, H-8), 3.97 (3H,
s, OMe-7), 2.38 (3H, 5, Me-11). *C NMR (CDCl,, 500 MHz):
184.8 (C-6), 180.5 (C-9), 162.7 (C-3), 160.8 (C-10), 160.0 (C-
7), 1552 (C-5), 141.4 (C-4a), 114.0 (C-10a), 113.4 (C-5a),
1114 (C-8), 108.1 (C-9a), 982 (C-4), 57.0 (OMe-7), 20.6 (C-
11); (+)-HRESIMS m/z 32503200 [M + Na]* (caled for
CysHg0,Na, 325.03187).

Haemoventosin (5). Red bronze-shimmering amorphous
powder. [a]™p + 550 (¢ 0.02, CH,Cl,). UV (MeCN), 4., (log
£) 232 (3.40), 293 (2.97), 501 (2.88); ECD (¢ = 0.7 mM,
MeCN) A, (A&) 276 (—1.76), 306.5 (20.31), 489 (4.22); 'H
NMR (CDCl,, 500 MHz): 13.70 (1H, s, OH-10), 12.25 (1H, 5,
OH-5), 623 (1H, s, H-8), 460 (1H, m, H-3), 397 (3H, s,
OMe-7), 3.35 (1H, dd, ] = 17.5, 3 Hz), 2.73 (1H, dd, ] = 17.5,
11 Hz, H-4), 1.56 (3H, ] = 8 Hz, Me-11). '*C NMR (CDCl,,
500 MHz): 188.2 (C-6), 183.6 (C-9), 1604 (C-7), 160.0 (C-
1), 157.2 (C-10), 152.7 (C-5), 141.4 (C-4a), 122.8 (C-10a),
1141 (C-Sa), 1111 (C-8), 110.5 (C9a), 74.0 (C-3), 56.4
(OMe-7), 29.1 (C-4), 20.0 (C-11); (+)-HRESIMS m/z
327.04750 [M + Nal* (caled for C5H,,0-Na, 327.04752).
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B COMPUTATIONAL DETAILS

All DFT calculations were performed using the latest version of the
Gaussian09 progra.m.‘M The B3LYP/6-311++G(2d,p) level of theory
was selected to conduct the conformational analyses of the four
haemoventosin derivatives (1—3, 5), taking into account the various
possible enantiomeric or diastereoisomeric structures. The harmonic
frequencies were computed analytically at the same level of theory to
characterize the stationary points as true minima. Owing to the strong
structural similarities between the various derivatives, the common
scaffold has been thoroughly investigated only for the haemoventosin
5 (Figure 3), and the resulting features were transposed to structures
1-3. The naphthazarin nucleus appears as a rigid moiety with possible
rotation of the C-7 methoxy group and the C-5 and C-10 hydroxy
groups. The most stabilized structure involves both hydroxy groups
intramolecularly hydrogen-bonded to the quinone carbonyl moieties,
and the methoxy substituent repelled from the vicinal carbonyl group.
This geometry represents more than 90% of the relative conforma-
tional population, irrespective of whether the solvent effects (MeCN)
are considered, through Polarizable Continuum Model (PCM)
calculations.®® The ECD spectra were computed for these structures
considering various plausible configurations at C-3 and C-4. The ECD
spectra were computed with the same functional and basis set as the
structures, namely, B3LYP/6-3114+G(2d,p), using a time-dependent
density functional theory (TD-DFT) implementation. For these
calculations, 50 excited states were determined, and the solvent effects
were systematically included using the PCM model. Only the spectra
clearly corresponding to their experimental counterparts are presented.

Antioxidant Testing. The scavenging activity of the pigment-
enriched fraction and of compound 5 on the 2,2-diphenyl-1-
picrylhydrazyl free radical (DPPH) was measured as described
elsewhere. For the same compounds, measurement of superoxide
anion scavenging activity in 96-well microplates was based on the
published nonenzymatic method with some modifications. The
reaction mixture in the sample wells consisted of NADH (78 uM),
NBT (50 uM), PMS (10 pM), and lichen compounds (350, 116, 39,
and 13 yM). The reagents were dissolved in 16 mM tris-hydrochloride
buffer at pH = 8, except for all the lichen compounds, which were
dissolved in DMSQ. After $ min of incubation at room temperature,
the spectrophotometric measurement was performed at 560 nm
against a blank sample without PMS. Ascorbic acid was used as a
positive control. The percentage inhibition at steady state for each
dilution was used to calculate the ICy, values. This provided the
amount of antioxidant required (measured as the concentration of the
stock solution added to the reaction mixture) to scavenge 50% of
0, *, with lower values indicating more effective scavenging of O, *.
All tests were conducted in triplicate, and the results were averaged.

Cell Culture and Survival Assays. The cytotoxic activity of the
pigment-enriched fraction and of compound 3 was determined against
B16 murine melanoma and HaCaT human keratinocyte cell lines as
described elsewhere.’”**

The in vitro inhibition of cell proliferation of 5 was determined
using a panel of 6 representative cell lines, namely, Huh7D12
(differential hepatocellular carcinoma), Caco 2 (differentiating color-
ectal adenocarcinoma), MDA-MB-231 (breast carcinoma), HCT-116
(actively proliferating colorectal carcinoma), PC3 (prostate carcino-
ma), NCI-H2 (lung carcinoma), and diploid skin fibroblasts as normal
cell lines for control. Cells were grown as described elsewhere.” The
inhibition of cell proliferation was assessed as in Coulibaly et al®®

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jnat-
prod.5b01073.
Copies of 1D ('H, '*C) and 2D NMR and ECD spectra
for compounds 1-5 as well as details regarding the
cytotoxic activity of compound 5 (PDF)

DOk 10.1021/acs jnatprod.5b01073
J. Nat Prod. 2016, 79, 1005-1011

102



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

Journal of Natural Products

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: anne-cecile.le-lamer@univ-tlse3.fr.
*E-mail: joel.boustie @univ-rennes1.fr.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the University of Rennes 1
through the project “Défi emergent LICHENMASS”. This
research was conducted within the context of the International
Associated Laboratory Indo-French Joint Laboratory for
Sustainable Chemistry at Interfaces. The authors thank
Professor P. Uriac for his insightful support. Dr. P. Jéhan and
Dr. N. Le Yondre, CRMPO Rennes, are gratefully acknowl-
edged for performing mass spectrometry measurements and for
fruitful discussions. The authors are also indebted to Dr. R. Le
Guével (Impaccell) for performing the in vitro test of cell
proliferation inhibition on haemoventosin. Dr. Stéphane La
Barre is acknowledged for improving the English style of the
manuscript.

B REFERENCES

(1) Boustie, J; Grube, M. Plant Genet. Resour. 2005, 3, 273—287.

(2) Boustie, J.; Tomasi, S.; Grube, M. Phytochem. Rev. 2011, 10 (3),
287—-307.

(3) Skult, H. Annales Botanici Fennici; J[STOR 1997, 291—297.

(4) May, P. F. Harv. Pap. Bot. 1997, 2 (2), 213-228.

(5) Bruun, T.; Lamvik, A. Acta Chem. Scand. 1971, 25 (2), 483—486.

(6) Rycroft, D. S.; Connolly, J. D.; Huneck, S.; Himmelreich, U. Z.
Naturforsch, B: J. Chem. Sci. 1995, 50 (10), 1557—1563.

(7) Sunassee, S. N.; Davies-Coleman, M. T. Nat. Prod. Rep. 2012, 29
(5), 513-53s.

(8) El Aouad, N.; Pérez-Moreno, G.; Sanchez, P.; Cantizani, J.; Ortiz-
Lopez, E. J; Martin, J; Gonzalez-Menéndez, V.; Ruiz-Pérez, L. M,;
Gonzalez-Pacanowska, D; Vicente, F.; Bills, G.; Reyes, F. J. Nat. Prod.
2012, 75 (6), 1228—1230.

(9) He, H; Bigelis, R; Yang, H. Y.; Chang, L.-P.; Singh, M. P. |.
Antibiot. 2005, 58 (11), 731-736.

(10) Li, R; Chen, S; Niu, S; Guo, L.; Yin, J.; Che, Y. Fitoterapia
2014, 96, 88—94.

(11) Sappapan, R.; Sommit, D.; Ngamrojanavanich, N.; Pengpreecha,
S.; Wiyakrutta, S.; Sriubolmas, N.; Pudhom, K. J. Nat. Prod. 2008, 71
(9), 1657—1659.

(12) Aldridge, D. C; Turner, W. B. J. Chem. Soc. C 1970, 18, 2598—
2600.

(13) Yamazaki, H.; Omura, S.; Tomoda, H. J. Antibiot. 2009, 62 (4),
207-211.

(14) Haritakun, R.; Sappan, M.; Suvannakad, R.; Tasanathai, K;
Isaka, M. ]. Nat. Prod. 2009, 73 (1), 75—78.

(15) Donner, C. D. Nat. Prod. Rep. 2015, 32 (4), 578—604.

(16) Poral, V. L; Furkert, D. P.; Brimble, M. A. Org. Lett. 2015, 17
(24), 6214—6217.

(17) Berova, N.; Di Bari, L; Pescitelli G. Chem. Soc. Rev. 2007, 36
(6), 914—931.

(18) Miller, R. F.; Sokoloski, T. D.; Mitscher, L. A.; Bonacci, A. C;
Hoener, B.-A. J. Pharm. Sci. 1973, 62 (7), 1143—1147.

(19) Hutchings, M. G; Chippendale, A. M.; Shukla, R; McPartlin,
M. Tetrahedron 1991, 47 (37), 7869—7874.

(20) Jeon, J; Julianti, E.;; Oh, H; Park, W,; Oh, D.-C,; Oh, K.-B;
Shin, J. Tetrahedron Lett. 2013, 54 (24), 3111-3115.

(21) Magid, A. A; Voutquenne-Nazabadioko, L.; Moroy, G.; Moretti,
C.; Lavaud, C. Phytochemistry 2007, 68 (19), 2439—2443.

(22) Han, Y.-S; Van der Heijden, R.; Verpoorte, R. Plant Cell, Tissue
Organ Cult, 2001, 67 (3), 201-220.

101

(23) Okuno, T.; Oikawa, S; Goto, T.; Sawai, K.; Shirahama, H,;
Matsumoto, T. Agric. Biol. Chem. 1986, 50 (4), 997—1001.

(24) Krohn, K; Bahramsari, R; Florke, U,; Ludewig K.; Kliche-
Spory, C.; Michel, A; Aust, H-]; Draeger, S.; Schulz, B.; Antus, S.
Phytochemistry 1997, 45 (2), 313—320.

(25) Parisot, D.; Devys, M.; Férézou, ].-P.; Barbier, M. Phytochemistry
1983, 22 (35), 1301—1303.

(26) Tatum, J. H.; Baker, R. A; Berry, R. E. Phytochemistry 1989, 28
(1), 283-284.

(27) Elix, J. A; Wardlaw, J. H. Aust. J. Chem. 2002, §1, 2—3.

(28) Elix, J. A.; Wardlaw, J. H. Australas. Lichenol. 2001, 49, 10—11.

(29) Ernst-Russell, M. A,; Elix, J. A; Chai, C. L; Rive, M. J;
Wardlaw, J. H. Aust. ]. Chem. 2000, 53 (4), 303—306.

(30) Honda, N. K; Lopes, T. L. B.; Costa, R. C. S; Coelho, R. G;
Yoshida, N. C; Rivarola, C. R; Marcelli M. P; Spielmann, A. A.
Orbital - Electron. J. Chem. 2015, 7 (2), 99—-107.

(31) Nybakken, L.; Asplund, J.; Solhaug, K. A.; Gauslaa, Y. . Chem.
Ecol. 2007, 33 (8), 1607—1618.

(32) Hyvirinen, M,; Koopmann, R.; Hormi, O.; Tuomi, J. Oikos
2000, 91 (2), 371-375.

(33) Hodkinson, B. P; Gottel, N. R; Schadt, C. W.; Lutzoni, F.
Environ. Microbiol. 2012, 14 (1), 147—161.

(34) Frisch, M.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci, B,;
Petersson, G. A.; Nakatsui, H.; Caricato, M.; Li, X.; Hratchian, H. P;
Izmaylov, A. F. I; Bloino, J.; Zheng, G.; Sonnenberg, J. L; Hada, M,
Ehara, M,; Toyota, K; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T,; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A. J;
Peralt, J. E; Ogliaro, E.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N,; Staroverov, V. N.; Keith, T,; Kobayashi, R;; Normand, J;
Raghavachari, K; Rendell, A,; Burant, J. C.; Iyengar, S. S.; Tomasi, J;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M,; Knox, J. E; Cross, J. B;
Bakken, V.; Adamo, C,; Jaramillo, J.; Gomperts, R.; Stratmann, R. E;
Yazyev, O.; Austin, A. J; Cammi, R; Pomelli, C; Ochterski, ]. W;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A,; Salvador,
P; Dannenberg, ]. J; Dapprich, S; Daniels, A. D.; Farkas, O;
Foresman, J. B; Ortiz, ]. V; Cioslowski, J.; Fox, D. J. Gaussian 09;
Gaussian, Inc.: Wallingford, CT, 2009.

(35) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105 (8),
2999—3094.

(36) Ismed, F.; Lohézic-Le Dévéhat, F.; Delalande, O.; Sinbandhit,
S.; Bakhtiar, A.; Boustie, J. Fitoterapia 2012, 83 (8), 1693—1698.

(37) Millot, M; Tomasi, S; Studzinska, E.; Rouaud, L; Boustie, J. J.
Nat. Prod. 2009, 72, 2177—2180.

(38) Bézivin, C.; Tomasi, S.; Rouaud, I; Delcros, J.-G.; Boustie, J.
Planta Med. 2004, 70 (9), 874—877.

(39) Coulibaly, W. K.; Paquin, L.; Bénie, A.; Békro, Y.-A.; Le Guével,
R.; Ravache, M; Corlu, A; Bazureau, J. P. Med. Chem. Res. 2015, 24
(4), 1653—1661.

DOL: 10.1021/acs.jnatprod.5b01073
J. Nat. Prod. 2016, 79, 1005-1011

103



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

c. Profilage chimique de lichen divers pour la détection d’autres
classes structurales

L’adaptabilité du DART-MS a d’autres groupes structuraux a été décrite secondairement dans d’autres
papiers qui ne se focalisent pas directement sur les travaux entrepris dans le cadre de cette thése :
- La déréplication de xanthones directement depuis un thalle de Lecidella asema non broyé en
DART positif dans une revue parue dans Molecules en 2016 (Le Pogam and Boustie, 2016).
Le texte intégral de cette publication est fourni en Annexe 6 (p. 257).
- La détection de dérivés de I'acide pulvinique au travers du profilage in situ de thalles entiers
de Vulpicida pinastri (Legouin et al., submitted.).
- Lanalyse d’acides paraconiques depuis des fragments entiers d’Usnea trachycarpa (cf.
chapitre CCM-MS) (Annexe 3, p. 210).
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B. Déréplication par diffraction par poudres des rayons X :
application a quelques lichens appartenant au genre
Cladonia

Plus encore que la présence des métabolites secondaires lichéniques en surface des filaments
mycéliens, leur cristallisation extracellulaire (Honegger, 1986b) représente une opportunité pour
développer des méthodologies analytiques innovantes.

L’identification des métabolites secondaires lichéniques selon la morphologie des cristaux qu’ils
forment représente 'une des premiéres méthodes pour identifier les molécules issues du lichen. Cette
approche historique développée par Asahina reposait sur les cristallisations d’extraits lichéniques
totaux dans des systémes de solvants particuliers (Shibata, 2000). Si cette technique d’identification
rudimentaire ne permettait généralement d’apprécier que le métabolite majoritaire, la variété de
formes et de couleurs obtenue par ce procédé dit de microcristallisation est trés conséquente (Huneck
and Yoshimura, 1996). De nos jours, la diffraction de monocristal par rayons X représente sans doute
la technique analytique la plus informative, livrant jusqu'a la stéréochimie absolue d’une molécule
(Deschamps, 2010). Les analyses par diffraction des rayons X en pharmacognosie interviennent donc
dans les stades ultimes de I'étude phytochimique, a des seules fins d’élucidation structurale de
molécules isolées (Gaudéncio and Pereira, 2015).

L’absence de méthode de déréplication fondée sur la diffraction rayons X tient certainement au fait
gue peu de matrices naturelles cristallisent autant leurs métabolites secondaires que les lichens.
Compte-tenu du caractere tres inhabituel de cette méthode en déréplication, les principes de la
diffraction des rayons X par la matiere cristallisée sont brievement rappelés en Annexe 2 (p. 200).

Des essais en diffraction par poudre des rayons X ont été menés sur trois lichens du genre Cladonia
relativement difficiles a distinguer sur la seule base de criteres morphologiques : Cladonia arbuscula,
C. ciliata et C. rangiferina. Ces trois lichens présentent des profils chimiques simples (comprenant un
ou deux métabolites secondaires dominants) et qui en font de bons candidats pour la mise au point de
nouvelles méthodes analytiques. En ce sens, ces Cladonia avaient déja été étudiés au moyen d’'une
autre approche déréplicative innovante (Miglietta and Lamanna, 2006) : la RMN *3C du solide (C-13
CP MAS NMR pour Cross Polarization Magic Angle Spinning) (Figure 20).
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Cladonia portentosa Cladonia rangiferina Cladonia ciliata var. tenuis

OH
H3C COOCH
H3C OH (o) CH3
HO OH
CHs
CHO

Acide usnique (+) Atranorine

OH Q

0 5 g COOH
o
OH
HO 0
H3CO OH CHO
HiC COOH
Acide perlatolique Acide fumarprotocétrarique

FIGURE 20: CLADONIA UTILISES LORS DES ANALYSES DEREPLICATIVES PAR DIFFRACTION DE RAYONS X :
PHOTOGRAPHIES ET METABOLITES SECONDAIRES MAJORITAIRES.

Les diagrammes de diffraction ont été enregistrés a 'aide d'un diffractometre de rayons X sur poudre
haute résolution PANalytical Empyrean opérant en géométrie Bragg-Brentano 6-6. La longueur d’'onde
Ka du cuivre (AKaz = 1.5406 A, AKaz = 1.5444 A) est sélectionnée a l'aide d’un miroir multicouches
plan. Les échantillons sont positionnés sur des porte-échantillons silicium afin d’éviter la contribution
du fond continu aux diagrammes de diffraction. La statistique de comptage est adaptée en fonction de
la réponse du détecteur 2D. Le traitement des données est effectué a I'aide du logiciel PANalytical
Highscore.

Les analyses sont directement effectuées sur des lichens broyés pendant deux minutes (hachoir-
mixeur Seb Rondo 500) et les diffractogrammes permettent de retrouver des signatures spectrales
correspondant a celles des composés attendus (Chollet-Krugler et al., 2008). Les broyats sont tamisés
sur deux grilles (80 et 125 um) pour évaluer le rapport phases cristallines/phases amorphes au sein
de ces différentes fractions. Quatre échantillons ont donc été considérés pour chaque lichen : le lichen
broyé non tamisé, les particules supérieures a 125 um, la fraction allant de 80 a 125 um et les
particules inférieures a 80 um.
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Concernant Cladonia portentosa, les études menées en RMN du solide avaient permis de caractériser
dans I'échantillon la présence des acides usnique et perlatolique. La diffractométrie rayons X permet
de détecter ces deux espéces (Figure 21).
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FIGURE 21: DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA PORTENTOSA ET A SES
METABOLITES SECONDAIRES. NOIR, POUDRE TOTALE DE LICHEN SANS TAMISAGE (APRiES SOUSTRACTION DU FOND
CONTINU) ; ROUGE, ACIDE PERLATOLIQUE ; BLEU, ACIDE USNIQUE.

La comparaison des diagrammes de diffraction du Cladonia portentosa mixé selon le tamisage est
donnée (Figure 22).
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FIGURE 22: DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA PORTENTOSA : NOIR, NON
TAMISE ; ROUGE, FRACTION SUPERIEURE A 125 MM ; BLEU, GRAINS COMPRIS ENTRE 80 ET 125 MM ET VERT, GRAINS
INFERIEURS A 80 MM.

Le fond continu, caractéristique de phases amorphes est particulierement notable pour les fractions
non traitées et de granulométrie > 125 um. La contribution est moindre pour la fraction comprise entre
80 et 125 um et le rapport phases cristallines/phases amorphes y semble le plus élevé. Le tamisage a
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grains < 80 um supprime efficacement la contribution des amorphes mais ne permet pas de récupérer
une fraction cristalline importante.

Le diffractogramme de I'acide usnique correspond a des cristaux orthorhombiques déja décrits dans la
littérature (Jones and Palmer, 1950). Afin de visualiser ces cristaux et de voir si deux populations
cristallines peuvent étre distinguées, des thalles de Cladonia portentosa ont été visualisés en
Microscopie Electronique a Balayage. Ces analyses ont été menées au Centre de microscopie
electronique a balayage et microanalyse (CMEBA) par Francis Gouttefangeas et Loic Joanny.
L’'analyse de podétions intacts révéele la présence de nombreux cristaux a la surface des filaments

mycéliens (Figure 23).

1pm  JSM7100F 6/7/2016
10.0kV COMPO SEM WD 9.2Z2mm

FIGURE 23: FORMATIONS CRISTALLINES A LA SURFACE DU CORTEX SUPERIEUR DE CLADONIA PORTENTOSA OBSERVEES
EN MICROSCOPIE ELECTRONIQUE A BALAYAGE (X 5000)

Cette présence superficielle et la forme des cristaux évoquent I'acide usnique, molécule présentant
une distribution corticale chez de nombreux lichens (McEvoy et al., 2006; Nybakken and Julkunen-
Tiitto, 2006). L'acide perlatolique étant décrit comme un composé médullaire (Hauck et al., 2009a),
I'étude de coupes transversales de podétions est nécessaire pour voir si les cristaux de ce depside
sont morphologiquement distincts de ceux d’acide usnique. De fagon notable, un gradient de cristaux
est observé le long des podétions avec une présence nettement plus importante dans les tissus
jeunes (haut des podétions) que dans les parties basales du lichen, en accord avec les données de la
littérature concernant 'acide usique (Mirando and Fahselt, 1978).

Cladonia rangiferina quant a lui contient de I'acide fumarprotocétrarique et de I'atranorine. Ces deux
molécules peuvent étre caractérisées directement depuis le lichen broyé et non tamisé (Figure 24).

108



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE
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FIGURE 24 : DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA RANGIFERINA ET A SES
METABOLITES SECONDAIRES. NOIR, POUDRE TOTALE DE LICHEN SANS TAMISAGE (APRES SOUSTRACTION DU FOND
CONTINU) ; BLEU, ACIDE FUMARPROTOCETRARIQUE ; ROUGE, ATRANORINE. LES PICS MARQUES EN VERT SONT
ASSOCIES A LA PRESENCE DE QUARTZ DANS L’ECHANTILLON.

Le tamisage n’exerce pas d’influence notable sur I'analyse du diagramme pour ce lichen (Figure 25).
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FIGURE 25 : DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA RANGIFERINA : NOIR, NON
TAMISE ; ROUGE, FRACTION SUPERIEURE A 125 MM ; BLEU, GRAINS COMPRIS ENTRE 80 ET 125 MM ET VERT, GRAINS
INFERIEURS A 80 MM.

Dernier lichen étudié pour I'heure par diffraction par les rayons X, Cladonia ciliata var. tenuis est un
lichen caractérisé par la présence d’acide usnique (Hauck and Jirgens, 2008). Cette molécule
parvient a étre détectée directement depuis le lichen broyé et non tamisé (Figure 26)
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FIGURE 26: DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA CILIATA ET A L’ACIDE USNIQUE.
NOIR, POUDRE TOTALE DE LICHEN SANS TAMISAGE (APRES SOUSTRACTION DU FOND CONTINU) ; ROUGE, ACIDE
USNIQUE. LES PICS MARQUES EN VERT SONT ASSOCIES A LA PRESENCE DE QUARTZ DANS L’ECHANTILLON ET CELUI EN
BLEU CORRESPOND A LA PRESENCE DE NACL.

Une nouvelle fois, le tamisage 80 pm < grains < 125 ym semble le plus adapté mais I'identification se
fait correctement avec I'échantillon non tamisé (Figure 27).
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FIGURE 27: DIFFRACTOGRAMMES RAYONS X SUR POUDRES RELATIFS A CLADONIA CILIATA : NOIR, NON TAMISE ;
ROUGE, FRACTION SUPERIEURE A 125 MM ; BLEU, GRAINS COMPRIS ENTRE 80 ET 125 MM ET VERT, GRAINS
INFERIEURS A 80 MM.

Si ces premiers résultats démontrent la faisabilité de cette approche treés originale, des compléments
sont a prévoir pour estimer le potentiel de la diffraction de poudres aux rayons X pour le profilage
chimique de lichens broyés, notamment I'analyse de lichens de chimie plus complexe. Pour appliquer
la méthode a de véritables fins déréplicatives, une banque de données compilant les
diffractogrammes de composés lichéniques devra étre constituée.
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IIl.  Apport du LDI-MS pour la déréplication de lichens

Le LDI-MS s’inscrit dans les méthodes d’ionisation/désorption laser dont la déclinaison analytique la
plus fréquemment rencontrée est le MALDI (Matrix Assisted Laser Desorption and lonization Mass
Spectrometry). De telles analyses requiérent I'adjonction de molécules de matrice absorbant a la
longueur d’'onde du laser utilisé. Les mécanismes régissant I'ionisation MALDI sont complexes et
restent encore débattus aujourd’hui mais il est admis que l'irradiation laser désorbe et ionise dans un
premier temps les molécules de matrice puis qu'un transfert de charge intervient pour permettre
ensuite la détection des analytes (Karas et al., 1987; Zenobi and Knochenmuss, 1998). Il y a de fait
une détection conjointe des analytes et des molécules de matrice, ce qui va obscurcir le signal dans
les régions de basses masses molaires (typiguement en dessous de 700 a 1.000 unités de masse
atomique selon la matrice utilisée) (Figure 28). Ce phénoméne dit d’interférences matricielles explique
gue cette méthode de spectrométrie de masse soit plutbt orientée vers la détection de molécules de
masses molaires élevées et a ce titre notamment la protéomique. Les techniques de
désorption/ionisation laser représentent pourtant des candidats attractifs pour la déréplication car ces
analyses sont trés rapides, peu colteuses et peuvent étre automatisées (Manna et al., 2011; Pavarini
etal., 2012).

OH
Transfert de charge

OH — (A
DiHydroxyBenzoate
+ -
Matric“ Analyte
‘ miz

Faisceau laser pulsé

Analytes et matrice co-cristallisés
sur une cible MALDI

Intensité du signal

Acide usnique
FIGURE 28 : PRINCIPE DE L'IONISATION MALDI ET HOMOLOGIES STRUCTURALES ENTRE LE DIHYDROXYBENZOATE
(MATRICE COMMERCIALE) ET L’ACIDE USNIQUE

Sur la base de l'absorption UV de la majorité des métabolites secondaires lichéniques et des
similitudes structurales entre les polyphénols lichéniques et des matrices commercialement
disponibles, il a pu étre établi que I'acide usnique présente des propriétés matricales indiquant par la
méme que ce composé est capable de s’auto-ioniser i.e sans avoir besoin d’y adjoindre une matrice
(Schinkovitz and Richomme, 2015). Au travers de I'analyse de 25 composés purs représentatifs de la
chimiodiversité lichénique, I'auto-ionisabilité des molécules lichéniques appartenant a 11 grands
groupes structuraux de métabolites lichéniques a pu étre caractérisée. Dans un second temps, le
potentiel déréplicatif du LDl en mode d’ionisation négatif a été évalué sur une quinzaine d’extraits
lichéniques de composition connue. Du fait de l'ionisation douce déclenchée par la source LDI, les
spectres permettent généralement une identification facile des métabolites, le plus souvent par leurs
ions quasi-moléculaires. L’aptitude du LDI a former des radicaux permet de détecter des especes
difficilement déprotonables en mode négatif (e.g quinones instiguant des liaisons hydrogéene intra-
moléculaires) non détectables dans ce méme mode en ESI. L’ensemble des données en lien avec le
LDI est compilé dans un article paru en 2015 dans Analytical Chemistry et intitulé « Matrix-Free UV-
Laser Desorption and lonization Mass Spectrometry ». Les données complémentaires de cette
publication font I'objet de 'Annexe 7 (p. 288).
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ABSTRACT: The present study examined the suitability of
laser desorption/ionization time-of-flight mass spectrometry
(LDI-MS) for the rapid chemical fingerprinting of lichen
extracts. Lichens are known to produce a wide array of
secondary metabolites. Most of these compounds are unique to
the symbiotic condition but some can be found in many
species. Therefore, dereplication, that is, the rapid ident-
fication of known compounds within a complex mixture is
crucial in the search for novel natural products. Over the past
decade, significant advances were made in analytical techniques
and profiling methods specifically adapted to crude lichen
extracts, but LDI-MS has never been applied in this context.

! i - wm.
Direct LDI Analysis

However, most classes of lichen metabolites have UV chromophores, which are quite similar to commercial matrix molecules
used in matrix-assisted laser desorption ionization (MALDI). It is consequently postulated that these molecules could be directly
detectable by matrix-free LDI-MS. The present study evaluated the versatility of this technique by investigating the LDI
properties of a vast array of single lichen metabolites as well as lichen extracts of known chemical composition. Results from the
LDI experiments were compared with those obtained by direct ESI-MS detection as well as LC-ESI-MS. It was shown that LDI
ionization leads to strong molecular ion formation with little fragmentation, thus, facilitating straightforward spectra
interpretation and representing a valuable alternative to time-consuming LC-MS analysis.

ichens are self-sustaining partnerships between a

filamentous fungus and a photosynthetic partner
(eukaryotic algae and cyanobacterium). These structurally
complex symbiotic organisms can survive in harsh conditions
including extreme temperature, desiccation, UV radiation, and
high saline concentration.’ They have further developed
protective mechanisms to resist intense light exposure,
including the synthesis of many UV [_:orotectants.2 Lichens
were reported to produce over 1200 secondary metabolites
among which only a relatively small number (50—60) occur in
nonsymbiotic fungi or higher plants.3 These unique
metabolites exhibit an impressive range of biological effects
including antibiotic, antifungal, anticancer, antiprotozoan, and
anti-HIV activities.” As some lichen substances are frequently
observed in many species, successful harnessing of this
outstanding reservoir relies on refined dereplicative ap-
proaches.” In this context, Liquid Chromatography—Mass
Spectrometry (LC-MS), allowing the characterization of
metabolites by mass spectra profiling and retention times,
represents the standard method for analyzing the chemical
composition of lichens. However, the development of high-
throughput screening approaches that require little to no
sample prepurification may offer new perspectives in terms of
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dereplication studies. On one hand, such methods may be
based on innovative techniques such as Direct Analysis in
Real Time Mass Spectrometry (DART-MS) facilitatin
chemical profiling directly from untreated lichen material.
On the other hand, the adaptation of already existing methods
may also yield significant advances in the field. In this respect,
the direct detection of lichen compounds by laser desorption
ionization (LDI) represents an interesting approach that has
not been studied so far. To the best of the authors’
knowledge, the only application of laser-desorption ionization
mass spectrometry on lichens is a MALDI experiment on
Chilean lichens targeting the analysis of soluble prote‘ms.s
Many lichen compounds show close structural similarity to
known MALDI matrices and may therefore exhibit similar
ionization properties as recently shown for usnic acid.”
Independently from their potential matrix effects, phenolic
compounds should exhibit autoionization upon laser light
exposure. Consequently, these compounds should be directly
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Figure 1. Structures of secondary lichen metabolites. Each compound represents one typical class of lichenic compounds studied in this work.

detectable by LDI, without matrix support. With this in mind,
the present study evaluated the self-ionization properties of a
wide range of chemically diverse lichen compounds such as
depsides, depsidones, dibenzofurans, depsones, diphenylethers,
pulvinic acid derivatives, anthraquinones, naphthoquinones,
xanthones, chromones, and aliphatic and paraconic acids.
Additionally, compound complex mixtures such as crude
lichen extracts were also analyzed, and the results from the
LDI experiments were compared to those obtained by direct
injection ESI-MS and classical LC-DAD-ESIMS. This latter
approach facilitated the estimation of the number of genuine
compounds, supported structural assignments, and also added
evidence to the proposed fragmentation pathways.

B EXPERIMENTAL SECTION

Mass Spectrometry and Instrument Settings. LDI
experiments were carried out on a Bruker Biflex III time-of-
flight (TOF) mass spectrometer (Bruker Daltonik, Bremen,
Germany) equipped with a 337 nm pulsed nitrogen laser
(model VSL-337i, Laser Sciences Inc., Boston, MA). Spectra
were acquired in the linear positive and negative mode within
mass range of 20 to 2000 Da. The acceleration voltage was 19
kV, for both the positive and negative ionization modes, pulse
ion extraction was 200 ns, and laser frequency was S ns.
Experiments were performed within a laser energy range of
30—80% (46.2—103.2 uJ), depending on sample requirements.
For LDI analyses, single molecules and extracts were prepared
at a concentration of 10 mg mL™" in dichloromethane

(DCM) or a mixture of DCM and pyridine 9:1 (v/v),

10422

depending on sample solubility. Mycosporine serinol was
dissolved in distilled water.

For direct injection, ESI-MS solutions of single compounds
and lichen extracts were prepared in DCM at concentrations
of 0.5 and 1.0 mg mL™', respectively. These samples were
introduced into an expression CMS single quadrupole
(Advion) using a mixture of MeOH/water (+0.1% formic
acid) 9:1 (v/v) at a flow rate of 200 L min™".

Full scan mass spectra were recorded in the negative ion
mode in a mass range of 100 to 1200 Da, applying the
following parameters: detector gain 1200, ESI voltage 3.5 kV,
capillary voltage 180 V, source voltage 20 V, source voltage
dynamic 20 V, nebulizer gas pressure 60 psig, desolvation gas
flow rate 4 L min™', capillary temperature 250 °C, and source
gas temperature 50 °C. Full scan mass spectra were recorded
in the positive ion mode in a mass range of 100 to 1200 Da
using the following parameters: detector gain 1200, ESI
voltage 3.5 kV, capillary voltage 180 V, source voltage 40 V,
source voltage dynamic 0 V, nebulizer gas pressure 60 psi,
dissolvation gas flow rate 4 L min ™", capillary temperature 250
°C, and source gas temperature 20 °C. Data processing and
evaluation for MS measurement was performed with the Data
and Mass Express 2.2.29.2 software (Advion).

The LC-ESI and ESI mass spectra were all obtained from
the same single quadrupole analyzer (Advion, Ithaca, U.S.A.).
The MS system was coupled to a HPLC system (Prominence
Shimadzu, Marne La Vallée, France) equipped with a Kinetex
C18 HPLC column (100 X 4.6 mm, 2.6 y, 6A, Phenomenex)
and consisting of a quaternary pump (LC20ADSP), a
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Figure 2. LDI spectra of rhizocarpic add (A) and roccellic acid (B),
both negative mode, and LDI spectra of mycosporine serinol,
positive mode (C).

surveyor autosampler (SIL-20AHT), and a diode array
detector (SPD-M20A). HPLC analyses were performed by
gradient elution using the following parameters: A (0.1%
formic acid in water) and B (acetonitrile); T, 0 min, 20% B;
0-25 min, 80% B linear; 25—30 min, 100% B linear; 30—35
min 100% B; 35—40 min 20% B linear. The flow rate was 200
uL min~",

Compounds and Lichen Material. Single compounds
used in this manuscript all belong to the library of single
lichenic compounds of UMR CNRS 6226 PNSCM, being
isolated during previous phytochemical investigations. All
specimens except the crustose alpine lichen Ophioparma
ventosa have been harvested in France and are representative
for different morphologies. Place of harvest and herbarium
codes of studied lichens are given in Supporting Information
(Table S-1). For all lichens, 5.0 g of the air-dried thallus were
ground with mortar and pestle, before being extracted with
50.0 mL of analytical grade acetone for 9 h at room
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Figure 3. Negative LDI-MS (A) and ESI-MS (B) of thamnolic acid;
*contamination of usnic add.

temperature. Extracts were then split for ESI-MS and LDI-MS
experiments.

B RESULTS AND DISCUSSION

Autoionizability of Lichen Metabolites. The LDI-MS
analyses of main classes of lichen compounds were first
performed on a selection of single molecules covering most
expected chemodiversity within lichens. A selection of
molecules detected in LDI-MS is depicted in Figure 1, and
a complete list of all molecules detected in this study is
provided in the Supporting Information (Table S1).

Initial experiments were performed in linear negative
ionization mode. Most of the LDI-ionized compounds like
rhizocarpic acid exhibited at least some UV absorption at the
irradiation wavelength of the N, laser (337 nm; Figure 2A).
Interestingly, also paraconic and aliphatic acids displaying no
UV absorption at 337 nm ionized quite well upon laser
irradiation (e.g., roccellic acid, see Figure 2B). This suggests
that the presence of a carboxylic function on its own is
sufficient to trigger negative ionization. Among tested
molecules, only mycosporine serinol, displaying a strong UV
absorption,g required positive-ion mode (Figure 2C).

Being a soft ionization method, LDI yielded clean spectra
with strong molecular ions and little fragmentation for the
vast majority of the analyzed molecules. In many cases, the
molecular or pseudomolecular ion was observed as the base
peak. From all tested compounds, only depsides and
diphenylethers exhibited notable fragmentation, which could
be explained by the cleavage of ester and ether bonds. For
depsides, both the carboxylic acid and the alcohol fragment
were observed, but the latter exhibited a much stronger signal.
This specific cleavage is typical for didepsides and is often
folllfl)]wEd by loss of water from the alcohol moiety (Figure
3.7

In parallel to LDI-MS experiments, all samples were also
studied by direct injection ESI-MS and results are outlined in
Table 1. Contrary to LDI, some depsides did not show up as
pseudomolecular ions in the ESI spectra, as shown for
atranorin (Figure S-2) and thamnolic acid (Figure 3).
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Table 1. Negative mode LDI and ESI signal patterns for single molecules (underlined species refer to base peaks)
(Mycosporine serinol was analyzed in positive-ion mode)

structural family molecule molecular formula  monoisotopic mass LDI-MS (m/z) ESI-MS (m/z)

depsides atranorin'®'""7 CeH, 04 374.10 373, 195, 177, 163 195, 177, 151

divaricatic acid™ C,H,,0, 388.15 387, 209, 195, 177, 151 387, (209), 195

evernic acid CysH,,0- 33200 331, 181, 167, 149, 123 331, 181, 167

thamnolic acid" CH 0y, 42007 419, 375, 225, 211, 193, 167 375, 167
depsidones lobaric acid CyHy, Oy 456.18 455 455

stictic acid CeH,, 04 386.06 385, 357, 341 385, 357, 341

variolaric acid CeH, O 314.04 313 313, 269
dibenzofurans and related pannaric acid CsH;, 05 316.06 315 315, 297, 271

usnic acid CsH 04 34409 343, 329 343
diphenylethers f-collatolic acid CuH,, 04 52622 525, 280 525

lobarin C,H,0, 47419 473, 411, 238 473, 411, 385

sakisacaulon A C,4H3,04 430.20 429, 385, 251 429, 385
xanthones secalonic acid D C;Hy Oy 638.16 637 637

thiophanic acid C H,CLO, 393.90 393 393
naphthoquinone haemoventosin Cy:H,, 04 304.06 304 not detected
anthraquinones chrysophanol C:H, 0, 254.06 254 not detected

emodin C,:H,,0 270,05 269 269

parietin CsH;2 04 284.07 284 not detected
chromones lepraric acid C H,,04 362.10 383, 339, 235, 203 not detected
aliphatic and paraconic acids roccellic acid C,-H,,0, 300.23 299, 255 299

lichesterinic acid CsH;,0, 32423 323 323
pulvinic acid derivatives epanorin CyH, NOg 43517 434 434

rhizocarpic acid CoH, s NOg 469.15 468 468

vulpinic acid CisH,, 05 32208 321 21
mycosporine (positive mode) mycosporine serinol C HNOg 261.12 300, 284, 262 545, 300, 284, 262

Proposed cleavages are consistent with previously described constantly absent in ESI-MS. Chrysophanol (Figure SA),

dissociation pathways."" haemoventosin, and parietin all exhibited molecular radical
Fragments observed in the diphenylethers spectra are ions [M]*” in LDI, whereas emodin displayed a pseudomo-

presumed to come from a cleavage of the ether bond.

While the first fragment could be identified in a X T chrysophanal 2541 A

straightforward manner, the second one showed up one 08 E:';r.',’f‘ Molecular lon

mass unit lower than expected. This might be explained by £ M

the loss of a hydrogen radical, as previously described for 20

diphenylether,'® but also for phenolic hydroxyl groups of g

flavonoids in negative-ion mode MALDI-MS."* A typical 5

example for diphenylether fragmentation is provided by the cH

LDI spectrum of sakisacaulon A (Figure 4). 10
Furthermore, the analysis of quinones highlighted a specific

advantage of LDI-MS over ESI-MS. While quinones were 05

easily detected in LDI, their signals were, except for emodin,

e ——" 150 200 250 300 150 40omiz
20, 5.2
; 20005
s000 E 430 Da o251 [M-CO,H] H E::fgs 2600 B
= (M- CyHi0,) i 270 Da Pseudomalecular ion
5 [M-H):
1500
OH H o
4000 mir 195
[0 =y Hy, 0]
1000 Hy
o
2000 [M-CyyHy0 ]
M-€,,H,,0.] o
M-H]
251.0 ey 500
0 L L Ll l
150 200 250 360 150 100 7 R
150 200 250 200 350 Aemiz
Figure 4. Negative mode LDI spectrum of sakisacaulon A and its
proposed dissociation pathway. Figure 5. Negative LDI-MS of chrysophanol (A) and emodin (B).
10424 DOl: 10.1021/acs analchem 5b02531

Anal. Chem. 2015, 87, 10421-10428

115



APPROCHES DEREPLICATIVES INNOVANTES EN LICHENOLOGIE

Analytical Chemistry

Table 2. Lichen Extracts Yielding Similar Spectra in Negative LDI and ESI-MS

lichens molecule LDI-MS (m/z)

343, 329, 259
443, 237, 223, 205,

usnic acid

perlatolic acid

Cladonia portentosa®

179
Flavocetraria nivalis” pinastric acid 351
usnic acid 343, 329
vulpinic acid 321
Lecidella asema® asemone 359
3-O-methylasemone 373
thiophanic acid 393
3-O-methylthiophanic 407
acid
Pertusaria amara® picrolichenic acid 441, 397
subpicrolichenic acid 413
Ramalina cuspidata var. norstictic acid 371, 327
stenoclada™ usnic acid 343
unassigned signal 387
Ramalina siliquosa var. crassa”  salazinic acid 387
usnic acid 343
Roccella phycopsis® roccellic acid 299
erythrin 421, 317, 271, 167,
149
Tephromela atra” a/ff-collatolic acid 525, 280
a-alectoronic acid 511
gangaleoidin 411
atranorin 373, 195, 177, 163
una.wigned signa] 543
Usnea ﬁﬁpendulal‘ salazinic acid 387
usnic acid 343, 329, 259
Vulpicida pinastn'l‘ pinastric acid 351
usnic acid 343, 329
vulpinic acid 321

major compounds identified in the sample and consistent
literature data

dl‘!.lﬂ

ESI-MS
(m/z)

343

443, 237,
223

351
343
321
359
373
393
407

usnic acid, perlatolic aci

pinastric acid, usnic acid, vulpinic acid™

asemone, 3-0-methylasemone, thiophanic acid, 3-O-
methylthiophanic acid"®

dl 223

441
413
371
343
387
387
343
299
421, 167

picrolichenic acid, subpicrolichenic aci

T T
norstictic acid, usnic acid

L 1
salazinic acid, usnic acid

s .25
roccellic acid, erythrin

525, 280 a- and fi- collatolic acids, a-alectoronic acid, atranorin™®
511, 483
411
195, 151
3
387
343
351
343
321

L s L 118,37,28
salazinic acid, usnic acid

. A S s 2930
pinastric acid, usnic acid, vulpinic acid

“Samples (crude extracts) in which the outlined single compounds were isolated from their respective crude extract. “Samples (crude extracts) in
which the outlined single compounds were identified by HPLC/DAD/MS.

lecular ion [M — H]™ (Figure 5B). This is most reasonably
explained by the different modes of ionization observed in ESI
and LDI For the latter, both the formation of the radical and
pseudomolecular ions are Possible.ls On the other hand, ESI
is mainly a pseuadomolecular ion-forming method.'® This
explains why solely emodin could be observed in ESL A closer
look on the structure of these four compounds also helps
understanding their respective preferences in terms of ion
formation. Chrysophanol, haemoventosin, and parietin all
have their phenolic groups in close vicinity to a hydrogen
bond acceptor moiety (carbonyl), preventing the formation of
[M — HJ]". This is not the case for the phenolic group of
emodin in position 3, which can be easily deprotonated to
form [M — H]".

Analysis of Lichen Extracts. Subsequent to the LDI-MS
analysis of single compounds, the LDI technique was further
evaluated on complex mixtures, such as crude extracts
originating from various lichen species of known chemical
composition. There again, LDI was compared with direct
injection ESI-MS. Additional HPLC-DAD-MS analyses were
performed on all samples in order to determine the number
of genuine compounds occurring within the samples and
support observed fragmentation patterns. Overall, LDI-MS
experiments yielded chemical profiles that were in good
agreement with previously published works and at least equal
to those obtained by ESI-MS (Table 2). In some cases, an
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Figure 6. LDI-MS (A) and ESI-MS (B) negative-ion mode spectra
of the acetone extract of Lecidella asema.

even wider range of compounds was detected by LDI-MS
(Table 3). All LDI and ESI spectra are displayed in
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Table 3. Lichen Extracts Displaying a More Detailed Chemical Profile in Negative LDI than in ESI

lichen molecule Lg-fgs ESI-MS (m/z) major compounds reported in literature
Diploicia canescens® diploicin 421 421 diploicin, dechlorodiploicin, secalonic acids, chloroatranorin™
dechlorodiploicin 387 387
secalonic acids 637 not detected
chloroatranorin 407, 229, 211, not detected
195
Evernia pmnastri{‘ usnic acid 343 not detected usnic acid, evernic acid, chloroatranorin, **atranorin'"~"""
evernic acid 331, 167 331, 181, 167
chloroatranorin 407, 229, 211, 229, 195, 185, 151
195
atranorin 373, 195, 177 195, 151 {a]] in common with
chloratranorin)
Ophioparma ventosa” usnic acid 343, 329 343 usnic acid, divaricatic acid, thamnolic acid, miriquidic acid,

haemoventosin

atranorin, physodic acid, 3-OH physodic acid, 2'-0-

methylphysodic acid, chloroatranorin, a-alectoronic acid'™!

- - - - - 325
erythrin, lepraric acid, roccellic acid

emodin, fallacinal, fallacinol, parietin, parietinic acid' %

divaricatic acid 387, 209, 195, 387, 209, 195, 181
177
thamnolic acid 419, 375, 225, 375, 225, 211, 193, 181, 167
211, 167
miriquidic acid 457, 223 not detected
haemoventosin 304 not detected
Pseudevernia _ﬁnfumcsal‘ atranorin 373, 195, 177, 195, 177, 151 (all in common
163 with chloroatranorin)
physodic acid 469 469, 425
3-OH physodic 485 485
acid
2'-0- not detected 483
methylphysodic
acid
chloroatranorin 407, 211, 195, 229, 195, 185, 151
163
a-alectoronic acid 511 511
Roceella fuciformis® erythrin 421, 271, 167, 421, 271, 167
149
lepraric acid 235, 203 not detected
Xanthoria parietina{‘ emodin 269 269
fallacinal 298 not detected
fallacinol 300 not detected
parietin 284 not detected
parietinic acid 314 not detected

“Samples (crude extracts) in which the outlined single compounds were isolated from their respective crude extract. bSamples (crude extracts) in

which the outlined single compounds were identified by HPLC/DAD/MS.

Supporting Information (Figures S$2—S43 and S$44-—S81,
respectively).

The extracts of Cladonia portentosa, Flavocetraria nivalis,
Lecidella asema, Pertusaria amara, Ramalina siliquosa var.
crassa, Tephromela atra, Usnea filipendula, and Vulpicida
pinastri yielded equivalent results for both methods and are
summarized in Table 2. Any of the reported major
compounds could be detected by LDI and ESL

However, it is worth mentioning that automated LDI
experiments were far less time-consuming since all 15 samples
could be analyzed within 30 min. As a representative example,
the crude extract analysis of L. asema, displaying all expected
chlorinated xanthones," is outlined in Figure 6.

For other lichen extracts such as Diploicia canescens, Roccella
fuciformis, and Ophioparma ventosa, LDI-MS yielded more
detailed chemical profiles than ESI-MS, as shown in Table 3.
Highlighting this specific advantage of LDI, three representa-
tive examples will be consecutively discussed in detail. For
Evernia prunastri (Figure 7), the LDI spectrum permitted the
detection of usnic acid, atranorin, and chloroatranorin by their
pseudomolecular ions, while these signals were entirely
missing in the ESI spectrum. Solely evernic acid could be

10426

detected by both methods. In the case of chloratranorin, the
ESI limitation of the missing [M — HJ™ ion could be
bypassed by the close inspection of the characteristic isotopic
pattern of its chlorinated fragments. However, in the case of
the concurrent presence of atranorin and chloroatranorin,
which neither showed [M - H]™ (e.g, E. prunastri or
Pseudevernia furfuracea, Table 3), the two compounds could
not be distinguished by ESI since they both shared the same
fragmentation pattern. Noteworthy, usnic acid, which was
missing in the ESI-MS spectra of E. prunastri and Ramalina
cuspidata var. stenoclada could be detected when LC-MS was
used instead of direct injection ESL The authors assume that
the missing detection of usnic acid is most reasonably due to
ion suppression effects resulting from direct injection, as
previously described in the literature for ESI and APCI-MS
ex[:-erirnmts.31

As previously discussed for single compounds, haemoven-
tosin, chrysophanol, and parietin, LDI induces the formation
of molecular and pseudomolecular ions, while ESI exclusively
forms pseudomolecular ions. The same effect was also
observed when studying the crude extract of Xanthoria
parietina (Table 3). There the main constituents (fallacinal,
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Figure 7. Compared negative-ion mode LDI (A) and ESI-MS (B)
spectra of the acetone extract of Evernia prunastri.

parietin, and parietinic acid) were detected by their molecular
radical ions [M]”, while these signals were naturally missing
in the ESI spectrum. Only emodin was detected in both LDI
and ESI-MS (Figures S-43 and S-81, respectively).

Finally the LDI spectrum of Ophioparma ventosa (Figure 8)
revealed all expected metabolites. Of special interest are
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Figure 8. Comparison of negative LDI (A) and ESI-MS (B) spectra
of Ophioparma ventosa acetone extract.

signals corresponding to miriquidic acid, the pseudomolecular
ion of thamnolic acid and the radical molecular anion of
haemoventosin. Indeed, ESI-MS detection of this latter
required a switch to positive-ion mode, which does not
enable detection of any other metabolite, emphasizing the
advantageous versatility of negative LDI-MS. This time-saving
aspect represents one of the most valuable advantages of LDI
as it allows accelerated sample processing and data analysis.
Besides, LDI facilitated the detection of thamnolic acid in its

unfragmented state. The compound is very easily decarboxy-
lated and always accompanied by decarboxythamnolic acid,
which is regarded as an artifact rather than the product of an
enzyme-mediated reaction.”” The detection of unfragmented
thamnolic acid therefore highlights the softness of LDI

ionization, indicating a significant advantage of LDI over ESL

B CONCLUSION

Up to today, only a few reports on the LDI detection of
phenolic compounds exist, and to the best of the authors’
knowledge, the present work represents the first analysis
conducted on lichen compounds and extracts. Benefiting from
the photoabsorbing properties observed for most groups of
lichen metabolites, LDI can be directly conducted without any
matrix support. The versatility of this approach was assessed
in comparison to LC-ESI-MS and direct injection ESI-MS. It
was found that LDI covers a wider range of analytes within
one ionization mode, as shown for some depsides, but also for
quinones (fallacinal, parietin, parietinic acid, and haemovento-
sin). The effect is explained by the observation that LDI
facilitates both [M]~ and [M — H] ion formation, while
negative ESI preferably forms [M — H]™ ions. Further
advantages of LDI are its low cost, the possibility of
automation (high-throughput screening), and that little to
no sample preparation is required. Furthermore, the auto-
ionizability of lichen polyphenols opens up new avenues for
the screening of related natural compounds in plants and
bacteria. Whether the method may also be used for
quantitative applications and which limit of detection and
sensitivity can be expected warrants further investigation.
Further, it should be kept in mind that all presented MS data
are acquired in low resolution, including any limitation
coming along with it. However, the use of high-resolution
mass spectrometry and tandem MS detectors should allow the
analysis of even more complex samples and the direct
identification of new compounds. So far, LDI-MS has only
been performed on a rather limited number of chemical
groups such as stilbenes).‘q‘q’flavm'aoidsp34 :'1a[_)hdlodjanmronesp34
and phenylphenalenones.g” With this in mind, the method
represents an interesting field of contemporary research,
which could be extended to many technical applications in the
near future. Currently a follow up study is investigating the
LDI-MS imaging and histolocalization of lichenic metabolites
within lichen thalli. In conclusion, LDI-MS adds a versatile
tool to the wide field of lichenology, facilitating direct and
sharp analysis of lichen metabolites.
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HISTOLOCALISATION DE COMPOSES LICHENIQUES

PARTIE 3 : HISTOLOCALISATION DE COMPOSES LICHENIQUES

|. Etat de I'art

Un second grand axe de travail entrepris dans le cadre de cette thése avait pour objectif de préciser la
distribution tissulaire des métabolites lichéniques.

Peu de travaux se sont penchés jusqu’a présent sur I'histolocalisation fine des composés lichéniques
bien que la répartition inhomogéne de composés lichéniques ait pu étre constatée au sein du thalle de
plusieurs lichens, vraisemblablement en lien avec le réle écologique de ces molécules. Il est ainsi
souvent constaté que les organes reproducteurs du lichen vont concentrer davantage de polyphénols
que le reste du thalle, sans doute pour procurer une défense chimique a ces précieux organes pour la
pérennisation de I'espéce (Asplund et al., 2010; Hyvérinen et al., 2000). La caractérisation de ces
aires de distribution repose essentiellement sur des méthodes chimiques (réactions thallines) ou
optiques (profils de fluorescence UV) (Kauppi and Verseghy—Patay, 1990) qui dans les deux cas
distinguent mal les composés individuels (cf. Chapitre CCM-MS) ou sur des extractions d’organes
ciblés suivies d’une étude phytochimique traditionnelle mais dans ce cas de figure, les détails fins de
la répartition des molécules sont perdus. La seule étude ayant réalisé une véritable histo-localisation
de composeés lichéniques est une analyse par spectromicroscopies infrarouge et Raman ayant précisé
la distribution de I'acide usnique au sein de différentes espéces de Cladonia, atteignant une résolution
spatiale de I'ordre de 15 um (Liao et al., 2010).

L’essor relativement récent de I'imagerie par spectrométrie de masse (MSI pour Mass Spectrometry
Imaging) offre de nouvelles techniques pour accéder a la distribution spatiale des composés présents
dans un échantillon. Schématiquement, I'acquisition de ces données se décompose en quelques
grandes étapes (Esquenazi et al., 2009) (Figure 29):

- la préparation de I’échantillon est plus ou moins longue et exigeante selon la nature de
l'ionisation mise en ceuvre (e.g pulvérisation de la matrice dans le cadre des analyses
MALDI...);

- la seconde étape représente 'acquisition des données a proprement parler. Pour ce faire,
I'échantillon est déplacé pour permettre a la source d’en ioniser différentes positions selon un
quadrillage prédéfini. Un spectre de masse est alors généré en chacun de ces points ;

- le troisieme temps correspond & un traitement graphique des données. Chacun des signaux
d’intérét va étre associé a une couleur qui sera ensuite utilisée pour représenter la présence
du composé avec une intensité d’autant plus marquée que le composé est abondant. Les
molécules peuvent ensuite étre associées a leur structure histologique d’appartenance en
superposant les aires de distributions ioniques a une image optique de I'échantillon.

132



HISTOLOCALISATION DE COMPOSES LICHENIQUES

Etape 1 Etape 2 Etape 3
Définition du Collecte des Distribution des
guadrillage spectres de masse  différents ions

en chaque point d’intérét

Etape 4
Superposition

|

[ ——— mz

= Points d’irradiation laser

ad
R4

[ = Cible MALDI

Spectre de masse moyen

FIGURE 29: PRINCIPE DE L'ACQUISITION DES DONNEES EN IMAGERIE PAR SPECTROMETRIE DE MASSE LDI
(ADAPTE DE (GREER ET AL., 2011))

Les sources d’ion les plus classiquement employées en imagerie par spectrométrie de masse sont le
MALDI, le DESI et le SIMS. A noter que des analyses LAESI (Laser Ablation ElectroSpray lonization)
ont permis de réaliser de rhistolocalisation tridimensionnelle au sein de feuilles d’Aphelandra
squarrosa (Nemes and Vertes, 2009).

Compte-tenu de [lionisation satisfaisante des composés en LDI, les analyses dimagerie par
spectrométrie de masse entreprises dans le cadre de cette thése ont été engagées avec cette source
d’'ions. Le LDI-MSI a été utilisé au service de deux problématiques différentes qui vont étre abordées
séquentiellement au titre de cette troisieme partie :

- Ihistolocalisation des composés polyphénoliques au sein du thalle d’Ophioparma ventosa.
Ces analyses ont fait appel aux appareillages de la plate-forme BIA de I'INRA de Nantes dans
le cadre d’une collaboration avec Audrey Geairon et le Docteur Héléne Rogniaux ;

- limagerie de la mycosporine sérinol au sein du cyanolichen Lichina pygmaea pour tenter de
mieux comprendre la contribution des symbiontes dans la biosynthése de ces composés.
Cette thématique s’accompagne d'une étude concernant I'équipement génétique des
partenaires réalisée en collaboration avec le Dr. Yanyan Li (UMR 7245 CNRS/MNHN, Paris
5). Les premiéres étapes de ces travaux de biologie moléculaire ont fait appel a I'expertise du
Pr. Annie Guiller (Université Jules Verne, Amiens).
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. Distribution tissulaire des composés produits par
Ophioparma ventosa par LDI-MSI : écologie chimique

L’étude de la répartition des métabolites secondaires au sein du lichen Ophioparma ventosa a été
engagée sur la base des analyses DART-MS qui indiquaient une répartition asymétrique des
composés qu'il contient (comparatif face supérieure vs. face inférieure). La localisation tissulaire de
I'acide miriquidique, depside que nous avions décrite pour la premiére fois chez Ophioparma ventosa
représentait un intérét supplémentaire a cette analyse d’imagerie. Les métabolites secondaires
principaux isolés a partir de ce lichen ont pu étre imagés avec une résolution spatiale de I'ordre de 50
um a partir de coupes réalisées par un cryotome (40 um d’épaisseur) (plate-forme H2P2, Dr. Alain
Fautrel) ou manuellement a la lame de rasoir. Les contours de distribution des composés sont
cohérents avec les roles écologiques précédemment décrits pour ces différentes molécules.

Ces analyses sont compilées dans un article devant étre soumis trés prochainement a Scientific
Reports. Une version avancée de ce draft est fournie a la suite tandis que les données
complémentaires peuvent étre consultées en Annexe 8 (p. 323).
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Imaging mass spectrometry techniques have become a powerful strategy to assess the spatial

; distribution of metabolites in biclogical systems. Based on auto-ionisability of lichen metabolites using
i LDI-MS, we herein image the distribution of major secondary metabolites (specialized metabolites)

¢ from the lichen Ophioparma ventosa by LDI-MSI (Mass Spectrometry Imaging). Such technologies

: offer tremendous opportunities to discuss the role of natural products through spatial mapping, their

: distribution patterns being consistent with previous chemical ecology reports. A special attention was
i dedicated to miriquidic acid, an unexpected molecule we first reported in Ophioparma ventosa. The

: analytical strategy presented herein offers new perspectives to access the sharp distribution of lichen

: metabolites from regular razor blade-sectioned slices.

¢ Lichens are a world-widespread consortium of fungal and photosynthetic partners. The high specialization in
¢ lichen tissue metabolism leads to diverse metabolite distribution corresponding to secondary metabolites, pref-
¢ erably named specialized metabolites. For example, lichens tend to allocate their most efficient grazing-deterrent
i compounds to their reproductive parts that are the most valuable for lichen fitness, in agreement with the optimal
¢ defense theory'. The discovery of such distribution patterns most often relies on extraction of targeted tissues for
¢ chemical analyses, sometimes guided by specific features of the analytes such as UV fluorescence®. Many lichen
¢ compounds can also be stained by exogenously applied chemicals (spot tests on cortex, medulla or apothecium).
: Both approaches appear limited since sharp details of distribution are lost when analyzing bulk tissues, while
¢ techniques based on functional group histochemistry do not distinguish between individual compounds and
i lead to distortions of localization. MSI technigues underwent significant technological improvements during
: the last decade so that they gained considerable importance in the field of plant metabolites imaging, the most
i prevalent method being MALDI-MSI (Matrix Assisted Laser Desorption and Ionization). We first reported on
¢ auto-ionisability of all main classes of lichenic compounds using matrix-free LDI-MS and emphasized the poten-
¢ tial of this technique as a blitz-screening compatible dereplication tool*. Indeed, lichen analytes did not require
i a chemical matrix for ionization avoiding the tricky step of matrix spraying and the interference between the
¢ high matrix ion background in the low mass range and sample metabolites. Lack of matrix is also a tremendous
 adwvantage in the field of imaging since applying MALDI matrices complicates sample preparation for imaging
: and might disturb the native distribution of the studied metabalites®. Ophioparma ventosa (L.) Norman., also
: referred to as the Alpine bloodspot owing to its blood-red fruiting bodies (apothecia) and a grayish thallus,
¢ represents a well-fitted model to investigate the tissue-specific accumulation of lichen metabolites. Preliminary
i DART-MS experiments emphasized specific distribution patterns of O. ventosa specialized metabolites between
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Figure 1. Lateral macroscopic views of O. ventosa from both sampling sites revealing the different anatomical
features alongside a cryosectioned piece of an apotheciate thallus (Tyrol sample) (A) and a hand-cut piece of a
non-apotheciate thallus (Styria sample) (B).

the apothecia and the thallus and within the depth of its thick thallus paving the way for imaging mass spec-
trometric analyses on this lichen®. The structural diversity of specialized metabolites described in this lichen
(Figure S1)7 also makes it a relevant model to demonstrate the broader applicability of LDI-MSI in the wide field
of lichenology. Besides, the material investigated here was of specific interest as it contained miriquidic acid, a
rare depside which was solely described for this species on this particular sample collected in Austrian Alps®.
Given the aggressiveness of O. ventosa and its trend to overrun neighbouring lichens, an hypothesis to explain
the arising of this additional molecule is that it might be acquired from overgrown lichens rather than being bio-
synthesized by O. ventosa itself, as previously suggested for other additional metabolites™. In our specific case,
locally occuring miriquidic acid-producing lichen species represent likely candidates to account for the presence
of this depside within our sample (e.g Miriquidica garovaglii)®. It was therefore worth checking (i) how miriquidic
acid was distributed in a piece of thallus and (ii) whether miriquidic acid was ascribed to the basal layers of
the lichen, as expected if acquired from overgrown lichens. In our study, we intended to image the distribution
pattern of specialized metabolites from O. ventosa with a specific insight into miriquidic acid. LDI-MSI could
establish the spatial mapping of all specialized metabolites known from our sample with a spatial resolution of
50 pm including miriquidic acid and even one of the trace pigments recently described within the apothecia of
O. ventosa (Figure §1)'°. Their distribution patterns are consistent with the ecological roles previously proposed
for these metabolites.

Results

Lichen material and preparation of the slices. Ophioparma ventosa appears as a crustose epilithic
lichen forming large patches reaching up to 15cm diameter. Its blood-red fruiting bodies (=apothecia) are
delimited by an algae-containing external rim concolour with the rest of the thallus called thallin margin. The
appearance of this species is known to be highly variable regarding the color and the thickness of the thallus®7.
Hence, two different samples from Austrian Alps were considered during the course of this manuscript to take
into account the morphological variety of this lichen. The first sample, referred to as Tyrol sample, was collected
in the Tyrol state in southwest Austria (Fig. 1A). It exhibits a yellowish colour and a rather thin thallus structure
(1-3mm). The second lichen displaying a greenish colour and a thick thallus (3-10mm) was collected in the state
of Styria, in the southeast of Austria (Styria sample) (Fig. 1B).

The histological structures of slices containing and lacking apothecia obtained from both lichen samples are
displayed in Fig. 1. The cross section of an apothecium reveals the hymenium which represents the spore-bearing
layer of the fruiting body. The epithecium is the red tissue present at the surface of the hymenium layer, formed
by the branching of the ends of the paraphyses above the asci. Conversely, the hypothecium refers to the hyphal
layer beneath the hymenium in an apothecium. The hypothecium of O. venfosa is faint pink, especially in its basal
parts'’. Ophioparma ventosa develops an internally-stratified thallus typical of the so-called heteromerous lichens
divided into three main layers that are upper cortex, photobiont layer and medulla. The algal cells, in the present
case belonging to the Trebouxia genus, are arranged in a discrete layer immediately below the upper cortex. Due
to the areolate structure of the thallus, the algae trailing the upper cortex might arise in an anticlinal orientation.
The thickest lichen layer, named medulla, is the histological layer present below the photobiont to the surface of
the rock. As a crustose lichen, O. ventosa lacks a lower cortex. Its fungal filaments extend downwards into the rock
substrate from its entire surface, forming an hyphal layer inside the rock. The layer could be 7-12 times as thick
as the thallus present at the surface of the rock'2. Therefore, the lichen cannot be removed from its substratum
without being damaged which accounts for the poor integrity of the lower parts of the thallus, which might fur-
ther crumble upon slicing.

Two different slicing procedures were applied to the lichen material for samples of both locations: cryosec-
tioning (Fig. 1A) and hand-cutting (Fig. 1B). For the cryosectioning procedure, the use of organic solvents was
avoided to circumvent de-localization of hydrophobic metabolites of O. ventosa and 40 pm thick transverse sec-
tions were cut from frozen pieces of thallus resulting in a significant crumbling of the medulla. Hand-cutting
merely used a razor blade, as regularly performed by lichenologists, to afford undamaged slices with a thickness
exceeding 100 um.
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Figure 2. Longitudinal distribution of miriquidic acid in a piece of Ophioparma ventosa thallus (Tyrol
sample). Piece of thallus (A). Division of a piece of thallus in small fragments (B). Rose patches refer to areas
containing miriquidic acid, as revealed by TLC monitoring (C).

5.6°100:3
50 MO}
3202
00 Divaricatic achd
260 MMy
195.0
20 Thasmmc g Haemoventosin
150 e Llly0s] Mirigquidic acid M}
po,  [MsCoMuOsHOI! L0 (My-Cuba0d] 3040 32
o l 21 I ||

s VU VDR T U AN N R —

10 180 200 20 240 260 280 300 320 M0 %0 380 400 vz

Figure 3. Negative-ion mode LDI mass spectrum of a dichloromethane extract of Ophioparma ventosa
displaying ions selected for imaging mass spectrometry with related colors.

Chemical investigation of micro-samples of O. ventosa. To assess whether miriquidic acid was evenly
distributed in the thallus, we first checked the chemical profile of 50 random pieces of thallus from the Styria
sample. Each fragment was cut into upper and lower halves to monitor their chemical content by Thin Layer
Chromatography (TLC) (Figure S2). These micro-analyses revealed that miriquidic acid occurs in only two of
them, and when it is present, it seems confined to the lower part of the medulla. Then, the distribution of miri-
quidic acid was studied in the specific context of a piece of thallus taken from the Tyrol sample. For this purpose,
several pieces of lichen were divided into small fragments in accordance with the areolate structure of the thallus
as depicted in Fig. 2B and S3. TLC monitoring of each fragment confirmed that miriquidic acid did not occur in
every fragment and it is noteworthy that the lichen fragments containing this depside appeared contiguous to one
another, defining patches as displayed in Fig. 2C and S3. Once again, miriquidic acid was ascribed to the lower
half of the thallus pieces. Hence, these results indicate an uneven longitudinal distribution of miriquidic acid and
allowed us to select pieces of lichen containing or lacking miriquidic acid for LDI-MSI experiments.

355 nm-UV Laser desorptionfionization time of flight (LDI-TOF) detection of O. ventosa special-
ized metabolites. We recently outlined that lichen metabolites ionized under UV irradiation with a conven-
tional nitrogen laser (337 nm) fitted to the MALDI instrument®. Since the present study uses a spectrometer with
a 355 nm smartbeam laser, a dichloromethane extract of Ophioparma ventosa was analyzed as a control to check if
compounds could still be ionized at this different wavelength without matrix assistance. This preliminary analysis
revealed that a 355 nm laser triggers a satisfying ionization of all main compounds encountered within our O.
ventosa sample, with comparable fragmentation patterns. Signals from this mass spectrum were thus assigned by
comparison to prior 337 nm — LDI analysis®. Names and structures of specialized metabolites described from O.
ventosa are given in Figure S1.

Deprotonated usnic acid (m/z 343) and the molecular ion of haemoventosin (m/z 304) were selected to image
the distribution of these metabolites. Depsides underwent a significant fragmentation under 355 nm laser desorp-
tion ionization similar to that triggered at 337 nm so that divaricatic, miriquidic and thamnolic acids were better
detected through their fragments than their deprotonated molecule. Depsides were consequently imaged by their
alcohol moieties, released through breakage of their ester bond as previously reported (divaricatic acid: m/z 195,
miriquidic acid: m/z 223 and thamnolic acid: m/z 211)* (Fig. 3).

LDI-MSI of O. ventosa specialized metabolites. In situ assessment of O. ventosa specialized metab-
olites is displayed on two series of mass spectrometric images from the two sampling sites (Tyrol: Fig. 4 and $4

SCIENTIFICREPORTS | 6:37807 | DOI: 10.1038/srep37807 3

137



HISTOLOCALISATION DE COMPOSES LICHENIQUES

www.nature.com/s tificreports/

500 um

500 pm 500 um

Figure 4. From left to right: Molecular images of haemoventosin, usnic acid, divaricatic acid, thamnolic
acid, miriquidic acid and all overlaid ions in a cryosectioned piece of an apotheciate piece of thallus from
the Tyrol sample of Ophioparma ventosa. Intensities of ions in the imaged spots are color coded using a heat
map with relative intensities given as indicated on the color scale bars.

and Styria: Fig. 5 and S5). A first outcome is that LDI-MSI afforded ion images of similar qualities from both
40 pm thick cryosectioned slices and ca. 100 zm hand-cut sections. Then, the distribution patterns retrieved from
the lichens of both sampling sites and from either apotheciate or non-apotheciate pieces of thallus are similar.
Specialized metabolites could be imaged with a resolution of 50 zm, showing organized and specific spatial allo-
cations for each compound, which do not overlay.

Haemoventosin was localized in the red epihymenial layer. While this molecule remains the major pigment
of the fruiting bodies, we recently isolated a variety of minor pyranonaphthoquinones from the apothecia of
O. ventosa'”. Their trace amounts limited their imaging but 4-hydroxyhaemoventosin could be ascribed to the
red epihymenial layer, thus being co-localized with haemoventosin (Fig. 6). Usnic acid is densely distributed
above the Trebouxia photobiont layer and along internal furrows. Thamnolic acid is confined to the hypothecium
and upper medulla parts of the lichen, associated with faint pink-colored patches. At last, divaricatic and miri-
quidic acids are allocated to the lower medulla of the lichen extending downwards to the lichen/rock interface.
Molecular images acquired from samples not displaying miriquidic acid in both Tyrol and Styria lichens are
presented in Figures $4 and S5.

Overall, these results were in full agreement with those provided by DART-MS which ascribed haemovento-
sin, usnic and thamnolic acids to the upper part of the thallus whereas divaricatic acid was rather detected from
the lower half of the lichen®. Non-detection of miriquidic acid from the previous DART-MS investigated pieces of
thallus might refer to the uneven allocation of this depside.

Discussion

LDI-MSI appears as a versatile approach for lichen metabolites mapping. Regarding the thickness of the slices,
regular slices obtained using a razor blade are perfectly suitable for imaging purposes, bypassing the mandatory
need for expensive slicing facilities. Haemoventosin, usnic acid,. divaricatic acid and thamnolic acid are diag-
nostic compounds of Ophioparma ventosa®’. Their occurrence in each slice supports their taxonomic value, and
their organized, non-overlapping and constant distribution patterns suggests a specific ecological relevance for
each of them.

As expected, pigments such as haemoventosin and its minor derivative 4-hydroxyhaemoventosin are con-
fined to the apothecia, especially to the epithecium. The reproductive structures are often reported to produce
specific lichen compounds or known to be more concentrated in phenols than the remaining thallus', in accord-
ance with the optimal defense theory’'“. Haemoventosin belongs to a structural class (quinones) exerting a wide
array of biological activities of ecological significance including antibiotic, antifungal' and cytotoxic properties'®.
Moreover, haemoventosin putatively acts as a UV screening filter to protect spores during their maturation within
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Figure 5. From left to right: Molecular images of usnic acid, divaricatic acid, thamnolic acid, miriquidic
acid and all overlaid ions in a hand-cut piece of an apotheciate piece of thallus from the Styria sample of
Ophioparma ventosa. Intensities of ions in the imaged spots are color coded using a heat map with relative
intensities given as indicated on the color scale bars.

Figure 6. Molecular images of naphthazarine pigments in the Tyrol sample of Ophioparma ventosa (A):
haemoventosin m/z 304 and (B): 4-hydroxyhaemoventosin m/z 320). Intensities of ions in the imaged spots are
color coded using a heat map with relative intensities given as indicated on the color scale bars.

asci. As haemoventosin forms a film at the surface of asci apices, this quinone most likely spreads on spore surface
which might be a beneficial effect for the initial steps of spore germination, by inhibiting the growth of competing
microorganisms. Lichens were also found to host substantial communities of non photo-autotrophic bacteria,
that are increasingly regarded as integrated partners of the lichen symbiosis'®. It was presumed that the arising
of haemoventosin was linked to the establishment of the atypical bacterial communities of O. ventosa, selecting
bacterial strains able to withstand such metabolites's!7.

LDI-MSI revealed usnic acid to be concentrated in cortical areas that contain the photobiont. Through the use
of vibrational spectromicroscopy approaches and scanning electron microscopy, comparable distribution patterns
were evidenced in different lichens'®'®. In the context of lichen symbiosis, the photobionts display an increased
resilience suggesting that a substantial photoprotection is provided by the cortical mycobiont layer above the
photobiont. Given the strong UV absorption of usnic acid®, its cortical distribution suggests its involvement in
photoprotection of the sensitive algal layer'®?!. However, the arising of this phytotoxic mycobiont-derived prod-
uct?>% at the surface of the algal partner®, or even within it¥”, might appear surprising. Usnic acid was indeed
proven to act as an allelochemical exerting phytotoxic effects that are nevertheless higher towards free-living alga
than on aposymbiotically grown lichen photobionts. This shall be regarded as an adaptation resulting from long
term co-evolution of these algae with fungi that produce toxic specialized metabolites®®. To maintain a harmoni-
ous growth pattern of the thallus, the mycobiont, whose growth capacities are limited, has to regulate the metab-
olism and the division rate of its photobiont through chemicals®~". More widely, usnic acid displays pleiotropic
effects including strong antibacterial effects™, antifeedant activity, toxicity towards herbivorous insects*** and
metal-binding properties under acidic conditions* that might lower availability of toxic ions to photobiont cells™.
It is worth pointing out that usnic acid also occurs in deeper parts of the lichen thallus, where it defines reticulated
structures. This secondary distribution pattern can be understood by referring to the brain-like growth of O. ven-
tosa thallus: when new squamules are developed on the surface, the old surface of the lichen (including cortex and
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algae) gets buried in a self-overgrowing process. The deep furrows of usnic acid might then refer to the former
localization of the photobionts.

Thamnolic acid was found to be mainly located in the upper part of the medulla for both samples, but also
within hypothecial tissue for apotheciate samples (Fig. 4). A few works previously reported on thamnolic acid
distribution within lichen thalli, most often arising in the sub-apothecial tissues as well as in the hypothecial and
thalline tissues™. Regarding Ophioparma species, thamnolic acid is given responsible for the pink color of the
basal hypothecium layers (Fig. 1B)"'*". This depside is found in a wide array of lichens growing on acidic substrata
as 0. ventosa that displays a mid pH range of 4.4°*, With a pKa, of 2.8, thamnolic acid might represent a selective
advantage to cope with increasing acidic air and rain pollution™*. Likewise, one can imagine that thamnolic acid
produced by O. ventosa might help outcompeting other lichens growing in its environment in acidifying condi-
tions. As an example, the commonly associated Rhizocarpon geographicum was proven to be severely damaged by
acid rain®. Spatial allocation of compounds involved in control of acidity tolerance in lichens is not considered to
play a key role in their functioning®'. However, hypothecium represents a very valuable tissue for lichen fitness.
Therefore, the partitioning of thamnolic acid might be regarded as a further example of the optimal defense
theory.

LDI-MSI spatial mapping allocated divaricatic acid to the lower parts of the medulla, even at the interface
with the rock for the Tyrol sample, thus making divaricatic acid a candidate to account for chemical weathering®.
Some lichen substances in direct contact with the mineral surfaces of porous rocks were reported to increase min-
eral dissolution rates and may contribute in the chemical weathering process**~+". Indeed, in a comparative study
of the lichen-rock interface of different epilithic lichens, the mean weathering depth beneath O. ventosa was much
thicker than with the other lichens®. Divaricatic acid was among the first molecules reported to occur in the rock
beneath epilithic lichens and the only O. ventosa metabolite that has been detected in the weathered rock%,
Besides, cation-chelating properties of lichen substances that accumulate on the outer surface of the hyphae
might also step in metal ion homeostasis and heavy metal tolerance® ', As such, divaricatic acid was proven to
promote Cu®* uptake™ by adsorbing this ion. Since Cu stands among the rarest micronutrients, divaricatic acid
might be crucial in supplying this cofactor. Promotion of the uptake of metals needed as micronutrients might
then broaden the ecological niche of lichens in nutrient-poor habitats™.

‘We first reported on the presence of miriquidic acid in a sample of O. ventosa collected in the Tyrol state
in Austria®. Alongside aforementioned metabolites that are constant in this lichen, a vast array of additional
molecules could be occasionally detected including atranorin, stictic, norstictic, psoromic, salazinic, gyrophoric,
alectoronic and r-collatolic acids”. Since lichens belonging to the Ophioparma taxa grow aggressively, one current
hypothesis for the origin of such additional compounds is that they could be acquired from overgrown lichens.
This assumption is further strengthened by the co-occurrence of lichens containing such specialized metabo-
lites in their close environment. As an example, in the course of its study on Finnish O. ventosa samples, Skult
reported on the “unexpected” presence of atranorin in some of its specimens™', assuming that atranorin might
arise from a contamination in the thick prothallus®. Likewise, May suggested that the thick thallus of O, ventosa
might easily hide the remnants of long overgrown lichens to account for the arising of atranorin and additional
depsidones in some specimens’. As such, the occurrence of host-synthesized substances was recently observed
in the lichenicolous lichen Miriguidica invadens that accumulates 5-O-methylhiascic acid from the parasitized
Sporastatia polyspora®. Regarding our samples, miriquidic acid might stem from overgrown species containing
this depside which are described in both sampling sites such as the squamulose Miriquidica garovaglii. LDI-MSI
analysis revealed that miriquidic acid was located in the basal medullary layer of the thallus. Such a basal distri-
bution appears to be compatible with an acquisition from overgrown lichens. Moreover, analysis of further slices
obtained from the same thallus do not reveal the presence of miriquidic acid. This validates the uneven longitudi-
nal distribution highlighted earlier, and therefore supports the acquisition from a parasitized lichen, rather than
anew O. ventosa chemotype.

LDI-MSI is here first described as a powerful tool for molecular mapping of compounds in lichen sections.
From a methodological perspective, some advantageous features are worth being stressed. At first, the lack of
matrix facilitates sample preparation and ensures an optimal spatial resolution. Likewise, the versatility of the
technique regarding the thickness of the slice can lead to image the distribution of metabolites from regular
hand-made slices. This micro-scale mapping enabled to establish the distribution pattern of all the molecules
identified from our sample of O. venfosa and supported the putative ecological significances of most of them.
Imaging of miriquidic acid reveals a distribution pattern compatible with its acquisition through overgrown
lichen thalli. Considering such aspects, LDI-MSI approaches might represent new opportunities to decipher
molecular strategies underlying dynamism and equilibrium in a saxicolous lichen mosaic. Little is known about
aspects conferring advantage and factors promoting stability in multi-species communities but chemistry and
allelopathy are presumed to be of paramount importance™ as recently proven for endophytes™. Therefore, delin-
eating chemical interactions ongoing at marginal contacts between lichen thalli might advance the understanding
of such complex relationships.

LDI-MSI techniques might also shed light on poorly known metabolic processes lying at the very heart of
these fascinating symbioses. Many aspects of this association yet have to be characterized regarding the exact
identity of the transferred metabolites and subsequent fate of the translocated material in fungal tissue®. This lack
of knowledge most likely stems from difficulties in investigating such metabolic interactions both in situ and at
high spatial resolution. Addressing these shortcomings, LDI-MSI provides new opportunities for the investiga-
tions of many aspects of the lichen symbiosis, including the dynamics of cellular interaction. Imaging mass spec-
trometry techniques combined with stable isotope labelling can track the spatio-temporal dynamics of metabolic
interactions in symbiotic systems”. A proof of principle on Xanthoria parietina, using pre-labeled photobiont,
an unlabeled mycobiont and a reconstituted lichen by co-cultivation of the two partners, indicated the transfer
and usage of algal metabolites for biosynthetic purposes by the mycobiont®®. Altogether, this study highlights
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the interest of LDI-imaging mass spectrometry as a simple and versatile strategy to assess the distribution of
metabolites within lichens and more widely paves the way for its future application to polyphenolic structures
in the wider realm of natural products. The narrow correlation between the localization of the compounds and
their presumed ecological significance demonstrates the relevance of LDI-MSI as a privileged tool for chemical
ecology studies.

Methods

Lichen material. Two samples of Ophioparma ventosa of different thicknesses were harvested: a first sample
was collected in Tyrol (Austria), 500 meters south of Obergurgl (elevation 1800-1850 m). The lichen was collected
and identified by one of the authors (].B.) in 04/2009. A voucher specimen was deposited at the herbarium of lab-
oratory PNSCM with the reference JB/09/158. This sample is referred to as Tyrol. Sample 2 was harvested in Styria
{Austria) at the south of the lake Grosser Winterleitensee (elevation 1950-2000 m). The specimen was collected
and determined by one of the authors (W.0.) in 09/2014. A voucher specimen (No. 13218a) was deposited at the
herbarium GZU. In the rest of the manuscript, this sample is identified as Styria.

Sample preparation for LDl mass spectrometry imaging. Fourty microns-thick transverse frozen
sections were cut using a cryostat (Leica, Milton Keynes, UK) and fixed on a carbon-conductive adhesive tape
which was in turn fixed on an indium tin oxide (ITO) slide (Bruker Daltonics, Bremen, Germany, cat no 237001).

All MSI measurements were performed using an Autoflex-Speed MALDI-TOF/TOF spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with a Smartbeam laser (355 nm, 1000 Hz) and controlled using the
Flex Control 3.4 software package. The mass spectrometer was operated with a negative polarity in the reflectron
mode. Spectra were acquired in the mass range of m/z 100-600 for all (x, y) coordinates corresponding to the
imaged tissue.

The laser raster size was set at 50 microns. The signal was initially optimized by manually adjusting the laser
power and the number of laser shots fired. Accordingly, full-scan MS experiments were run by accumulating 400
satisfactory laser shots per raster position, and using the laser power leading to the best signal-to-noise ratio.
Image acquisition was performed using the Flex Imaging 4.0 (Bruker Daltonics) software package. The correla-
tion of the target plate with the optical image was performed from three distinct teaching points following the
procedure of the Flex Imaging software (Bruker Daltonics).
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IIl.  Etude de la contribution des symbiontes dans la
biosynthése de composés : application a la biosynthese
de la mycosporine sérinol de Lichina pygmaea par une
approche alliant imagerie par spectrométrie de masse
et génétique

Une autre problématique ayant conduit @ des analyses d’imagerie LDI est la biosynthése des
mycosporines au sein du cyanolichen Lichina pygmaea. Ces métabolites secondaires étant décrits
aussi bien chez les cyanobactéries que chez les champignons, la contribution des différents
partenaires de la symbiose lichénique dans I'élaboration de ces structures n’est pas actuellement
connue. En ce sens, il peut étre intéressant de savoir lequel des symbiontes concentre ces molécules
ainsi que de s’intéresser au contenu génétique des partenaires pour voir qui est doté de I'arsenal
enzymatique permettant d’assurer cette biosynthése.

A. Mycosporines : données structurales et connaissances
sur leur biosynthese

Les mycosporines et les acides aminés mycosporine-like (ou MAA pour Mycosporine Amino Acids)
sont des meétabolites secondaires contenant un noyau cyclohéxénone ou cyclohéxénimine. Les
délocalisations électroniques prenant place au sein de ces motifs structuraux sont a l'origine d’'une
photo-absorption trés marquée dans le domaine des ultraviolets, avec un maximum d’absorption
respectivement centré sur 310 et 330 nm pour des coefficients d’extinction molaire atteignant 40.000 L
mol! cm? (Oren and Gunde-Cimerman, 2007) (Figure 30). Par ailleurs, I'hydrosolubilité, la
photostabilité et I'atoxicité de ces molécules en font d’intéressants candidats pour le développement
de filtres solaires (La Barre et al., 2014).

Ry~
0 N
HO Ho "le" HO Ho T
R Rz
Oxomycosporines Iminomycosporines
Aminocyclohéxénone Aminocyclohéxénimines
Amax : 310 - 320 nm Amax 330 — 360 nm
£ :20.000 — 34.000 £:10.000 — 60.000

FIGURE 30: NOYAUX DES OXO- ET DES IMINOMYCOSPORINES ET DONNEES SPECTRALES ASSOCIEES.

Les mycosporines ont été décrites au sein d’organismes variés : d’abord isolées chez un champignon
(le Basidiomyceéte Stereum hirsutum (Favre-Bonvin et al., 1976)), des MAA ont par la suite rapidement
été isolées a partir de coraux (Ito and Hirata, 1977). Dés 1977, des mycosporines sensu lato ont été
mises en évidence a partir d’'organismes variés comprenant :
- dautres champignons (e.g Aureobasidium pullulans (Kogej et al., 2006), Botrytis cinerea
(Arpin et al., 1977), Rhodoturula minuta (Pérez et al., 2006)...) ;
- des cyanobactéries (dont Calothrix sp (Sinha et al., 2003)., Nostoc commune (Garcia-Pichel
and Castenholz, 1993), Scytonema sp. (Sinha et al., 2003) notamment) ;
- des algues
o rouges (genre Bangia (Boedeker and Karsten, 2005), Bostrychia (Karsten et al.,
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2000), ou encore Neuroglossum (Hoyer et al., 2002)) ;
o vertes (e.g Boodlea (Karsten et al., 1998), Caulerpa (Groniger et al., 2000), diverses
espéces du genre Prasiola (Karsten et al., 2005)...) ;
o brunes (e.g Desmaretia menziesii (Karentz et al., 1991), Hydroclathrus clathratus
(Groéniger et al., 2000)) ;
- et méme occasionnellement a partir de mollusques ou de poissons, lesquels les accumulent
vraisemblablement par voie alimentaire (Helbling et al., 2002; Newman et al., 2000).

De fagon générale, les oxomycosporines sont rencontrées chez des champignons tandis que les
iminomycosporines sont retrouvées chez les coraux et les cyanobactéries (La Barre et al., 2014).

L’originalité chimique et la large distribution phylogénique des mycosporines leur ont rapidement valu
un intérét considérable de la part de la communauté scientifique. Pour autant, les aspects
moléculaires aussi bien que génétiques sous-tendant leur biosynthése restent imparfaitement connus
jusqu’au début des années 2010. Sur la base de simples considérations structurales, il a été envisagé
que les mycosporines soient obtenues a partir d’'un intermédiaire bien connu de la voie du shikimate :
le 3-déhydroquinate (Rastogi et al., 2010) (3-DQ). Selon cette voie canonique du shikimate, associée
a lI'obtention des acides aminés aromatiques ainsi que de nombreux métabolites secondaires, le 3-
désoxy-D-arabinoheptulosonate est converti en 3-DQ sous I'action d’'une enzyme, la DéHydroQuinate
Synthase (DHQS) (Ganem, 1978). Des éléments de preuve indirects suggérent en effet que le 3-DQ
est un intermédiaire de biosynthése des mycosporines (Portwich and Garcia-Pichel, 2003). La
découverte ultérieure de voies métaboliques qualifiees de DHQS-like suggére rapidement que la
biosynthése des mycosporines puisse transiter par d’autres intermédiaires que le 3-déhydroquinate
(Flatt and Mahmud, 2007).

Selon une approche bioinformatique, Starcevic et al. mettent en évidence dans le génome d’une
anémone de mer (Nematostella vectensis) la présence d’un homologue de DHQS présentant
d’'importantes homologies avec un géne issu de chloroplastes de dinoflagellés, lequel est fusionné a
un gene codant pour une O-MéthylTransférase (O-MT). Ce géne O-MT est également présent chez N.
vectensis sans toutefois étre associé a un géene DHQS, lequel apparait a distance dans le génome.
Les auteurs voient en ces génes de vraisemblables candidats pour la biosynthése des mycosporines
dans la mesure ou toutes les mycosporines comportent un groupement méthyle (Starcevic et al.,
2008).

Parallelement, il apparait de plus en plus clairement que les protéines de la famille DHQS ne se
limitent pas a la réaction DHQS canonique telle qu’indiquée plus haut. Les bactéries font appel a tout
un arsenal d’enzymes DHQS-like impliquant des substrats et produits différents de telle sorte que le 3-
DQ n’en représente pas un intermédiaire métabolique consensuel (Flatt and Mahmud, 2007) (Figure
31, Figure 32). L’analyse phylogénique d’enzymes DHQS bactériennes et fongiques permet de
regrouper les protéines correspondantes suivant la nature des substrats et/ou des produits
correspondants. Cing groupes ont ainsi pu étre distingués, quatre d’entre eux étant associés a des
produits connus mais un dernier groupe relié a des familles fongiques et cyanobactériennes ne peut
étre rapproché d’aucun produit connu (Wu et al., 2007). Ce groupe inconnu se distingue par la
structure différente de son site actif laissant présager de possibles nouveaux substrats et/ou produits.
Dans la mesure ou cette sous-famille de DHQS se révele trés similiaire au gene DHQS-like décrit
chez Nematostella vectensis, cette sous-famille semble représenter une base vraisemblable pour la
biosynthése des mycosporines (Wu et al., 2007).
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FIGURE 31 : PRODUITS ISSUS DES VOIES METABOLIQUES INITIEES PAR DHQS ET LES ENZYMES DHQS-LIKE. DOS = 2-
DEOXY-SCYLLO-INOSOSE SYNTHASE, EVS = 2-EPI-5-EPI-VALIOLONE SYNTHASE, DHQS =
DEHYDROQUINATESYNTHASE, ADHQS= AMINO DEHYDROQUINATE SYNTHASE (WU ET AL., 2007).

2-deoxy-scyllo-inosose  2-epi-5-epi-valiolone amino 3-DQ
OH

Mycosporines HO

4-deoxygadusol 3-DQ

FIGURE 32: MOTIFS STRUCTURAUX OBTENUS SOUS L’ACTION DE DIFFERENTES ENZYMES DHQS-LIKE. LE 4-
DESOXYGADUSOL EST OBTENU DIRECTEMENT ET NON PAR L INTERMEDIAIRE DE 3-DQ,
(ADAPTE DE (SCHMIDT, 2011)).

La comparaison du génome de quatre cyanobactéries différentes dont une seule produit des
mycosporines (Anabaena variabilis PCC 7937) a permis d’apprécier la combinaision de DHQS et de
O-MT au sein de cette seule souche. Le géne DHQS associé a cette biosynthése differe toutefois des
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DHQS canoniqguement rencontrées chez les cyanobactéries et des recherches d’homologies de
séquences internucléotidiques BLAST révelent que cette enzyme se rapproche davantage de la 2-epi-
5-epi-valiolone synthase fongique, enzyme d’importance pour la biosynthése de cyclitols en C7 a partir
du sedoheptulose (Figure 31) et dont la séquence réactionnelle présente des homologies avec la
réaction catalysée par la DHQS canonique (Wu et al., 2007). A noter quau sein du génome
d’Anabaena variabilis PCC 7937, la présence d’'un second géne DHQS, canonique cette fois et non
associé a un gene O-MT, est vraisemblablement associée a la voie du shikimate en catalysant quant
a lui la production de 3-DQ (Singh et al., 2010). Ce DHQS canonique est d’ailleurs rencontré chez
chacune des quatre souches, indifférent de leur statut de producteur ou de non-producteur de
mycosporine.

Les derniéres précisions apportées a ce jour concernant la biosynthése des mycosporines ont pu étre
apportées la méme année (Balskus and Walsh, 2010). Les recherches d’homologies de séquences
inter-nucléotidiques entreprises par ces auteurs a partir des génes DHQS et O-MT de 'anémone de
mer Nematostella vectensis ont permis de révéler des clusters homologues dans le génome de
dinoflagellés, de cyanobactéries et de champignons, ce qui semble effectivement corrélé a la large
distribution phylogénique de ces molécules.

De plus, I'étude des hits en question dans leur contexte génomique a révélé que les phases ouvertes
de lecture (Open Reading Frames) correspondant aux génes de DHQS et de O-MT étaient
constamment accompagnées d’un troisieme cadre ouvert de lecture usuellement annoté comme
correspondant a une protéine virtuelle. Cette troisieme séquence génique est caractérisée par la
présence de domaines structuraux permettant de laffiier au groupe des ATP-grasp, enzymes
connues pour catalyser la formation de liaisons peptidiques (Galperin and Koonin, 1997) et pouvant
étre ici imputées a la fonctionnalisation de la cyclohéxénone par un acide aminé. Enfin, de facon trés
intéressante, sont également notées des différences de contexte génomique entre les hits
cyanobactériens et fongiques. En effet, les cyanobactéries comprennent une seconde séquence
additionnelle & méme de coder pour une enzyme catalysant la formation de liaisons peptidiques, il
peut s’agir d’'un second domaine ATP-grasp mais également d’'un Non Ribosomal Protein Synthase
(NRPS). Cette difféerence pourrait fournir une base génétigue au constat selon lequel les
cyanobactéries synthétisent des iminomycosporines contrairement aux champignons qui s’arrétent au
stade oxomycosporine. A la place de ce quatriéme géne, les champignons possédent des réductases
(Balskus and Walsh, 2010; Schmidt, 2011).

L’expression hétérologue des génes associés a la biosynthése des mycosporines d’Anabaena
variabilis (cyanobactérie productrice de shinorine, une iminomycosporine (Singh et al., 2008)) a été
réalisée chez Escherichia coli afin de valider I'implication des génes dans cette biosynthése en
recueillant les intermédiaires de biosynthése obtenus au moyen de différentes constructions géniques
(Balskus and Walsh, 2010). Il en ressort :

- que le cluster entier (DHQS + O-MT + ATP-grasp + NRPS) permet effectivement d’obtenir la
shinorine ;

- que la construction déficiente en NRPS (comparable & un hit fongique, 3 ORF seulement) est
a l'origine d’'une séquence de synthése incompléte, prématurément interrompue au stade de
la mycosporine glycine ;.

- pour finir, le modéle seulement doté de DHQS et d'O-MT s’arréte a un stade encore plus
précoce : le 4-désoxygadusol.

Ainsi, Balskus et Walsh ont démontré d’'une part que les hits identifiés correspondent effectivement a
un cluster de genes impliqué dans la biosynthése des mycosporines mais ont également permis de
valider l'identité de plusieurs intermédiaires de cette voie métabolique (Balskus and Walsh, 2010)
(Figure 33).
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FIGURE 33: BIOSYNTHESE DE LA SHINORINE CHEZ ANABAENA VARIABILIS D’ APRES BALSKUS ET WALSH : STRUCTURES
CHIMIQUES DES DIFFERENTS INTERMEDIAIRES ET ENZYMES IMPLIQUEES.

Par ailleurs, ces auteurs fournissent également un substratum génétique pour expliquer la distribution
différentielle des oxo- et des iminomycosporines respectivement entre les champignons et les
cyanobactéries.

Les mycosporines ont également été décrites chez différents lichens, ce qui pose d'intéressantes
guestions quant a la contribution des partenaires de cette association puisque que chacun des régnes
retrouvé dans la symbiose lichénique (champignon, algue ou cyanobactérie) est décrit comme
capable de réaliser la synthése de ces meétabolites dans des conditions de vie autonomes. Les
mycosporines ont, dans un premier temps, été constamment isolées a partir de cyanolichens, ce qui a
laissé présager de limplication des cyanobactéries dans la biosynthése des mycosporines
rencontrées chez les lichens. La récente caractérisation au laboratoire de mycosporines a partir de
chlorolichens du genre Dermatocarpon (Nguyen et al., 2015) démontre qu’au moins dans certains cas
de figure la biosynthése des mycosporines lichéniques n’est pas assurée par les cyanobactéries. La
localisation tissulaire des mycosporines a été rapidement percue comme un élément clé pour
comprendre leur biosynthése dans le cadre de la symbiose lichénique mais les techniques d’imagerie
utilisées jusqu’a présent ne permettaient pas d’atteindre une résolution spatiale suffisante pour
discerner le contenu en mycosporines des partenaires de la symbiose lichénique dans le cadre
classique de lichens bipartites. Toutefois, certains lichens tripartites confinent les cyanobactéries dans
des compartiments morphologiques distincts et parfois volumineux : les céphalodies. Le profilage
chimique comparé du thalle et des céphalodies du lichen tripartite Stereocaulon philippinense semble
indiquer une différence dans le contenu en mycosporines de ces deux compartiments (Roullier et al.,
2011):

- le thalle lichénique contient une molécule ayant un Amax de 310 nm, évocateur d'une

oxomycosporine (aminocyclohéxénone) ;
- les céphalodies renferment quant a elle un métabolite avec un Amax de 340 nm, suggérant une
iminomycosporine.

La biosynthése des mycosporines a davantage été considérée dans le cadre d’'une autre symbiose :
celle des coraux hermatypiques consistant en une endosymbiose qui réunit un héte affilié aux
cnidaires et une algue unicellulaire (zooxanthelle). Chez le corail modéle Stylophora pistillata, Shick a
démontré que la biogenése des mycosporines sous l'effet d’irradiations UV opere en deux temps
(Figure 34) (Shick, 2004). Dans un premier temps sont biosynthétisées des mycosporines connues de
la zooxanthelle Symbiodinium cultivée seule. Lors d’'une seconde phase, ces mycosporines qualifiées
de primaires décroissent au profit de mycosporines qui ne sont pas connues de ces zooxanthelles et
qui sont alors dites secondaires. Sur la base de cette séquence, Shick propose que les mycosporines
primaires soient biosynthétisées par les zooxanthelles puis transférées aux cellules coralliennes qui
les métaboliseraient alors en mycosporines secondaires. Il est toutefois important de relever
gu’aucune base génétique n’accrédite le scénario de Shick. Histologiquement, les mycosporines se
localisent dans I'épiderme des polypes coralliens. Il est également constaté que ces molécules sont
allouées prioritairement aux zones les plus exposées aux radiations solaires, en accord avec leur rdle
de filtre UV. Cette localisation des mycosporines limite la dépendance du corail vis-a-vis de son
partenaire lors des épisodes de blanchissement (ou bleaching) lors desquels la zooxanthelle est
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expulsée, dans le cas ou les mycosporines seraient effectivement synthétisées par cette derniere (La
Barre et al., 2014). De récentes études ont démontré que le corail Acropora digitata détient I'ensemble
du cluster de génes associé a la biosynthése des mycosporines suggérant que le cnidaire est a méme
d’assurer indépendamment la biosynthése de ces composés photoprotecteurs (Shinzato et al., 2011).
Un transfert horizontal de génes a été suggéré mais aucune preuve expérimentale n’accrédite pour
linstant cette hypothése (Shinzato et al., 2011). De fait, I'effective contribution des partenaires de
cette symbiose dans I'édification de ces composés demeure inconnue a ce jour.
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FIGURE 34: HYPOTHESE DE SHICK CONCERNANT LA BIOSYNTHESE DES MYCOSORINES CHEZ LES CORAUX
HERMATYPIQUES, ADAPTE DE (SHICK ET AL., 1999). CE SCENARIO BIOGENETIQUE EST INSPIRE PAR LA SEQUENCE DE
BIOSYNTHESE DES MYCOSPORINES CHEZ LES CORAUX. LA RECENTE DECOUVERTE DU CLUSTER DE 4 GENES CHEZ LE
CNIDAIRE ANTHOZOAIRE ACROPORA DIGITATA SEMBLE ALLER A L'ENCONTRE DE CETTE HYPOTHESE (SHINZATO ET AL.,
2011).

Les structures chimiques des mycosporines rencontrées chez les lichens ainsi que les références
décrivant leur isolement sont fournies dans la figure suivante (Figure 35):
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FIGURE 35 : STRUCTURES CHIMIQUES DES MYCOSPORINES ISOLEES DE LICHENS INDIQUANT LE NOM DU LICHEN
PRODUISANT CE COMPOSE ET LES REFERENCES DE LA PUBLICATION DECRIVANT LEUR ISOLEMENT. LES NOMS DE
LICHENS INDIQUES EN BLEU CORRESPONDENT AUX CYANOLICHENS TANDIS QUE CEUX ECRITS EN VERT SONT DES
CHLOROLICHENS. REFERENCES : (BUDEL ET AL., 1997; TORRES ET AL., 2004; DE LA COBA ET AL., 2009; ROULLIER ET

AL., 2009, 2011; NGUYEN ET AL., 2015).
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B. Investigation moléculaire (LDI-MSI) et génétique de

Lichina pygmaea
a. Stratégie générale

Pour progresser dans la compréhension de la biosynthése des mycosporines chez les lichens, deux
axes de travail complémentaires ont été entrepris chez le cyanolichen producteur de mycosporine

sérinol déja étudié en DART-MS, Lichina pygmaea (Figure 36):

- des analyses d’'imagerie pour cerner la localisation tissulaire des mycosporines et préciser
dans le cas présent quel(s) partenaire(s) de la symbiose les accumule(nt). Deux approches
sont envisagées pour répondre a cette question : le LDl imaging et la spectromicroscopie

Raman ;

- en parallele, le matériel génétique des deux partenaires de la symbiose est étudié
séparément. Cette approche complémentaire est trés importante dans le cas présent car il est
possible que les mycosporines se redistribuent comme c’est le cas chez les coraux et que leur
distribution ne préjuge pas de limplication des tissus qui les accumulent dans leur
biosynthése, a I'image de I'acide usnique d’Ophioparma ventosa qui est rencontré au sein de
la couche algale tout en étant produit par le champignon (Abdel-Hameed et al., 2016a). Le
recueil séparé de la cyanobactérie et du champignon a été possible par microdissection

capture laser (plate-forme H2P2, Dr. Alain Fautrel).

- Lichina pygmaea

\/

Distribution des mycosporines dans le lichen. Chez quel partenaire se trouvent les génes associés

Dr. G. Krier a la biosynthése des mycosporines ?
Pr. JE. Muller Dr. A. Fautrel
Profilage chimique comparé des partenaires > il
de la symbiose s W Dr A= Gutller
f : e ) Dr. Y. Li

riaine
universite - metz

FIGURE 36 : APPROCHES RETENUES POUR ETUDIER LA CONTRIBUTION DES SYMBIONTES DANS LA BIOSYNTHESE DES

MYCOSPORINES CHEZ LICHINA PYGMAEA (PHOTOGRAPHIE : PIERRE LE POGAM ET ALAIN FAUTREL)

b. Approches retenues pour histolocaliser les mycosporines
I Spectromicroscopie Raman

La spectroscopie Raman ou formellement spectroscopie de vibration par diffusion Raman étudie les

transitions vibrationnelles sur la base d’un processus de diffusion de la lumiére.

=
e
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Lorsqu’un échantillon transparent est soumis a une onde électromagnétique monochromatique, une
majeure partie des ondes va étre transmise tandis qu'une faible proportion d’entre elles va étre
diffusée. Dans ce dernier cas de figure, la direction de propagation des ondes change pour ne plus
obéir aux lois de I'optique géométrique.

L’analyse en fréquence des ondes permet de caractériser (Kneipp et al., 1999) (Figure 37):

- une composante de longueur d’onde identique a celle du faisceau incident, il y a dans ce cas
diffusion élastique (= diffusion Rayleigh);

- une composante de longueur d’'onde différente de celle du faisceau incident, il y a alors
diffusion inélastique (= diffusion Raman).

Diffusion

Rayleigh (1.0)

4

— Diffusion Raman
Source laser (2.0) P -~
source laser (AU) l\z'.O‘A/.}

FIGURE 37: DIFFUSION RAYLEIGH ET DIFFUSION RAMAN
HTTP://WWZ.IFREMER.FR/RD_TECHNOLOGIQUES/MOYENS/LABORATOIRES/SPECTROSCOPIES-TECHNIQUES-DE-
MESURES-IN-SITU/SPECTROSCOPIE-RAMAN

Selon la fréquence des photons incidents, plusieurs phénomeénes peuvent intervenir (Kneipp et al.,
1999) (Figure 38).

- Lorsque le photon incident correspond a I'’énergie d’'un niveau de vibration, I'énergie du photon
peut étre absorbée. C’est la base de la spectroscopie infrarouge.

- Lorsque le photon incident est d’'une énergie trés supérieure a celle d’'une énergie de
vibration, il peut y avoir diffusion:

o élastique si les photons incident et diffusé sont de méme énergie;
o Raman en cas de diffusion inélastique avec deux possibilités:

= un effet Stokes si le photon diffusé est d’énergie plus faible que celle du
photon incident. Dans ce cas de figure, le photon incident legue a la molécule
au repos une quantité d’énergie qui correspond a la transition de I'état
vibrationnel fondamental a I'état excité (Evibo -> Evin) ;

® une contribution anti-Stokes se rapportant a la diffusion de photons de plus
haute énergie. La molécule excitée céde au photon incident une quantité
d’énergie permettant le retour de I'état excité a I'état fondamental.
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FIGURE 38: BASES QUANTIQUES DES DIFFERENTES TECHNIQUES DE SPECTROSCOPIE VIBRATIONNELLE

HTTPS://WWW.SURFGROUP.BE/RAMAN

Les fréquences des raies Raman sont exprimées en nombre d’'ondes rapportées a la raie excitatrice
prise comme origine. Ces raies sont reliées aux énergies de vibration de la molécule et signent la

présence de motifs structuraux ou de groupes fonctionnels (Naumann et

al., 1991).

Caractéristiquement, les raies Stokes sont d’une intensité trés supérieure a celles des anti-Stokes
(d’un facteur 108 environ), c’est donc sur ces raies que se focalise I'essentiel des études entreprises

en spectroscopie Raman (Kneipp et al., 1999) (Figure 39).
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La spectromicroscopie Raman est une technique d’histolocalisation permettant d’atteindre une
résolution spatiale d’'une extréme précision : 1 um x 1 um (contre 10 um x 10 um pour la spectroscopie
infrarouge a transformée de Fourier) (Thygesen et al., 2003). Ces deux modalités de
spectromicroscopie vibrationnelle ont été appliquées a différents lichens du genre Cladonia pour y
cartographier la distribution de l'acide usnique (Liao et al., 2010). En ce qui concerne les
mycosporines, les signaux Raman caractérisant diverses mycosporines ont été décrits dans la
littérature (Edwards et al., 2007; Vitek et al., 2010).

ii. Imagerie par spectrométrie de masse LDl a 266 nm

Bien qu’étant ionisée en LDI a 337 nm, la mycosporine sérinol n’est pas détectée en faisant appel a
l'appareillage LDI-imaging utilisé lors de la cartographie des métabolites secondaires d’Ophioparma
ventosa qui utilise un laser émettant a 355 nm (INRA de Nantes, plate-forme BIA, Audrey Geairon et
Docteur Héléne Rogniaux).

Pour tenter d’atteindre une meilleure détection de la mycosporine sérinol, des essais de
désorption/ionisation laser a une autre longueur d’onde ont été réalisés. Ces analyses ont été menées
a la plateforme de spectrométrie de masse du Laboratoire de Chimie et Physique — Approche Multi
échelle des Milieux Complexes (LCP-A2MC) a Metz (Université de Lorraine) par les Drs. Gabriel Krier,
Lionel Vernex-Loset et le Pr. Jean-Frangois Muller. Ces analyses ont fait appel a un LDI-TOF de
marque Bruker Daltonics et de type Reflex IV dont le module de désorption/ionisation est constitué
soit d'un laser pulsé azote (A = 337 nm) soit d’'un laser pulsé Nd:YAG quadruplé (A = 266 nm), dotés
dans les deux cas d'un systéme d’atténuation variable de I'énergie laser au point d'impact.

Ces analyses indiquent une plus grande sensibilité de détection de la mycosporine sérinol a la
longueur d’'onde de 266 nm. Des fragments de thalle sont dans un second temps directement fixés a
la surface du porte-échantillon métallique pour tenter de repérer la mycosporine sérinol a la surface du
lichen intact. Ces analyses directes ne permettent pas de caractériser la mycosporine sérinol a la
surface du thalle de Lichina pygmaea. Cette non-détection va dans le sens des conclusions issues
des analyses DART-MS qui ne parvenaient pas a caractériser cette molécule depuis le lichen intact
mais seulement broyé, ce qui pouvait laisser penser que ces molécules ne se localisent pas a la
surface du lichen. Un test de dopage des fragments de thalle par la mycosporine sérinol (1 uL a 103
M) s’avére quant a lui positif. Les analyses d'imagerie sur des coupes de Lichina pygmaea sont
actuellement en cours.

iii. Profilage chimique de cellules pures micro-disséquées

Une autre possibilité pour 'analyse comparée des partenaires est le profilage (e.g UHPLC-qTOF-MS)
de cellules pures obtenues par microdissection capture laser. De telles approches ont déja été
appliquées pour comparer les métabolites secondaires de différents types cellulaires chez des
végétaux (Jaiswal et al., 2014a, 2014b; Chen et al., 2015).

c. Recherche des genes du cluster de biosynthese des mycosporines
i Procédures expérimentales
1.Matériel lichénique

L’échantillon de Lichina pygmaea utilisé dans cette étude a été récolté a Locmariaquer (Morbihan,
Bretagne, France) par Joél Boustie, qui I'a également identifi€. Un spécimen est conservé dans

154



HISTOLOCALISATION DE COMPOSES LICHENIQUES

'herbier du Laboratoire de Pharmacognosie de 'UFR de Pharmacie de Rennes 1 sous le code
JB/16/175.

2.Recueil isolé des partenaires de la symbiose

Pour recueillir séparément les deux partenaires de la symbiose, nous avons eu recours a un micro-
dissecteur capture laser (LCM). Cette technique est utilisée pour obtenir des populations de cellules
pures a partir de sections histologiques contenant des types cellulaires variés. La sélection des
cellules a collecter est effectuée par l'opérateur sur la base de criteres morphologiques, par
observation microscopique (Bonner et al., 1997; Emmert-Buck et al., 1996).

Un laser IR est incorporé dans I'axe optique de la platine du microscope et est employé pour faire
fondre un film de polymeére thermolabile. Ce polymere est localisé sur la face inférieure d’'un bouchon
de tube Eppendorf de qualité optique. Le polymére ne fond qu’au voisinage de I'impulsion laser et en
se liquéfiant capture les cellules situées dans le champ du microscope (Espina et al., 2006). Des
pigments sont incorporés dans le polymeére plastique a la fois pour absorber une partie de I'irradiation
laser et ainsi limiter les dégats infligés aux constituants cellulaires mais également pour mieux
visualiser les aires ou le polymére fondu se répand (Espina et al., 2006). Par la suite, le retrait du
polymére de la surface de la coupe emporte les cellules qui y sont emprisonnées, les dissociant de
leur tissu d’origine (Figure 40). Différents tampons d’extraction permettent ensuite de remettre en
suspension les cellules a partir de leur matrice de polymére et d’en libérer les molécules d’intérét
(Espina et al., 2006). Eventuellement, un second laser émettant dans 'UV peut étre utilisé pour aider
a découper les contours des cellules a prélever et ainsi faciliter le processus d’exérese.

lf_,l Thermolabile polymer
on bottom surface of cap

[ ]

Infrared laser melts
thermolabile polymer

Cells of interest bound
in polymer-cell composite

(a) (b) (c) (d)

11STO-PATHOLOGY 1

Dr. A. Fautrel ‘
LCM Arcturus* e N o -

FIGURE 40: ILLUSTRATION DU PROCESSUS DE MICRO-DISSECTION CAPTURE LASER A- DIFFERENTES ETAPES
PERMETTANT LA CAPTURE DES CELLULES DANS UN FILM DE POLYMERE FONDU SOUS L’ACTION D’UNE IRRADIATION UV
(ADAPTE DE (ESPINA ET AL., 2006)) ET B — LE BOUCHON PORTANT LES CELLULES CAPTUREES S’ADAPTE SUR UN TUBE
EPPENDORF ET DES TAMPONS DE LYSE PERMETTENT D’EXTRAIRE LE TYPE DE BIOMOLECULES D’INTERET (TIRE DE
(SIMONE ET AL., 1998)).

L’'appareillage utilisé, implanté dans la plate-forme d’histopathologie H2P2 (Université de Rennes 1,
Dr. Alain Fautrel) est de type Arcturus Veritas (Applied Biosystems, Life Technologies, Saint-Aubin,
France). Les cellules ont été recueuillies sur des coupes d’une épaisseur de 10um obtenues a l'aide
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d’un cryostat Leica en prenant le lichen en masse dans de 'OCT (Optimal Cutting Temperature). Le
laser infrarouge a été ajusté pour produire des spots compris entre 10 et 15 um de diameétre,
permettant la capture des populations de cellules microdisséquées sur des bouchons CapSure LCM
caps (Excilone, Elancourt, France).

3.Extraction de ’ADN génomique de Lichina pygmaea (lichen
total ou champignon microdisséqué) et de Rivularia sp.
(cyanobactérie microdisséquée).

Cette méthode dérivée de I'approche développée par Dellaporta et al. en 1983 (Dellaporta et al.,
1983) a fait appel a un kit commercial d’extraction d’ADN végétal DNeasy Plant Mini Kit (Qiagen). Le
surnageant contenant I’ADN génomique est purifié par deux colonnes en tandem selon le protocole
fourni par le fabricant. Le principe de ces méthodes d’extraction est détaillé en Annexe 9 (p. 327). Les
extractions ont porté soit sur le lichen total soit sur des populations de cellules issues de
microdissection-capture laser.

Concernant le lichen total, environ 30 mg de lichen ont été broyés avec mortier et pilon en utilisant de
'azote liquide. Le broyat est re-suspendu dans un tampon de lyse DNAeasy Plant Mini Kit (Qiagen)
puis homogénéisé a l'aide d’un appareil FastPrep-24™ 5G (MB Biomedicals, fungi program) en
présence de Lysing Matrix Y (MB Biomedicals).

La purification a fait appel a un mini kit DNAeasy Plant (Qiagen) suivant le protocole décrit en Annexe
9.

Au terme de ce protocole, 100 uL de solution d’ADN a 200 ng/uL ont pu étre obtenus, pour un total de
20 ug d’ADNg (DOg260/DO2s0 = 1.7). La concentration d’ADN a été évaluée au moyen d’un
spectrophotométre NanoVue (GE Healthcare Life Science).

4.Recherche des genes par PCR dégénérée et purification des
amplicons

Au terme de l'extraction de 'ADN génomique, la recherche de séquences génétiques d’intérét est
effectuée par PCR. Les PCR ont utilisé un thermocycleur GenePro (Bioer Inc.). La présence de deux
des trois génes du cluster présomptif de biosynthése des mycosporines a été recherchée : DHQS et
ATP-grasp. Du fait de I'implication des O-MT dans de nombreuses voies métaboliques, ce gene ne
saurait étre fiablement relié a la biosynthése des mycosporines. Des amorces fongiques et
cyanobactériennes ont été désignées pour chacun de ces deux genes avec pour DHQS deux paires
d’amorces fongiques et un set d’amorces cyanobactériennes et pour ATP-grasp un set de primers
fongiques et deux paires de primers cyanobactériens.

a. Désignation des amorces cyanobactériennes

Des recherches d’homologies de séquence BLASTp ont utilisé comme sondes les séquences
protéiques DHQS-like (Ava 3858) et ATP-grasp (Ava 3856) associées a la biosynthése des
mycosporines chez Anabaena variabilis. Les séquences homologues identifiées d’autres
cyanobactéries ont été retirées, plus particulierement celles reliées a des souches proches du genre
Calothrix. Les alignements de séquence ont été réalisés avec Clustal Omega pour identifier les motifs
conservés et sont présentés en Annexe 9 de ce manuscrit (Figure 74 et Figure 75). Les amorces
dégénérées sont désignées manuellement de sorte a amplifier des fragments d’environ 300-400 pb.
Les amorces retenues sont les suivantes :
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DegATP_1_F (HKYWL): 5- GAAAGTCAYAARTAYTGGYT-3'
DegATP_1_R (WIMQE): 5'-AAAYTCYTGCATDATCCA-3'
DegATP_2_F (YAIECNP): 5-TACGCAATYGARTGYAAYCC-3’
DegATP_2_R (IDFNIGK): 5-TTCCCGATRTTRAARTCDAT- 3’
DegDHQS_F (RNGMAE): 5-CGTAACGGNATGGCNGA-3’
DegDHQS_R (HGHAVN): 5-TTCACTGCRTGNCCRTG-3'

b. Désignation des amorces fongiques

Des recherches d’homologies de séquence BLASTp ont été menées sur la base des séquences
protéiqgues DHQS-like et ATP-grasp de Magnaporthe oryzae. Les alignements de séquence
(présentés en Annexe 9 : Figure 76 et Figure 77) et le choix des amorces se sont déroulés selon le
protocole indiqué plus haut. Les amorces suivantes ont été retenues :

ATPgrasp_fungi_deg_F (ELLMHY): 5- GARCTNCTNATGCAYTA-3
ATPgrasp_fungi_deg_R (IECNPR): 5-CGNGGRTTRCAYTCRAT-3’
DHQS_fungi_deg_F1 (IGEKAK): 5-ATHGGNGARAARGCNAA-3’
DHQS_Fungi_deg_R1 (IKVAVN): 5-TARTTNACNGCNACYTTDAT-3’
DHQS_Fungi_deg F2 (RNGFAE): 5-CGNAAYGGNTTYGCNGA-3
DHQS_Fungi_deg R2 (AYGHTW): 5-CATNGTRTGNCCRTANGC-3

c. Conditions de PCR

Les PCR ont été réalisées dans un volume total de 25 uL contenant 1 pL (échantillons
microdisséqués) ou 2 uL (lichen total) d’ADN génomique, 2,5 uL de tampon 10x Key Buffer, 1 uL
supplémentaire de MgCl, a 25 mM (pour atteindre une concentration finale de 2,5 mM), 1,2 uL de
DMSO, 4 ou 8 uL d’amorces sens et anti-sens (25 uM) (amorces cyanobactériennes et fongiques,
respectivement), 0,2 uL de Tagq ADN polymérase (VWR), dH>O : qsp 25 L.

Les conditions de PCR ont été les suivantes : une étape de dénaturation initiale a 95°C pendant 2
minutes, 45 cycles contenant une étape de dénaturation a 95°C pendant 20 secondes, 45 secondes
d’hybridation a 42°C et 45 secondes d’élongation a 72°C et une étape d’élongation finale a 72°C
pendant 10 minutes.

La validité des conditions de PCR pour les amorces cyanobactériennes a été évaluée sur une souche
productrice de mycosporines : Calothrix sp. PCC 6303.

Les produits de PCR sont ensuite analysés par électrophorése sur gel d’agarose (1,2%). Les

fragments amplifiés sont excisés sous lumiére UV puis 'ADN en est extrait au moyen d'un kit
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) suivant les indications du fabricant.

5.Sous-clonage des produits PCR

Les génes sont insérés dans le vecteur pCR2.1-TOPO a l'aide d’un kit de sous-clonage TOPO® TA
Cloning® (ThermoFisher Scientific) dans le but d’en réaliser le séquengage. Le principe de cette
méthode est décrit en Annexe 9.
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Le mélange de ligation est le suivant :

Réactif Volume
Produit PCR purifié 2.4 L
Solution Saline 1uL
Eau 1.6 uL
Vecteur TOPO 1L

La réaction de ligation se déroule sur une nuit a température ambiante.

6.Transformation des cellules et sélection des clones

recombinants

Des bactéries Escherichia coli DH10b ont été transformées avec la réaction de ligation TOPO. Les
transformants ont été sélectionnés sur le milieu LB (Lysogeny Broth) gélosé supplémenté par de la
kanamycine (50 pg/mL). Les cultures ont été incubées a 37°C pendant une nuit. L'insertion du
fragment PCR a été criblé a l'aide du test X-Gal (dit bleu-blanc). Le principe de ce criblage est détaillé
en Annexe 9.

7.Purification de I’ADN plasmidique

Au terme de ce protocole, les colonies contenant les plasmides recombinants sont mises a cultiver en
milieu LB liquide & 37°C pendant une nuit. L’ADN plasmidique doit ensuite étre isolé spécifiquement
en éliminant ’ADN du chromosome bactérien par un protocole de lyse alcaline (Bimboim and Doly,
1979). Le protocole de lyse alcaline et le principe de la méthode sont décrits en Annexe 9.

8.Ségquencage

Le séquencage est effectué par une prestation de service (Eurofins MWG Oregon). Le séquencgage
des plasmides fait appel aux amorces M13 (-21) flanquant le site d’insertion du transgene.

ii. Premiers résultats sur I'équipement génétique des symbiontes

La recherche de ces génes a été effectuée sur lichen total et sur cyanobactérie microdisséquée et
devrait étre a l'avenir appliquée a du champignon microdisséqué. Différentes amorces ont été
employées pour caractériser la présence du cluster de génes associé a la biosynthése des
mycosporines.

- Pour les amorces fongiques : deux sets de primers ont été utilisés pour caractériser DHQS, et
un pour rechercher une séquence ATP-grasp.

- Pour les amorces cyanobactériennes : un set de primers pour cibler DHQS et deux autres
pour ATP-grasp.

Les résultats des recherches de génes menées depuis la cyanobactérie microdisséquée sont
consigneés ci-aprés (Figure 41) :
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M 1 2 3 4 5M

1: DegATP_1_F+DegATP_1_R, 1 uL 10x dilution ADNg

2: DegATP_2_F+DegATP_2_R, 1 uL 10x dilution ADNg

3: DegATP_1_F+DegATP_1_R,2uLADNg

4: DegATP_2_ F+DegATP_2 R,2uLADNg

5: DegDHQS_F+DegDHQS_R, 1 uL du fragmentde 300 pb purifié &
l'issue d’'une premiére amplification avec ces amorces

300 pb TOPO cloning pourconfirmerla présence d’une séquence DHQS

FIGURE 41 : RECHERCHE DES GENES DHQS-LIKE ET ATP-GRASP (AMORCES CYANOBACTERIENNES DANS LES DEUX
CAS) AU SEIN DE LA CYANOBACTERIE MICRODISSEQUEE (RIVULARIA)

La séquence du fragment amplifié par les amorces DHQS-like est donnée en Annexe 9 (Figure 81).

Des recherches d’homologies de séquence inter-nucléotidiques BLASTx sont menées sur ce
fragment. Son plus proche homologue (92% d’identité de séquence) est un géne impliqué dans la
biosynthése des mycosporines décrit chez la cyanobactérie Rivularia sp. PCC 7116, cette derniere
étant dotée du cluster de génes complet pour assurer la biosynthése des mycosporines (Figure 42).

1 1,000 2,000 3,000 4,000 5,000 6,000 7.000 8,000 9,000 9,787
Mic.. : . . . : f
Glycosyl hydrolyase | -— @S- tative O-methyltransferase CDS |
hypothetical prot 3;dehydroguinate synthetase cos—S Apocytochrome F, Cterminal CDS  Rieske Fe-S protein CD!
putanve ATP-gr: asp enzyme CDS

FIGURE 42 : CLUSTER DE GENES ASSOCIE A LA BIOSYNTHESE DES MYCOSPORINES CHEZ RIVULARIA SP. PCC 7116

Si les photobiontes de Lichina pygmaea sont traditionnellement associés au genre Calothrix, la
récente caractérisation moléculaire des cyanobiontes de différents Lichina (dont Lichina pygmaea)
suggere plutdét que le champignon lichénisant s’associe en réalité a des cyanobactéries du genre
Rivularia dans cette espéce (Ortiz-Alvarez et al., 2015).

Pour linstant, les recherches de genes fongiques n’ont été menées qu’a partir du lichen total, et non
encore sur du champignon microdisséqué. Tandis que les deux jeux d’amorces ciblant d’éventuels
génes DHQS-like ne permettent pas d’amplification par PCR, deux fragments différents (de 400 et 600
pb) sont détectés avec les amorces ATP-grasp fongiques (Figure 43).

M 12 3 45 6 7 89

Marqueur: 100 bp

1-3: DHQS_fungi_deg_F1/R1 primers
1, 2 et 4 mM MgCl, extra ajoutés

4-6: DHQS_fungi_deg_F2/R2primers
1, 2 et 4 mM MgCl, extra ajoutés

7-9: ATPgrasp_fungi_deg primers

1, 2 et 4 mM MgCl, extra ajoutés

Les amorces ATPgrasp_fungi_deg permettent I'amplification
de fragments de 400 et 600 paires de base.

Pas de séquences amplifiees avec les amorces
DHQS_fungi_deg.

FIGURE 43 : RECHERCHE DES GENES DHQS-LIKE ET ATP-GRASP (AMORCES FONGIQUES DANS LES DEUX CAS) AU SEIN
DU LICHEN TOTAL.
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A ce stade, ces résultats pourraient laisser penser que la cyanobactérie serait dotée du géne DHQS
tandis que le champignon posséderait dans son génome le gene ATP-grasp.

Pour valider ces résultats préliminaires, cyanobactéries et lichen total ont été soumis a des PCR au
moyen des amorces désignées pour chacun des deux partenaires (Figure 44). L’amplification par les
amorces ATP-grasp fongiques depuis le lichen total et non depuis la cyanobactérie est un élément
supplémentaire en faveur de l'origine fongique de ces génes. Le séquencage de ce gene est en
cours. En revanche, il est plus surprenant de constater qu’'une séquence est amplifiée au moyen des
amorces ATP-grasp cyanobactériennes alors qu’aucun géne n’avait pu étre amplifié de la
cyanobactérie micro-disséquée. Il apparait donc vraisemblable que ces séquences soient amplifiées a
partir de cyanobactéries épiphytes (Grube et al.,, 2015) plutét qu’'a partir du cyanobionte primaire.
Cette hypothése est aussi accréditée par I'absence d’amplification a partir de ’ADN de cyanobactérie
microdisséquée. La complexité considérable de I'écosystéme lichénique peut donner lieu a des
interférences liées a 'amplification de séquences microbiennes et non a celles issues des partenaires
principaux de la symbiose. Ce risque Iégitime le besoin de recourir & des échantillons microdisséqués
plutdt qu’au lichen total pour s’affranchir autant que possible de ces contaminations. Aussi,
linvestigation génétique de champignon micro-disséqué apparait indispensable pour la poursuite de
ces travaux.

M 12 3 4 56 M: Marqueur 100 pb

1: ADNg Rivularial ATPgrasp_F1/R1

2: ADNg Rivularial ATPgrasp_F2/R2

3: ADNg lichen total/ATPgrasp_F1/R1

4: ADNg lichen total/ATPgrasp_F2/R2

5: ADNg RivularialATPgrasp_deg_fungiprimers

8: ADNg Lichen total /ATPgrasp_deg_fungi primers

* Lesamorces ATP-grasp fongiques amplifient des fragments
depuis '’ADN total mais pas depuis '’ADN de la cyanobactérie

=> Vraisemblable origine fongique.

* Lesamorces ATP-grasp cyanobactériennes amplifientun
fragment depuis '’ADN du lichen total.

FIGURE 44 : RESUME DES AMPLIFICATIONS DE GENES ATP-GRASP

La bande amplifiée par la premiére paire d’'amorces cyanobactériennes ATP-grasp a été sous-clonée
puis séquencée au moyen d’amorces M13 (-21). Deux populations de clones distincts sont en fait
disintguées et leurs séquences sont données en Figure 82, Annexe 9. Les homologies de séquence
sont ensuite recherchées par BLASTx (Figure 45).

>ATPCyano_pair 1_Total lichen gDNA clone 1
Description (five first hits) Query cover Evalue Ident Accession

ATP-grasp domain-containing protein [Pleurocapsa sp. PCC 7319] 99%  1e-85 81% WP_019509604.1

ATP-grasp enzyme [Myxosarcina sp. Gl1] 99%  5e-84 78% WP_036482405.1
DUF201 domain-containing protein [Stanieria cyanosphaera] 99%  3e-80 77% WP_015192873.1
hypothetical protein [Synechococcus sp. PCC 7335] 99%  7e-80 7% WP_006456065.1
hypothetical protein STA3757_07780 [Stanieria sp. NIES-3757] 99%  7e-80 75% BAU63414.1
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>ATPCyano_pair 1_Total lichen gDNA clone 2
Description (five first hits) Query cover E value Ident Accession

ATP-grasp domain-containing protein [Trichodesmium erythraeum]  99% 3e-80 74% WP_011612489.1

ATP-grasp domain-containing protein [Lyngbya sp. PCC 8106] 98% 6e-67 65% WP_009783739.1
ATP-grasp domain protein [Lyngbya aestuarii] 99% le-65 62% WP_023068529.1
ATP-grasp enzyme [Scytonema tolypothrichoides] 99% 8e-62 60% WP_048866499.1
hypothetical protein [Oscillatoria sp. PCC 10802] 99% le-61 62% WP_017716159.1

FIGURE 45 : RECHERCHE DES SEQUENCES HOMOLOGUES (BLASTX) DES FRAGMENTS DE GENE AMPLIFIES PAR LES
AMORCES ATP-LIKE CYANOBACTERIENNES SUR LE LICHEN TOTAL MAIS PAS SUR RIVULARIA SP

Concernant les génes DHQS-like, les amorces fongiques n’amplifient pas de fragments dans le
génome cyanobactérien. En revanche, plusieurs fragments sont amplifiés lorsque les amorces
cyanobactériennes sont utilisées sur le lichen total (Figure 46). Leur sous-clonage est actuellement en
cours.

12 M34 56 1-2: TOPO-DHQS_Rivulariaclones 1 et 2, digérés par EcoR1
3: ADNg Lichen total/I TS4/5 primer

M: Marqueur 100 pb

4: ADNg Lichen total gDNA/DHQS_cyano primers

5: ADNg Rivularial DHQS_deg_fungi_F1/R1

6: ADNg Rivularia/ DHQS_deg_fungi_F2/R2

» Pas de fragments amplifiés de ’ADN de Rivularia parles
amorces DHQS_fungi1 et 2.

* Plusieurs fragments sont amplifiés depuisle lichen total.

FIGURE 46 : RESUME DES AMPLIFICATIONS DE GENES DHQS-LIKE

Il apparait donc que ces séquences géniques proviennent également de cyanobactéries autres que le
cyanobionte lichénique, ce d’autant plus que les séquences homologues ne sont pas décrites a partir
de Rivularia. L’étude de champignons microdisséqués plutét que de lichen total devrait permettre de
contourner cet écueil.

Les données pouvant étre retirées des travaux de biologie moléculaire a I'achévement de cette thése
sont consignées dans ce tableau :

Primers Matériel
Cyanobactérie Champignon Lichen total
Rivularia sp. Lichina pygmaea F Lichina pygmaea
DHQS-Cy Oui Analyses Non
ATP-grasp-Cy 1 Non Oui ?
ATP-grasp-Cy 2 Non En Non
DHQS-F 1 Non Non
DHQS-F 2 Non Cours Non
ATP-grasp-F Non Oui
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La réelle absence d’ATP-grasp du génome du cyanobionte est en passe d’étre vérifiée au moyen
d’amorces spécifquement désignées a partir de séquences d’ATP-grasp de cyanobactéries du genre
Rivularia. De la méme fagon, l'utilisation d’autres amorces doit étre considérée avant d’exclure la
présence de DHQS des cellules de champignon.

L’exploration du contexte génomique des différentes séquences repérées pourrait également étre
effectuée au moyen de techniques de Genome Walking (Leoni et al., 2011) afin d’apprécier le cluster
de biosynthése dans son ensemble. Tandis que le géne O-MT intervient dans trop de voies
métaboliques pour pouvoir étre relié sans discernement a la biosynthése des mycosporines, sa
présence contigué a celle d’'un géne DHQS-like serait trés évocatrice de cette voie de biosynthése
(Balskus and Walsh, 2010; Singh et al., 2010).

A terme, les génes séquencés devraient permettre de désigner des amorces pour localiser la
présence de séquences d’ADN ou d’ARNm au sein des coupes de lichens. Des approches combinées
émergent pour relier I'activité métabolique de cellules individuelles a leur identité taxonomique et/ou a
leur distribution tissulaire. Tandis que la localisation des métabolites repose sur des techniques de
d’'imagerie par spectrométrie de masse telles que précédemment décrites (e.g (MA)LDI-MSI), les
techniques FISH permettent d’analyser le contenu génétique de cellules individuelles. Les analyses
de type (MA)LDI-FISH émergent donc comme des stratégies privilégiées pour étudier les interactions
microbiennes in situ. Ainsi, Kaltenpoth et al. ont pu relier la production d’antibiotiques a la surface de
cocons de guépe Philanthus a la présence de bactéries symbiotiques Streptomyces philanthi
(Kaltenpoth et al., 2016). Dans notre cas de figure, ne pouvant exclure que le cluster entier de
biosynthése soit présent chez les deux partenaires, a l'instar de ce qui a été rapporté chez le coralil
Acropora digitata, la recherche de séquences géniques exprimées (ARNmM) devrait étre privilégiée
pour statuer sur la réelle implication des associés dans la biosynthése de ces métabolites
secondaires.
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Les lichens représentent des organismes pionniers dont I'extraordinaire résilience tient pour partie a la
constitution d’'un arsenal de défense chimique unique dans le vivant (Stocker-Wérgotter, 2008). Cette
chimiodiversité Iégitime I'intérét grandissant suscité par les lichens en pharmacognosie, d’autant plus
que ces composés sont dotés d’activités biologiques variées et souvent significatives (Shukla et al.,
2010; Shrestha and St. Clair, 2013). Outre cet aspect, les métabolites secondaires jouent également
un rdle important dans la phylogénie des lichens, ce qui représente un autre intérét a explorer la
chimie de ces organismes (Hawksworth, 1973; Frisvad et al., 2008).

Ce ftravail a été mené selon deux grands axes. Cette thése s’est d’abord penchée sur le
développement de nouveaux outils permettant de réaliser du profilage chimique a haut débit. Les
stratégies analytiques retenues se sont adossées a des caractéristiques particulieres des composés
lichéniques ou de leurs métabolites.

L’accumulation des métabolites secondaires dans les tissus superficiels du lichen, voire leur
cristallisation a la surface des filaments mycéliens, a été percue comme une opportunité pour
développer des méthodes de détection in situ. Une méthode de spectrométrie de masse a ionisation
ambiante, le DART-MS, a démontré son aptitude & générer des profils chimiques complets & partir
d’extraits acétoniques mais également de poudre de thalles voire de thalles natifs. De nombreuses
classes structurales ont ainsi pu étre détectées par le DART, aussi bien en modes positif que négatif :
depsides, depsidones, dibenzofuranes, naphtoquinones, xanthones (Le Pogam and Boustie, 2016),
acides paraconiques, dérivés de l'acide pulvinigue et mycosporines (Le Pogam et al., 2015b)
soulignant la polyvalence de cette méthode en lichénologie.

De plus, les spectres de masse fournis par le DART restent généralement simples a interpréter car ils
contiennent le plus souvent des ions quasi-moléculaires prédominants. Seuls les depsides révelent
des fragmentations véritablement prononcées. En mode négatif, les dissociations décrites pour ces
composeés s’averent comparables a celles obtenues en utilisant d’autres sources (ESI, FAB...) et des
signatures spectrales récurrentes ont pu étre observées en mode positif. L’intérét du DART pour la
déréplication a été démontré en étudiant un lichen modéle : Ophioparma ventosa. La mise en
évidence d’un depside rare et jusqu’alors jamais décrit dans cette espéce, I'acide miriquidique, a été le
point de départ d’investigations plus poussées. Chez ce méme lichen, il a également pu étre établi
gue le DART permet une premiére estimation de la distribution de métabolites secondaires au sein du
thalle en révélant des profils chimiques différents entre les faces supérieure et inférieure de cette
espece (Le Pogam et al., 2016a).

Au cours des différentes analyses engagées sur le lichen modéle Ophioparma ventosa, il est apparu
gue ce lichen accumulait dans ses apothécies de nombreux pigments non caractérisés
structuralement. Une étude phytochimique ciblée sur les seules apothécies de ce lichen a alors été
engagée. Tandis que I'haemoventosine était le seul pigment chimiquement identifié au sein des
organes reproducteurs d’Ophioparma ventosa, cing autres pyranonaphtoquinones ont pu y étre
isolées et identifiées : un premier pigment connu chez les champignons mais nouveau chez les
lichens — I'anhydrofusarubine lactone — ainsi que quatre nouvelles structures : I'ophioparmine, deux
épimeéres de la 4-méthoxyhaemoventosine ((3S,4R)- et (3S,4S)-4-méthoxyhaemoventosines et un
isomeére de la 3S-4-hydroxyhaemoventosine dont la configuration absolue du carbone 3 n’a pas pu
étre déterminée (Le Pogam et al., 2016b).

Le DART-MS représente donc un outil déréplicatif de choix en lichénologie en permettant I'analyse de
trés petites quantités de lichens (un fragment de thalle suffit) mais également avec une préparation de
I'échantillon virtuellement nulle consistant au maximum a broyer le lichen. Enfin, des informations
complémentaires a I'analyse de I'échantillon peuvent étre obtenues en faisant varier la température.
Ainsi, la source DART a été mise a profit pour étudier les constantes thermodynamiques associées a
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la déshydratation de la mycosporine sérinol. A notre connaissance, I'utilisation du DART a de telles
fins thermodynamiques n’a pas été décrite auparavant dans la littérature (Le Pogam et al., 2015b).

La seconde approche de spectrométrie de masse retenue dans le cadre de ces travaux est le LDI. Du
fait de la forte absorption UV et d’'une relative homologie structurale des molécules lichéniques avec
certaines matrices commerciales, il a été observé que tous les grands groupes de métabolites
lichéniques sont ionisables sans devoir y adjoindre de matrices en mode négatif (= auto-ionisables).
L’analyse d’extraits acétoniques totaux de lichens couvrant la chimie de ces organismes dans sa
diversité a démontré la polyvalence du LDI pour leur profilage chimique. L’ionisation douce
déclenchée par le LDI livre des spectres dominés le plus souvent par I'ion déprotoné et, ici aussi,
seuls les depsides fragmentent de facon significative, toujours en lien avec les fragmentations
constatées en ayant recours a d’autres sources d’ions. Il est a noter que la possibilité offerte par le LDI
de générer des ions radicalaires permet la détection d’espéces qui peuvent difficlement I'étre en
faisant appel a d’autres sources d’ions (e.g quinones difficilement déprotonables car engageant des
liaisons hydrogéne intramoléculaires) (Le Pogam et al., 2015c).

Les analyses LDI ne nécessitent que trés peu de préparation puisqu’il s’agit simplement de préparer
un extrait acétonique total et de le déposer a la surface de cibles MALDI. Cette méthode de
déréplication fait appel a peu de matiére premiére puisque les analyses LDI requiérent 0,7 pyL d’'une
solution a 10 mg/mL. Les analyses LDI sont par ailleurs peu onéreuses et sont automatisables,
permettant d’analyser une trentaine d’échantillons en I'espace d’'une heure a une heure trente.

L’auto-ionisabilité des métabolites secondaires lichéniques pourrait amener & évaluer leurs propriétés
matricales, a l'instar de ce qui avait initialement été réalisé pour I'acide usnique (Schinkovitz and
Richomme, 2015).

Si ces stratégies analytiques innovantes offrent de nouvelles perspectives pour le criblage de lichens
a haut débit, les instrumentations permettant ces analyses font appel & des compétences avancées
en chimie analytique pour piloter et entretenir de tels équipements. Aussi, la CCM reste encore a
I'heure actuelle la méthode d’identification des composés lichéniques la plus largement employée par
les lichénologues. Les limites associées a cette approche sont bien connues dans la mesure ou |l
s’agit de caractériser les molécules et non de les identifier. Ce travail s’est donc également penché sur
la possibilité d’identifier les familles structurales lichéniques par CCM-NI-ESI-MS. La détection par
spectrométrie de masse depuis la plague CCM s’avére généralement sensible avec des composés
détectés pour la plupart dés 1 pg. L'intérét de ce couplage est mis en évidence dans des cas de figure
ou la distinction des composés lichéniques est réputée difficile (depsides a longues chaines
aliphatiques, depsidones polaires...). Deux limites doivent étre gardées a I'esprit :

- les composés polaires ont une détection moins sensible, sans doute du fait de leur désorption
plus difficile depuis la plaque de silice ;

- les composés difficilement déprotonables ne sont pas détectés en CCM-NI-ESI-MS. Cette
limite n’est pas liée a l'interface CCM-MS mais est une limite du processus d’ionisation ESI
qui ne permet pas la formation d’ions radicalaires.

Tandis que les avantages associés aux méthodes DART-MS et LDI-MS demeurent évidents en
termes de temps de préparation des échantillons et de I'analyse en elle-méme, le manque de
données complémentaires a l'appui (e.g temps de rétention, spectre UV/Vis) peut entraver
lidentification non ambigué de certains métabolites secondaires (Sica et al., 2015). A titre d’'exemple,
les limites associées a la déréplication des lichens par le DART et/ou le LDI peuvent étre mises en
évidence au travers du profilage de Lecidella asema, lichen producteur de xanthones chlorées
présentant de nombreuses isoméries possibles. L’identification se fonde alors sur les données
préalables de la littérature concernant la chimie de ce lichen mais la spectrométrie de masse ne livre
aucune donnée spectrale en faveur de lI'un ou lautre des isomeéres. Parmi les perspectives
enivsageables pour obtenir davantage d‘informations tout en conservant une approche sans couplage
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chromatographique, nous pensons en priorité & la spectrométrie de mobilité ionique couplée a la
spectrométrie de masse (IM-MS pour lon Mobility — Mass Spectrometry). L'IM-MS associe a la mesure
des masses une seconde dimension de séparation tenant compte de la structure des ions en phase
gazeuse (Kanu et al., 2008). Pour réaliser cette séparation supplémentaire, une cellule de mobilité
ionique est introduite en aval de la source d’'ions et en amont de I'analyseur (Figure 47). Au sein de
cette chambre régne une pression relativement élevée de gaz tampon (typiquement de 5 Torr environ
avec un gaz inerte comme I'hélium ou I'azote) et un champ éléctrique relativement faible. L’énergie
thermique fournie aux ions par les collisions avec le gaz tampon doit étre supérieure a celle acquise
par le champ électrique imposé aux ions (Gabelica, 2006). De fait, les processus de diffusion
dominent dans la cellule de dérive de telle sorte que la migration des ions dans cette chambre est
assimilable a une diffusion dirigée (Kanu et al., 2008). Plus l'ion adopte une conformation compacte,
moins il est freiné par les collisions et plus sa vitesse de migration dans cette cellule sera élevée, et
inversement. L’introduction de molécules chirales dans ce gaz inerte a permis la séparation en phase
gazeuse de différents énantiomeres (Dwivedi et al., 2006).

Sonrce Cellule de
2 mobilité Détecteur
d’ions o
ionique

3 E 3
=atl 3"y gmm|]
I

‘ P = 5 Torr m/z ad .

2, cellule de drift 2, p

’ - 4 SMI SM lh:.;'lribulinn de temps d’arrivée

FIGURE 47: PRINCIPE DE LA SPECTROMETRIE DE MOBILITE IONIQUE COUPLEE A LA SPECTROMETRIE DE MASSE
(ADAPTE DE (GABELICA, 2006))

Si le couplage de la cellule de mobilité ionique aux techniques de désorption/ionisation laser est
rencontré de fagcon courante dans la littérature, I'association de la mobilité ionique au DART-MS est
une approche qui n’a été décrite que récemment (Harris et al., 2011; Rasanen et al., 2014).

L’absence d’extraction et la possibilité de travailler a partir de trés petites quantités d’échantillons font
également du DART-MS une technique privilégiée pour 'analyse de matériels d’intérét patrimonial en
minimisant la quantité de matiere premiere a prélever au sein de spécimens historigues (Adams,
2011; Selvius DeRoo and Armitage, 2011). De telles perspectives revétent un intérét tout particulier
dans le contexte de I'équipe PNSCM qui héberge I'herbier Des Abbayes, collection d’'une importance
majeure compilant environ 1.300 espéces (pour ca. 11.000 spécimens) dont certains ont plus de 100
ans (Delmail et al.,, 2012). Dans ce méme souci de préservation d’échantillons précieux, il est
intéressant de noter que la littérature comporte quelques analyses d’empreintes d’échantillons plutot
que de I'échantillon directement au moyen d’approches connexes de spectrométrie de masse comme
le DESI-MS (Ifa et al., 2011; Miller et al., 2011). Pour ce faire, les analytes sont transférés de la
matiére premiére a une membrane de nature variable en y pressant I'échantillon pour que les analytes
s’y adsorbent (papier ordinaire, surfaces poreuses dérivées du Téflon)... Cette approche semble
d’autant plus applicable aux lichens que leurs métabolites secondaires se localisent en surface des
filaments mycéliens du fait de la cristallisation des métabolites lichéniques a la surface des filaments
fongiques, laissant présager d’'une adsorption aisée de ces molécules bien accessibles (Stocker-
Wargotter, 2008).
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Concernant le couplage de la CCM a la spectrométrie de masse, des alternatives peuvent étre
envisagées a la méthode CCM-ESI-MS décrite dans ce manuscrit. Parmi les autres techniques
'approche CCM-LDI-MS peut étre citée. De telles analyses restent rares a ce jour avec un premier
article basé sur cette approche paru en 2009 et décrivant la détection d’alcaloides quaternaires (donc
déja chargés positivement) de la plante Berberis barandana (Shariatgorji et al., 2009). Différents
avantages peuvent étre attendus du couplage CCM-LDI-MS face au couplage CCM-ESI-MS :

- la rapidité de I'analyse. L’élution des composés a partir des bandes d’intérét en CCM-ESI-MS
requiert une minute suivie de quatre a cinq autres minutes pour ramener le courant ionique
total a son niveau basal et ainsi permettre I'analyse d’'une nouvelle bande ;

- la possibilité de parcourir des surfaces. D’une fagon rigoureusement analogue a l'imagerie LDI
présentée dans le chapitre « Histolocalisation » de cette thése, le laser peut parcourir
'ensemble de pistes de migration en CCM pour ensuite y cartographier les différents signaux
(Batubara et al., 2015; Cheng et al., 2011). Cette analyse systématique de 'ensemble de la
piste de migration permet de s’affranchir de I'étape préalable de repérage des positions a
analyser, avec le biais de ne pas rechercher les composés non visualisés en amont (e.g acide
roccellique non visible aux longueurs d’onde de lecture UV classique 254 et 365 nm mais
ionisable en LDI).

En contrepartie, le laser UV employé en LDI ne pénétre que peu la silice dans son épaisseur, I'analyte
ne peut en étre désorbé que depuis les couches les plus superficielles de la plaqgue CCM. Par voie de
conséquence, une perte de sensibilité par rapport a lionisation CCM-ESI-MS, qui désorbe les
composés dans I'épaisseur de la plaque, peut étre attendue (Fuchs et al., 2009).

L’extension de nos essais de diffraction de poudres lichéniques aux rayons X devrait permettre de
mieux cerner le potentiel déréplicatif de cette approche.

Les conclusions et les perspectives associées au volet déréplication sont reprises dans la Figure 48.

DART-MS LDI-MS

Analyses de lichens solides

+ Pas de préparation et analyses trés courtes

* Analyse de trés faibles quantités de matériel non extrait : un
fragmentde thalle suffit

+ Pas d'artéfacts liés aux solvants

* Premiéres données sur la localisation tissulaire des composés

lonisation des métabolites lichéniques

+ Généralement détection en modes positif et négatif

* Molécules généralement peu fragmentées (hors depsides).. mais
réactivité chimique parfois importante et chauffage pouvant dégrader les
molécules instables thermigquement (e.g acide thamnalique).

* Pour les depsides, fragmentations consensuelles dans les deux modes.

Perspectives

+ Couplage a la spectrométrie de mobilité ionique

+ Analyse d’échantillons d'intérét patrimonial (e.g spécimens
Herbier des Abbayes) voire d’'empreintes obtenues par
adsorption sur une surface

Analyses d’extraits acétonigues totaux

¢ Préparation de I'échantillon trés limitée
¢ Durée de |'analyse trés courte et possible automatisation

s Analyses de trés faibles quantités d'extrait: 0.7 pL d'une
solution a 10mg/mL

lonisation des métabolites lichéniques

* Trés essentiellement en mode négatif (sauf mycosporines)

* |onisation douce : peu de fragmentation (seules les depsides et
souventl'ion déprotoné reste observable)

* Possibilité de détecter des espéces radicalaires: avantage pour
détecter des espéces établissant des liaisons hydrogéne intra-
moléculaire comme de nombreuses quinones et xanthones
lichéngiues

Perspectives

« Couplage a la spectrométrie de maobilité ionique

¢ Analyses de plagues CCM en LDI

« Evaluation des propriétés matricales de métabolites lichéniques
autres que I'acide usnique

FIGURE 48 : RESULTATS ET PERSPECTIVES ASSOCIES AU DART-MS ET AU LDI-MS A L’ISSUE DE CES TRAVAUX
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Un autre enjeu de cette thése gravitait autour de I'histolocalisation des composés lichéniques dans le
thalle. Dans la mesure ou la distribution des métabolites secondaires dans le lichen est souvent en
lien avec leurs rbles écologiques, I'imagerie par spectrométrie de masse peut représenter un puissant
outil au service de questions d’écologie chimique. De la méme facon, ces données spatiales peuvent
fournir des clés pour comprendre les séquences de biosynthése de métabolites secondaires chez ces
organismes symbiotiques.

Sur la base de la distribution irréguliere des molécules d’Ophioparma ventosa constatée par analyses
DART-MS, les premieres analyses d’imagerie LDl ont porté sur des coupes transversales
d’'Ophioparma ventosa. Les cing molécules majoritaires de ce lichen (haemoventosine, acides
usnique, divaricatique, thamnolique et miriquidique) ont pu étre imagées avec une résolution spatiale
atteignant 50 ym et leurs distributions vont dans le sens des hypothéses d’écologie chimique
précédemment décrites dans la littérature. Il est a noter que 'un des nouveaux pigments présent a
I'état de trace, la 4-hydroxyhaemoventosine a méme pu étre imagé. Concernant I'acide miriquidique,
molécule décrite pour la premiére fois chez O. ventosa au titre de ce travail, sa distribution dans les
parties basales du lichen et sa présence longitudinale inhomogéne sont compatibles avec son
acquisition a partir de thalles produisant ce depside et parasités par ce lichen. Hypothése d’autant
plus vraisemblable que ce depside se concentre pour devenir un métabolite majoritaire au niveau de
certaines parties du thalle et totalement manquer au niveau d’autres fragments (considérés
longitudinalement). Il peut étre supposé que les portions de thalle concentrant cette molécule
correspondent aux régions du lichen s’étant développées sur des thalles qui pourraient étre ceux de
Miriquidica garovaglii, la présence de ce dernier étant avérée sur les rochers ou l'on a pu récolter O.
ventosa.

De telles approches devraient également permettre de préciser quel(s) partenaire(s) de la symbiose
accumule(nt) les métabolites secondaires du lichen pour cerner la contribution de chacun dans leur
biosynthése. S’il est généralement admis que la biosynthése des polyphénols lichéniques est
imputable aux champignons (a partir des sucres transmis par le photobionte), les mycosporines -
molécules notamment connues chez des champignons, des cyanobactéries et des algues vertes - ont
une origine plus difficile a établir chez les lichens dans la mesure ou chacun des partenaires de la
symbiose est connu comme pouvant produire des mycosporines lorsqu’il vit isolément.

Pour mieux comprendre la biosynthése des mycosporines chez les lichens, un projet alliant imagerie
par spectrométrie de masse et génétique a été engage sur le cyanolichen modéle Lichina pygmaea :

- limagerie par spectrométrie de masse a di faire I'objet de quelques ajustements et un
appareil doté d’'une longueur d'onde de 266 nm a été employé pour assurer une détection
plus efficace des mycosporines. Si la détection de ces composés s’avére effectivement plus
sensible a cette seconde longueur d’'onde, ces analyses d’'imagerie par spectrométrie de
masse n’ont pas encore permis de préciser la distribution de la mycosporine sérinol au sein
de coupes de ce cyanolichen. Une autre approche envisagée pour visualiser la distribution de
la mycosporine sérinol est la spectromicroscopie Raman, équipement récemment arrivé au
sein de la plate-forme H2P2 ;

- en parallele, des études de biologie moléculaire ont été menées en collaboration avec le
MNHN pour analyser le bagage génétique du champignon et de la cyanobactérie. Le recueil
séparé des deux symbiontes a pu étre réalisé par microdissection-capture laser. La recherche
de génes appartenant au cluster de biosynthése des mycosporines a permis de caractériser
une séquence DHQS-like au sein du génome de la cyanobactérie. Le troisieme segment
génique, ATP-grasp, a pu quant a lui étre caractérisé dans I’ADN isolé a partir du lichen total
au moyen d’amorces d'ATP-grasp fongiques. Des analyses similaires portant sur le
champignon micro-disséqué sont en cours pour relier ces genes au mycobionte en présence.
A l'inverse, le gene ATP-grasp n'a pas pu étre caracterisé chez la cyanobactérie et le gene
DHQS n’a pas été identifié dans la mycobionte pour I'instant. Des conditions de PCR faisant
appel a d’autres amorces sont prévues pour statuer sur la réelle absence de ces genes.
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Les méthodes envisageables pour Thistolocalisation de composés lichéniques ainsi que les
problématiques ou cette information spatiale est d’intérét sont résumés dans la Figure 49.

Cartographie des
métabolites
lichéniques

Ecologie
Chimique

Contribution des
symbiontes dans
les biosynthéses

FIGURE 49 : METHODOLOGIES ENVISAGEABLES POUR ETABLIR LA DISTRIBUTION TISSULAIRE DE METABOLITES
LICHENIQUES ET  PROBLEMATIQUES DANS  LESQUELLES CES  ANALYSES PEUVENT  S’INSCRIRE

Ces développements méthodologiques appliqués aux lichens ont été facilités par la présence de
molécules cristallisées a la surface des structures fongiques ou des photobiotes associés. La
distribution de ces métabolites au sein des lichens est un élément d’'importance en taxonomie et leur
repérage a rapidement été un sujet d’étude pour les lichénologues qui ont développé des approches
variées deés le 19éme sjecle (caractérisation chimique, reconnaissance cristalline au microscope des
composés majoritaires, développement de méthodes standardisées en CCM et HPLC, analyse
Raman...). C'est aussi a I’heure actuelle un enjeu d'importance pour repérer en amont des molécules
d’'intérét que ce soit pour la taxonomie, une valorisation thérapeutique des métabolites, une
compréhension de leur réle au sein du lichen ou de I'environnement biotique ou abiotique associé.
Tirant profit de nouvelles méthodes analytiques et d’appareillages performants, nos travaux
permettent d’améliorer le niveau d’information pour la réalisation de profils chimiques rapides et
fiables. lls s’inscrivent dans un prolongement et une complémentarité avec d’autres techniques qui
méritent d’étre explorées sur ces organismes modéles. Nous pouvons citer la cristallographie pour
laquelle nous avons eu des résultats trés encourageants mais aussi d’autres techniques (Raman,
proche IR...) dont la miniaturisation des appareillages permet un acces de plus en plus aisé, y
compris sur le terrain. Un autre avantage a souligner est la possibilité d’avoir des informations fiables
avec des quantités infimes de matériel, permettant par exemple d’avoir des approches quasiment non-
destructives. Nous pensons ici a des applications sur des échantillons d’herbier mais aussi a la
génération de données métabolomiques dont le traitement adéquat peut étre une source éclairante
d’'information...

Le couplage de ces données chimiques a des données de bhiologie est un élément essentiel a la
compréhension de mécanismes clés pour le mode de fonctionnement de ces organismes singuliers,
des approches holistiques semblant nécessaires pour apprécier le fonctionnement de cet éco-systeme
dans sa complexité. Nous espérons par exemple que notre approche sur la biosynthése des
mycosporines sera prochainement finalisée et ne doutons pas que certains de ces résultats auront
des applications bien au-dela de I'étude des lichens proprement dite.
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ANNEXE 1: BIOSYNTHESE DES METABOLITES SECONDAIRES LICHENIQUES

Annexe 1 : Biosynthese des métabolites secondaires
lichéniques

A.Voie des polyacétates/polymalonates

La voie des polyacétates-polymalonates est associée a une trés large majorité de composés
lichéniques et concentre les motifs structuraux typiques des lichens. Les polyacétates fongiques sont
biosynthétisés par des méga-enzymes dotées de domaines fonctionnels modulaires: les
PolyKetideSynthase abrégées PKS (Thomas, 2001). L’incorporation en série d’unités acétylCoA par
réactions de Claisen successives donne lieu a des dérivés linéaires de type poly-B-cétoester.

La diversité des polyacétates est ensuite liée au choix de l'unité de départ (starter), des unités
d’extension, a la longueur de la chaine (liée aux nombre de modules que comporte I'enzyme), a des
cyclisations régiospécifiques et enfin a d’éventuelles modifications enzymatiques en aval (post-PKS).
La diversification des polyacétates peut étre apportée par la présence de domaines optionnels
pouvant assurer tout ou partie de ces modifications : réduire le groupement cétone en alcool (domaine
kétoréductase), déshydrater cet alcool (domaine déhydratase) et éventuellement réduire cette double
liaison (domaine énoylréductase) (Thomas, 2001).

a. Polyacétates aromatiques

Pour une tres importante partie des polyacétates lichéniques, la condensation des unités acétyl-CoA
et malonyl CoA conduit a la formation d’'une chaine en C-8 qui, par aldolisation interne ou
condensation de Claisen, livre I'acide orsellinique ou le méthylphloroacétophénone.

La condensation de ces structures de base pour livrer des composés di- (le plus souvent), tri- voire
parfois tétracycliques introduit la variété des polyphénols lichéniques qui vont diverger selon la nature
des groupements reliant ces différents motifs (Figure 50) :

- des couplages de type estérification sont rencontrés chez les depsides, depsidones et
depsones (représentées en bleu) ;

- une étherification intervient dans [I'obtention des depsidones, dibenzofuranes et
diphényléthers (vert) ;

- un couplage oxydant, permettant d’accéder a des jonctions C-C, est rencontré chez les
dibenzofuranes et les depsones (rouge).
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FIGURE 50 : FAMILLES STRUCTURALES DE METABOLITES LICHENIQUES OBTENUES PAR CONDENSATIONS D’UNITES

MONOAROMATIQUES.
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1. Depsides

La réaction d’estérification entre deux noyaux orcinol donne naissance aux didepsides (la plupart du
temps désignés sous le nom de depsides). En de plus rares occasions, la condensation de trois ou
guatre unités livre des tri- et tétradepsides.

Le noyau depside reste trés essentiellement associé aux lichens. Ce motif structural est parfois
retrouvé chez des champignons non lichénisés souvent ornementé de susbtituants qui ne sont pas
rencontrés chez les depsides lichéniques : on peut ainsi citer les agonodepsides A et B (didepsides
isolés d’'un ascomycete non identifié porteurs de deux groupements 1-méthyl-prop-1-ényl (Cao et al.,
2002), le guisinol (porteur d’'un exemplaire de ce méme substituant isolé du champignon marin
Emericella unguis (Nielsen et al., 1999)), les Iécanorines B a F (obtenus a partir de champignons
endophytes et contenant des cycles aromatiques polyméthylés (de Medeiros et al., 2011, 2015) mais
également la stromémycine C-hétéroside de depside (Emericellla variecolor (Bringmann et al., 2003)).
Cependant, il arrive parfois que des depsides lichéniques soient isolés a partir de champignons non
lichénisants : c’est notamment le cas de I'acide |écanorique qui a pu étre isolé a partir d’'un Pyricularia
(Umezawa et al., 1974). En de plus rares occasions, des tridepsides ont pu étre caractérisés chez des
champignons non lichénisants : peuvent ainsi étre citées les acides cytoniques isolés de champignons
endophytiques du genre Cytonaema (Guo et al., 2000), différentes thielavines issues de champignons
endophytes Setophoma sp. (de Medeiros et al., 2015) et Cladosporium uredinicola (de Medeiros et al.,
2011) ou encore des tridepsides greffés a des acides aminés, les amidepsines, issues d’Humicola sp
(Inokoshi et al., 2010). Il est d’ailleurs a noter que cette derniére souche produit également de 'acide
gyrophorique, tridepside couramment rencontrée chez les lichens. Plus rarement, des depsides ont
été isolés de végeétaux, notamment de Papaver rhoeas (Hillenbrand et al., 2004), Myrciaria cauliflora
(Reynertson et al., 2006), Vaccinium macrocarpon (Turner et al., 2007) et Impatiens balsamina (Li et
al., 2015) mais la structure de leurs composants monoaromatiques suggére qu’ils dérivent de la voie
du shikimate.

2. Depsidones

Les depsidones correspondent & deux noyaux orcinoliques unis a la fois par une liaison ester et par
un éther (Legaz et al., 2011; Sierankiewicz and Gatenbeck, 1973). Plus récemment, Armaleo et al. ont
pu établir 'implication vraisemblable d’une PolyKetideSynthase (PKS) dans I'oxydation de depsides
en depsidones en décrivant un cytochrome P450 associé au cluster d’'une PKS, CgrPKS16 (Armaleo
et al.,, 2011). Néanmoins, la synthése des depsidones peut impliquer des mécanismes plus
complexes. Cette seconde voie repose sur le couplage oxydatif d’'une benzophénone pour livrer un
intermédiaire grisadienedione pouvant a son tour se réarranger en depsidone (Sureram et al., 2013).
Un tel schéma de biosynthése est accrédité par des réactions chimiques impliquant cette séquence
benzophénone/grisadiénedione/depsidone (Sala and Sargent, 1981) et également par la co-
occurrence de la grisadienedione et de la depsidone correspondante au sein d’'un méme champignon
(Adeboya et al., 1996). Ces séquences de biosynthése sont présentées dans la Figure 51.
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ey MQ

FIGURE 51 : VOIES DE BIOSYNTHESE DES DEPSIDONES

A Tlinstar des depsides, les depsidones sont parfois rencontrées hors des lichens. Elles sont
particulierement représentées chez les plantes du genre Garcinia. Ornées de groupements prényles,
ces structures sont a la confluence des voies des acétates-polymalonates et du mévalonate.
Quelques exemples incluent : les atrovirisidones (Permana et al., 2005), les brévipsidones (Ngoupayo
et al., 2008), les garcidepsidones (Xu et al., 2000), les garcinisidones (Ito et al., 2001), les
oliveridepsidones (Ha et al., 2012), les parvifolidones (Rukachaisirikul et al., 2006). Quelques
depsidones ont également été décrites de champignons non lichénisés : les corynésidones
(Chomcheon et al., 2009), les eméguisines (Kawahara et al., 1988), I'excelsione (Lang et al., 2007), la
folipastatine et la niduline (Bycroft and Roberts, 1963) en sont quelques exemples.

3. Depsones

Les depsones résultent de I'association entre deux noyaux orcinoliques par une liaison ester et un
couplage oxydant. Seules 8 molécules appartenant a cette série ont été identifiées chez les lichens
jusqu’a présent. |l est admis que les depsones résultent d’'un couplage oxydant de depsides tel
quindiqué sur la Figure 52. A titre d’exemple, I'acide picrolichénique, premiére depsone découverte
(Wachtmeister, 1958), comporte deux unités de type penténylrésorcinol au méme titre que I'acide
colensoique (depsidone), que les acides 2-O-methylperlatolique et 2-O-méthylanziaique (depsides) et
que I'acide épiphorellique | (diphényléther). La découverte des acides 2-O-méthylperlatolique et 2’-O-
méthylperlatolique dans 6 espéces du genre Pertusaria (Culberson and Dibben, 1972) accrédite la
filiation biogénétique proposée ci-dessus (Figure 52).
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FIGURE 52 : BIOSYNTHESE PROPOSEE POUR LES DEPSONES ET FILIATIONS BIOGENETIQUES POSSIBLES AVEC QUELQUES
DEPSIDES, DEPSIDONES ET DIPHENYLETHERS QUI LEUR SONT STRUCTURALEMENT APPARENTEES
(ADAPTE DE (CHOOI, 2008)).

4. Dibenzofuranes et acide usnigue

Parmi ces composés, la biosynthése de I'acide usnique a été la plus étudiée. Ce composé n’est pas
considéré comme une dibenzofurane au sens strict en raison de la non-aromaticité de son cycle C.
L’acide usnique résulte du couplage oxydant entre deux unités de méthylphloroacétophénone selon la
séquence indiquée Figure 53 (Ingolfsdottir, 2002).
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FIGURE 53 : BIOSYNTHESE DE L’ACIDE USNIQUE (ADAPTE DE (INGOLFSDOTTIR, 2002) )

Aucune étude ne s’est penchée sur la biosynthése de dibenzofuranes stricto sensu mais des
propositions extrapolées sur la base du mécanisme démontré pour I'acide usnique ont été formulées
par Mosbach (Mosbach, 1969). Les dibenzofuranes seraient également le fait de couplages oxydants
entre deux unités monoaromatiques mais I'absence de groupements méthyles aux sites de couplage
radicalaire permettrait de maintenir 'aromaticité des deux cycles. Contrairement a 'acide usnique, ces
dibenzofuranes vraies correspondent a des hétérodimeéres (Figure 54).
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Acide porphyrilique
(0]
O 0 0
. OH . (e}
HO OH
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FIGURE 54 : BIOSYNTHESE DE DIBENZOFURANES SENSU STRICTO (ADAPTE DE (CHOOI, 2008))

Strepsiline
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5. Diphényléthers

Groupe structural moins représenté chez les lichens, les diphényléthers sont souvent percus comme
des catabolites de depsidones. A ce titre, il est souvent noté que les diphényléthers sont fréquemment
isolés en paralléle de depsidones qui leur sont structuralement apparentées (Adeboya et al., 1996;
Chomcheon et al., 2009; Millot et al., 2009). Un tel scénario biogénétique a été invoqué pour expliquer
la présence de buelline (diphényléther) a partir de la diploicine (depsidone) (Millot et al., 2009) (Figure

55).
ﬁ OH o- methylatlo
OCHs

Diploicine Buelline
FIGURE 55 : POSSIBLE TRANSFORMATION DE LA DIPLOICINE EN BUELLINE
La récente découverte d'un cluster de génes associé a la production d’un diphényléther (I'acide
pesthaique) chez le champignon endophyte Pestalotiopsis fici propose toutefois un autre scénario

biosynthétique initié par une anthraquinone (Xu et al., 2014). Cette autre voie de biogenese sera
traitée en aval de la partie abordant les quinones.

6. Quinones, xanthones et chromones

Ces classes de métabolites secondaires ne sont absolument pas spécifiques des lichens et sont
largement décrites a partir de plantes et de champignons non lichénisés. La biosynthése des
quinones résulte de la cyclisation d’'un intermédiaire poly-B-cétoester selon le mécanisme indiqué ci-
dessous (Figure 56). La diversité des quinones dépend de la longueur du poly-B-cétoester initial et est
également le fait d’enzymes qui vont pouvoir introduire une variété de substituants différents en aval
du travail des PKS. De facon notable, les quinones fongiques et les quinones bactériennes ont des
procédés de biosyntheése qui divergent par des régiospécificités différentes dans la cyclisation du
polyacétate initial. Cette spécificité fait que les quinones associées a ces deux régnes présentent
théoriguement des structures non redondantes (Thomas, 2001).

O 0 o) 0]
OH 0O OH 0O

o> o> o> SOoh O“

0
Polycetoester Endocrocine

FIGURE 56: BIOSYNTHESE DES QUINONES A PARTIR DE L’ INTERMEDIAIRE POLY-B-CETOESTER

Les xanthones représentent également un noyau fréquemment rencontré chez les lichens. Bien que
ce noyau retrouvé chez prés de 2.000 molécules naturelles soit essentiellement rencontré chez des
plantes (80% d’entre elles), la voie de biosynthése en ceuvre chez les champignons diverge de celle
rencontrée chez les végétaux. En effet, chez les plantes, les xanthones sont issues d’'une biosynthése
convergente entre la voie du shikimate et la voie des polyacétates/polymalonates tandis que les
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xanthones lichéniques sont générées par la seule voie des polyacétates. Ces voies de biosynthése
divergentes sont a l'origine de patterns de substitution entre les xanthones fongiques et végétales et
de fait, sur la petite centaine décrite a partir des lichens, moins de 10 sont également rencontrées
chez des plantes ou des champignons non lichénisants. Le procédé le plus courant de biosynthése
implique un repliement du poly-B-cétoester comme indiqué Figure 57 pour donner un intermédiaire
benzophénone qui cyclise ensuite pour livrer les xanthones de type lichéxanthone.

OH O

OH

HO 0]

Lichexanthone-type xanthone
Common susbstitution pattern :
1,3,6-trihydroxy-8-methylxanthone

FIGURE 57: BIOSYNTHESE DES XANTHONES AYANT UN PATTERN D’ OXYGENATION DE TYPE LICHEXANTHONE
(LE POGAM AND BOUSTIE, 2016).

Un procédé de biosynthése plus complexe, reposant sur un intermédiaire anthraquinone permet
d’atteindre les structures de type thioméline et acides sécaloniques aprés dimérisation (Figure 58).
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FIGURE 58: BIOSYNTHESE DES XANTHONES AFFILIEES A LA THIOMELINE ET AUX BISXANTHONES DE TYPE ACIDE
SECALONIQUE ET EUMITRINE (LE POGAM AND BOUSTIE, 2016).

Un état des lieux sur les xanthones d’origine lichénique a été publié en 2016 dans Molecules, le texte
intégral de cette publication est disponible en Annexe 6.

Parfois isolées & partir de lichens, les chromones, molécules surtout rencontrées chez les végétaux et
parfois chez des champignons non lichénisants (pour revue voir (Gaspar et al., 2014)) sont obtenues
par cyclisation de penta-acétates linéaires selon le mécanisme indiqué ci-dessous (Romagni and
Dayan, 2002) (Figure 59).
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5,7-dihydroxy-2-méthylchromone
FIGURE 59: BIOSYNTHESE DES CHROMONES

Comme indiqué plus haut, I'obtention de diphényléthers a partir de 'endocrocine a pu étre démontrée
par une approche génétique. La décarboxylation puis la méthylation de cette molécule livrent dans un
premier temps le physcion dont le clivage oxydatif va engendrer une benzophénone. Cette derniére,
sous l'influence d’'une DiHydroGéodine Oxydase (DHGO) donne un spiro-intermédiaire de type
grisadienedione pouvant se réarranger en diphényléther (Xu et al., 2014) (Figure 60).
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FIGURE 60: BIOSYNTHESE DE DIPHENYLETHERS VIA UN INTERMEDIAIRE ANTHRAQUINONE
(ADAPTE DE (XU ET AL., 2014)).
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b. Polyacétates non aromatiques
Certains acides lichéniques sont obtenus par aldolisation d’une chaine alcalonyl-CoA avec une unité
d’acide cétonique. Trois groupes structuraux peuvent ainsi étre obtenus (Figure 61):
- Les y-lactones
- Les diacides aliphatiques
- Les triacides aliphatiques

Q OH

% H
O/_OH CiaHay 0 0

Acide roccellique Acide lichestérinique
OH
o:é H
> 0]
\/\/\/\/\/\/\O;\<<HY
OH N

Acide rangiformique
FIGURE 61 : FORMULES CHIMIQUES DE QUELQUES ACIDES ALIPHATIQUES LICHENIQUES.

B. Voie de I'acide mévalonique

Chez les lichens, la voie du mévalonate mene essentiellement aux di- et triterpénes, aux stéroides et
aux caroténoides. Ces dérivés ont pour unité de base l'isopréne, obtenu a partir de I'acétylCoA. Les
conditions de l'isopenténylpyrophosphate (unité en Cs) peuvent livrer soit le géranylpyrophosphate
(C20), précurseur de diterpénes et de caroténoides, soit le squaléne (Csp), précurseur des stéroides et
des terpenes (Figure 62).
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FIGURE 62: FAMILLES STRUCTURALES ISSUES DE LA VOIE DU MEVALONATE

C. Voie de I'acide shikimique

Cette voie de biosynthése permet d’obtenir des acides aminés aromatiques qui vont chez les plantes
étre les précurseurs des flavonoides, des coumarines et des alcaloides. Cet axe métabolique
intervient en revanche assez peu chez les lichens ou il est essentiellement associé a la production des
dérivés de I'acide pulvinique. La dimérisation de 'acide phénylpyruvique livre dans un premier temps
des dérivés terphénylquinones comme l'acide polyporique selon la séquence réactionnelle indiquée
dans la Figure 63 (Schneider et al.,, 2008). La coupure oxydative du cycle médian permet la
constitution d’une y-lactone pour atteindre le squelette final des dérivés de 'acide pulvinique comme
indiqué ci-dessous (Gill and Steglich, 1987). Non spécifiques des lichens, les dérivés de I'acide
pulvinique aussi bien que les terphénylquinones sont rencontrés chez de nombreux Basidiomyceétes
(Beaumont et al., 1968; Gill and Kiefel, 1994; Steglich et al., 1969; van der Sar et al., 2005; Winner et
al., 2004).
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FIGURE 63: BIOSYNTHESE DES DERIVES DE L’ ACIDE PULVINIQUE (GILL AND STEGLICH, 1987)

199



ANNEXE 2: GENERALITES SUR LA DIFFRACTOMETRIE RAYONS X

Annexe 2 : Généralités sur la diffraction des rayons X par la
matiere cristallisée

A. Concepts cristallographiques de base

L’état cristallin se définit traditionnellement comme un arrangement triplement périodique de la matiere
a I'échelle atomique. Depuis 1992 toutefois, I'lUCr (Internation Union of Crystallography) définit les
cristaux comme des objets physiques donnant lieu a des pics de diffraction essentiellement fins (au
sens ou l'information structurale est principalement contenue dans des pics répondant a la loi de

Bragg).

L’approche traditionnelle de la cristallographie est associée a un certain nombre de définitions
fondamentales :

La maille élémentaire représente une unité de base (période) a partir de laquelle 'ensemble du
cristal peut étre engendré par opérations de translations.

Ce volume élémentaire est caractérisé par une origine O et trois vecteurs de base non colinéaires a, b
et c. Les parameétres de maille correspondent aux normes de ces trois vecteurs et aux angles a, 3 et y
qui existent entre eux, définissant sept systemes cristallins (Figure 64).

base canee base caree base rectangle base rectangle bases et faces bases et faces base hexagone

E 2 faces rectangle 5
face carée face rectangle face rectangle 2 faces parallélog?amme parallélogramme losange face rectangle

] o0

plisme cubique  prisme quadiatique  prisme orthorhombique  prisme monoclinique prisme triclinique prisme rhomboedique

prisme hexagonal

FIGURE 64: LES SEPT SYSTEMES CRISTALLINS

On définit ensuite 'ensemble des points O’ vérifiant :

OO’ = ma + nb + pc avec m, n et p des nombres entiers relatifs. Les points O’ sont appelés des
noceuds et 'ensemble de ces nceuds constitue le réseau cristallin primitif.

L’arrangement des atomes, molécules ou ions au sein de cette maille prend le nom de motif (Figure
65).

Ll [ [ | |

[ A [ | |, & _

[ ]+ *-

[T 117
Y neeuds
réseau motif structure
(cristallin) (elementaire) (cristalline)

FIGURE 65 : NOTIONS DE BASE EN CRISTALLOGRAPHIE : NCEUDS, RESEAU ET MOTIF.
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Chacun des systemes cristallins est caractérisé par un certain nombre de symétries qui sont de trois
ordres :

- Centrale

- Plane

- Axiale

Lorsqu’il existe une invariance par rotation, on dit qu’il y a symétrie d’ordre n lorsque la rotation en
question correspond a un angle de 211/n radians, avec n = 2, 3, 4 ou 6. La symétrie d’ordre 5 (comme
celle d’ordres supérieurs) est proscrite puisqu’il est impossible de paver I'espace euclidien avec des
pentagones et icosaédres (analogues tridimensionnels des pentagones).

La notion de maille primitive associée au réseau défini par le motif ne décrit pas I'ensemble des
réseaux cristallins réels. En effet, la convention impose que le repére de la maille élémentaire adopte
des axes colinéaires aux symétries du réseau. La conséquence est alors qu’'une maille peut contenir
plus d’un nceud du réseau (1, 2 ou 4). En admettant qu’un motif constitue le nceud du réseau, on
obtient alors 4 types de mailles :

- P (Primitive) : comme décrit précédemment, les nceuds du réseau sont confondus avec les
sommets de la maille ;

- | (pour I'allemand Innenzentriert, centrée) : si I'on positionne I'origine de la maille sur un noeud
du réseau, il existe un second nceud au centre de cette maille. Celle-ci contient alors 2 motifs ;

- F (Faces centrées) : si I'on positionne I'origine de la maille sur un nceud du réseau, il existe
trois autres noceuds au sein de la maille, chacune au centre d’'une face non paralléle aux deux
autres ;

- A, B ou C (selon 'axe concerné) : seule une des faces de la maille posséde un nceud en son
centre.

Tous les systéemes cristallins possédent une forme primitive P mais pas tous les types de réseaux.
L’ensemble des combinaisons systéme cristallin/type de maille aboutit aux 14 réseaux de Bravais
(Figure 66).
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Muttiplicita m=1 m=2 m=4

Type de rBseau Prirmitif (P} Centra ) Bases centrees (C) | Foces conireas (F)

Cubiqua

a=h=g
= =

Rhomboadrnque

a=h=g
= A =y 3 00"

Hexagonal
a=b#e
@ = F = WX
7= 130"

Cuadratique
a=hs#e

ag=F=9=00°

Orthorhombiqus
a b e

x=F="=00"

Monoclinique
a#bh#e
= = "
3 # P

Triclinigqua
a#=h#re

o # #2000

FIGURE 66 : LES 14 RESEAUX DE BRAVAIS

Enfin, le cristal est caractérisé par son groupe d’espace désignant I'ensemble des opérations de
symétrie laissant invariante sa structure périodique. L'ensemble des combinaisons de tous les
opérateurs de symétrie permet ainsi d’obtenir 230 groupes d’espace, compilés dans les tables
internationales de cristallographie. Ces groupes décrits de facon purement mathématique,
représentent les 230 facons de distribuer périodiquement des objets dans un espace triplement
euclidien (Galiulin, 2003).

Du fait de linvariance par translation, il existe une infinité de plans atomiques paralleles a un plan
atomique donné. Si I'on considére un réseau de vecteurs de base a, b et c, soit un plan d’équation

normale :

h.x/a+k.y/b+l.z/lc=1
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Les longueurs OA, OB et OC découpées par ce plan sur les axes valent : a/h, b/k et c/I.

Si le réseau est un réseau cristallin et A, B et C des nceuds de ce réseau, il peut étre écrit :
OA = x = u.a (avec u entier)

OB=y=v.b

OC=z=w.c

L’équation de ce plan réticulaire est alors h.u+k.v+l.w = 1. Le plan réticulaire étant défini comme un
plan passant par au moins trois nceuds du réseau. Une infinité de plans paralleles a ce plan existe.
Cette infinité de plans équidistants, désignés par les indices de Miller (=indices hkl) contient
'ensemble des nceuds du réseau.

Les indices de Miller d’'une famille de plans réticulaires sont donc les inverses des longueurs
découpées sur les axes par le premier plan de la famille ne contenant pas l'origine.

A ce réseau direct, ou réel, correspond un réseau réciproque de vecteurs a*, b* et c* définis tels
que :

aa*=b.b*=c.c*=1
et
ab*=ac*=b.a*=b.c*=c.a*=c.b*=0.

De cette premiére équation, il peut étre déduit que les nceuds du réseau réciproque vérifient :

OO = ha* + kb* + Ic* (ou h, k et | sont des nombres entiers et premiers entre eux, les indices de
Miller).

De la seconde équation, il ressort qu’un vecteur rangée du réseau réciproque est normal a un vecteur
rangée du réseau réel.

B. Rappels généraux sur la diffraction

La définition traditionnelle du cristal comme étant la répétition triplement périodique d’'un motif de base
s’est récemment heurtée a la découverte d‘objets présentant un ordre a grande distance sans
répétition d’'une maille comme les quasi-cristaux. La symétrie de translation de tels objets est
retrouvée dans des espaces de dimension supérieure a celle de I'espace physique (Toudic, 2015). La
diffraction des quasi-cristaux différe radicalement de celles des autres cristaux, en présentant des
symétries de rotation interdites i.e incompatibles avec le pavage d’espaces euclidiens (e.g symétries
d’ordre 5 (Shechtman et al., 1984)).

Depuis 1992, les cristaux sont définis comme un matériel présentant un profil de diffraction
essentiellement fin.

En ce sens, la diffraction mise en ceuvre lors d’études cristallographiques par rayons X est
rigoureusement analogue a celle observée avec de la lumiére visible mais également avec des sons,
des vagues ou encore des neutrons : c’est la signature de la nature ondulatoire d’'un phénoméne. La
diffraction résulte de la rencontre d’'une onde avec un obstacle ou une ouverture d’'une grandeur
comparable a celle de la longueur d’onde et se traduit par un étalement des directions de propagation
de I'onde a la rencontre de cet objet diffractant. Le phénomene de diffraction est le résultat de
l'interférence des ondes.
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Thomas Young a démontré expérimentalement le caractére ondulatoire de la lumiére au moyen du
montage dit des fentes de Young (Figure 67). Dans cette expérience sur l'interférence, on considére
une source ponctuelle de lumiére monochromatique émettant des fronts d’'onde semi-circulaires.
Lorsque cette lumiere atteint un écran portant deux fentes, elle est diffractée par chacune d’elles qui
vont alors se comporter comme des sources secondaires de lumiére (principe de Huygens-Fresnel).
Les ondes lumineuses se propageant a partir de ces fentes se chevauchent alors et produisent des
interférences. Ces interférences se manifestent ou un écran intercepte la lumiere sous la forme de
franges brillantes et de franges sombres qui alternent.

Fentes

FIGURE 67: MONTAGE EXPERIMENTAL DERIVE DES FENTES DE YOUNG CARACTERISANT LES NOTIONS D’INTERFERENCE
ET DE DIFFRACTION LUMINEUSES.

Lorsque les ondes passent a travers les deux fentes, elles sont en phase puisqu’elles font partie de la
méme onde incidente. Toutefois, aprés avoir traverseé les fentes, les ondes qui en sont issues doivent
parcourir des distances différentes pour atteindre un méme point de I'écran. Cette différence de
distance est désignée sous le terme de différence de marche (AL).

Lorsque AL est nulle ou égale a un nombre entier de longueurs d'onde, les ondes arrivent
parfaitement en phase au point commun. L'interférence est constructive et il y a une frange claire.

A linverse, si AL correspond a un nombre impair de demies longueurs d’onde, les interférences sont
destructives et la frange est sombre.

Pour analyser la structure interne de la matiére, ou les distances sont de l'ordre d'une dizaine
d’Angstroms, il faut donc faire appel a des ondes d’'une période avoisinante : les rayons X. Ainsi, la
premiere analyse par diffraction des rayons X par von Laue démontre a la fois :
- la nature ondulatoire des rayons X, rayonnement découvert en 1895 par Wilhelm Rdntgen
(Prix Nobel de physique 1901) et dont la nature n’était pas encore connue ;
- que le cristal est bien formé d’un réseau périodique de particules.

Les éléments diffractants représentent les plans réticulaires régulierement espacés de distances
interréticulaires dnu telles que définies plus haut. L'image de diffraction d’'une onde sur une distribution
de matiére correspond & la transformée de Fourier de cette distribution, ce qui revient a introduire un
réseau dual du réseau réel appelé réseau réciproque. De la position des taches peut étre déduit le
systeme cristallin et de l'intensité des taches de diffraction sont retrouvées la nature et la position des
atomes dans la maille.
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C. Conditions de diffraction des rayons X par la matiere
cristallisée

L’interaction de faisceaux de rayons X avec la matiére est & I'origine d’émissions dans toutes les
directions d’'un rayonnement de méme longueur d’onde et de phase cohérente. Tandis que le
phénomeéne livre des ondes de trés faible amplitude dans le cas de la diffusion d’'un atome ou d’un
électron, la structure périodique de milieux cristallisés est a lorigine d'interférences d’ondes
cohérentes qui engendrent des taches de diffraction par analogie a I'expérience de Young décrite plus
tét.

La diffraction se produit a un angle déterminé par I'équidistance dnu des plans réticulaires comme
indiqué sur la Figure 68.

R
FIGURE 68 : GEOMETRIE ILLUSTRANT LES CONDITIONS DE DIFFRACTION PAR LES RAYONS X (Lol DE BRAGG)

Les conditions de diffraction sont remplies lorsque la différence de marche (AL) entre les rayons (AB +
BC) est égale a un nombre entier de longueurs d’onde, ce qui revient a écrire :

AL = AB + BC = nA (avec n un nombre entier naturel)

En ayant en méme temps par trigonométrie :

AB + BC = 2d.sinf

Des lors, la diffraction a lieu lorsque les conditions de Bragg sont vérifiées selon :
nA = 2d.sinB.

Une expression équivalente a la loi de Bragg (dite condition de Laue) formule une condition
nécessaire et suffisante pour qu’'une onde soit diffractée par un réseau cristallin. A ces fins, Laue
introduit un vecteur de diffraction AK exprimé comme étant la différence des vecteurs d’onde des
faisceaux incident et diffusé.

AK =Kd - Ki= d*hk|

Il y a diffraction si le vecteur de diffraction AK est un vecteur du réseau réciproque (si les extrémités
des vecteurs d’onde incidents et diffractés sont des noeuds du réseau réciproque) (Figure 69).
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sphére d'Ewald

Og faisceau incident

BB‘ ' 9\5\!./' .
0, =

0 faisceau diffracté hkl
.\ B °

réseau
réciproque

® nceuds
FIGURE 69: SCHEMA ILLUSTRANT LES CONDITIONS DE DIFFRACTION DE LAUE

De 13, il est aisément démontré que tous les points hkl du réseau réciproque croisant la sphére de
rayon 1/A, dite sphére d’Ewald (Figure 70), répondent a I'équation de Bragg :

dn= 2sinB/A (Bragg) avec d*ng=1/dnx
d*na = 2x.sin0 (Laue).

Ce qui revient a x = 1/\.

FIGURE 70: DETERMINATION DU RAYON DE LA SPHERE D’EWALD
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D. Techniques de diffraction de rayons X

La mise en ceuvre expérimentale d’analyses par diffraction de rayons X peut se faire selon deux
approches différentes :

- L’analyse de monocristal (de dimensions généralement submillimétriques)

- L’analyse de poudres cristallines (ensemble de microcristaux orientés aléatoirement).

a. Diffraction de monocristal

En diffraction de monocristal, le cristal sélectionné est monté sur une téte goniométrique permettant
sa rotation dans les trois directions de I'espace pour faire varier I'angle 6. Les taches de diffraction qui
vont étre observées correspondent a I'ensemble des vecteurs de diffraction AK satisfaisant les
conditions de Laue définies plus haut. Il s’agit donc de considérer dans I'espace du réseau réciproque
la sphére de rayon 1/A centrée sur le cristal (sphére d’Ewald) qui, selon la direction de diffraction par
rapport au réseau du cristal, va pouvoir intercepter différents noeuds du réseau réciproque. A chacune
de ces coincidences, le vecteur de diffraction correspond a un vecteur reliant I'origine du réseau
réciproque a I'un de ces nceuds et est objectivé par une tache de diffraction (Figure 71).

. Tache repérée
sur la caméra
CCD

Faisceau
diffracté

Faisceau RX X
Puit coupant

le faisceau

RX direct

— .
Monocristal

Sphére d'Ewald Trajectoire

de la caméra CCD

FIGURE 71 : FORMATION DES TACHES DE DIFFRACTION LORS DE LA ROTATION DU MONOCRISTAL
(REPRESENTATION 2D). FIGURE TIREE DE HTTP://CULTURESCIENCESPHYSIQUE.ENS-
LYON.FR/RESSOURCE/DIFFRACTION-RAYONS-X-TECHNIQUES-DETERMINATION-STRUCTURE. XML

Le traitement numérique des positions observées des taches de diffraction et de leurs intensités
permet de remonter a la structure compléte de la molécule.

b. Diffraction sur poudres

Si I'échantillon n’est pas monocristallin, il est possible d’avoir recours a la technique de diffraction sur
poudre. Ces poudres étant constituées de microcristaux se présentant dans toutes les orientations
cristallines possibles, I'espace réciproque peut étre projeté selon une seule dimension (Figure 72).
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FIGURE 72: DIFFRACTOGRAMME SUR POUDRE D’ECHANTILLONS MICROCRISTALLINS

En conséquence, I'échantillon est placé au centre d’'un goniométre et le balayage de l'angle de
diffraction est réalisé par exemple selon une géométrie de réflexion dite Bragg-Brentano (plus
communément 6-26 ou 6-8) qui assure une rotation a vitesse angulaire constante 8 de I'échantillon
tandis que le détecteur avec sa fente réceptrice placée sur le point de focalisation tourne autour de
'échantillon avec une vitesse 20. L’ensemble des données associé a ces analyses peut étre

synthétisé dans un diffractogramme reliant I'intensité détectée a I'angle de déviation 26.

Chaque composant cristallin est a I'origine d’'un ensemble de pics unique dans le diffractogramme. Par
conséquent, la confrontation du diffractogramme d’un mélange de cristaux a celui des différents
composés purs doit permettre d’identifier les constituants cristallins d’'un mélange de composition

inconnue (Hulien et al., 2015) (Figure 73).
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A) B)
Acetylsalicylic Acid

Sodium JL ML N N W YO

Chloride 1
L. I

| J

Acetaminophen

U.A_LJL_A_MA_A_A_

Table
Salt Caffeine
vl IJL 1 l L___._. ) Jm . )

16 24 32 40 48 56 64 72
Excedrin

Position 26°

10 15 20 25 30 35 40
Position 26°
FIGURE 73: DIFFRACTOGRAMME DE POUDRES AUX RAYONS X DE SELS DE TABLE ET DE LA SPECIALITE EXCEDRIN®. LES
DIFFRACTOGRAMMES DE REFERENCE ASSOCIES AUX PRODUITS CRISTALLINS PURS SONT FOURNIS SUR LE
DIFFRACTOGRAMME TOTAL. LES ORDONNEES PRESENTENT L'INTENSITE DU SIGNAL DE DIFFRACTION, NORMALISE SUR
LE SIGNAL LE PLUS INTENSE (HULIEN ET AL., 2015).
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Annexe 3 : Supporting Material TLC-MS draft

Mass spectrometry as a versatile ancillary technique for the rapid in
situ identification of lichen metabolites directly from TLC plates

Pierre Le Pogam, Aline Pillot, Francoise Le Dévéhat, Anne-Cécile Le Lamer,
Béatrice Legouin, Aurélie Sauvager, Alice Gadea, Damien Ertz, Joél Boustie
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Analytical process of TLC/MS hyphenation

The hyphenation of TLC with mass spectrometry long represented an analytical challenge as the
analytes remain adsorbed at the surface of the silica plate after the migration unlike column-based
chromatographic techniques in which compounds are eluted due to a gas or liquid flow. A possible
way to solve the apparent incompatibility between the static planar chromatography and the need
for a stable supply of liquid sample into the mass spectrometer was the development of elution-
based techniques to transfer the TLC-separated compounds into a solvent stream (Morlock &
Schwack 2010). A prototype developed and reported by Luftmann in 2004 first addressed this
shortcoming with a TLC-MS interface that mostly consisted of a stainless steel plunger that contains a
solvent inlet and an outlet capillary (Luftmann 2004). This elution head can be pressed onto the
region of interest of the plate to form a tight seal with the carrier foil owing to its cutting edge. The
solvent can enter the desorption area through a small hole present at the periphery of the disk when
the valve is switched to elution mode, dissolve the compounds and be forwarded to the mass
spectrometer via the outlet capillary. A frit is present at the entrance of this latter to prevent silica
particles from clogging downwards (Luftmann et al. 2007). From the proof-of-concept described by
Luftmann, the commercially available devices include several improvements comprising a laser-light
cross to target more accurately the zone to be desorbed. An automated cleaning of the elution head
through N; flux can be performed on commercial interfaces to eliminate residual clumpy layer
particles that might remain at the surface of the cutting edge (Morlock & Schwack 2010). An insight
into the TLC/MS interface used in this work is presented in Figure 1.

Solvent = HPLCpump Negative lon ESI Mass Spectrometry
0.1 mL/min (NI-ESI-MS)

Inlet Outlet

Laser cross-light On/Off
Plunger Up/Down
Cleaning switch

On/Off connection valve
to the mass spectrometer

Plate/Foil § “J— Frit

. 4 . 2

Cutting edge + I t T
Zones

Figure S1: Overview of the TLC-MS interface available from CAMAG (images taken from CAMAG
website http.//www.copybook.com/pharmaceutical/companies/camag/articles/tlc-mass-
spectrometry). When the elution head is lowered and the valve switched to elution mode, the
solvents move through the head and elute the zone previously positioned by the laser crosshairs. The
extracted compound is then transferred online into the mass spectrometer but can also be collected
in a vial for further offline analyses. When the valve is in bypass position, the solvent flow is directed
into the mass spectrometer.

During the analysis of an extract, several mass spectrometric detection can be achieved on different
spots of the plates. The ionization process is monitored in real time through the Total lon
Chromatogram (TIC) which is a chromatogram obtained by summing up intensities of all mass
spectral peaks belonging to the same scan. Mass spectra can then be retrieved by left dragging along
the TIC regions of interest. As recommended elsewhere, the impact of background signals originating
from the plate and solvent residues on the mass spectra was reduced by subtracting a background
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mass spectrum obtained from a blank position of the plate (Morlock 2014; Taha et al. 2015).
Afterwards, when screening for a specific signal (e.g quasi-molecular ion of an expected metabolite),
Reconstructed lon Chromatogram (RIC) can be retrieved for a particular m/z value. This function is
also of interest when the signal to noise ratio (S/N) is poor and it is questionable whether the peaks
are related to genuine molecules or to artefacts. Hence, if signals are ascribed to a single desorption
area, it can reliably be assigned to an authentic molecule signal. Adversely, if the Reconstructed lon
Chromatogram results in a permanent signal or in a peak present at each desorption spot, it can be
assumed that it corresponds to an artefact. This whole analytical process is presented in Figure 2,
illustrated by the example of Pertusaria amara chemical profiling.

[~ Spot 1
1] w4 @ TIC
2] Background
- |Spot2 - signal Deposition spot
= |Spot1l Ao ) -
1084 / AL R T | o "N"'v - -
/ o WA e,
——
I 060 00
Pertusaria amara
%, Subpicrolichenic acid a13.2 %
4 414Da
(3] | 0y O 4]
# i G OH 80
60} 60
4D—j Q O O0H 40
i [ EsHn
20

o 20
ol m/z m/z
200 300 400 500 200 300 100 500

e @ RI.Cm/z413 |

R.I.Cm/z441

1000 1167 1333 1500 1887 1833 2000

Figure S2 : Workflow diagram of TLC-MS analysis: chemical profiling of Pertusaria amara. TLC of the
crude acetone extract of P. amara (1), Total lon Chromatogram obtained from the TLC-NI-ESI-MS
analysis of P. amara (2), NI-ESI mass spectrum retrieved from Spot 1 (Subpicrolichenic acid, 3) and
Spot 2 (Picrolichenic acid, 4) and Reconstructed lon Chromatograms retrieved from m/z 413 (5) and
m/z 441 (6).

Settings of DART-MS analyses

DART-HRMS analyses were performed using a JEOL JMS-T100CS (AccuTOF CS) orthogonal time-of
flight (TOF) mass spectrometer (Peabody, MA) equipped with an lonSense DART Source (Danvers,
MA). Ultra-high purity helium was used as reagent gas at a flow rate of 4 L mint and under a
temperature value of 523 K. The following DART-needle, discharge electrode, and the grid electrode
voltage values used were 3500, 150, and 250 V, respectively. The voltage values of orifice 1, orifice 2,
and the ring lens were set at 15, 5, and 10 V, respectively. The orifice 1 temperature was kept at 353
K. The detector voltage was set at 2300 V. The mass spectra were recorded every second with a
resolution of 6000 (fwhm definition). The mass scale was calibrated using the [M-H] ion series of a
poly(ethyleneglycol) sulfate diluted in a CH,Cl,/MeOH mixture (1:1). To perform accurate mass
measurements, the mass drift compensation procedure available on the main program that controls
the AccuTOF CS was used to compensate for the m/z drift in the range of m/z 100 to 500. DART-MS
analysis of the intact pieces of Usnea trachycarpa were performed by holding unprocessed pieces of
lichen between tweezers directly under the helium stream.
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DART-MS analysis of Usnea trachycarpa

To retrieve the elemental composition of the unknown compound of Usnea trachycarpa, a DART-
HRMS analysis was attempted from the whole lichen. From an intact piece of Usnea trachycarpa,
negative-ion mode (NI) DART-MS displayed signals that could be attributed to all paraconic acids
detected using the TLC-MS approach. The corresponding mass spectrum is presented in Figure S1
and the associated exact mass measurements are collated in Table S1.

Relative Intensity
100

343.08175

Usnic acid
[Mz-HJ

Usnea trachycarpa
g0/ Whole lichen
19-acetoxyprotolichesterinic
and/o
60 19-acetoxy! c‘es_te nic acids

[Ms-H

cids
Murolic and/or /

40 Ci1gHa:02
CigHz02 28124846 ... Peuropogolicacids /

CigHa02 27923292 [Ma2-CHa]" [Me-H] ;
20 S CigHssOz

25523445 ! 329.06613 6724698

- . 28326363 ‘ 381.22766
0 . . 1 [ . ‘ Ll | P . m/z
140 160 180 200 220 240 260 280 300 320 340 360 380 400

Figure S3 : Negative-ion mode DART-MS spectrum of a solid piece of Usnea trachycarpa.

Table S1: Results of exact mass measurements performed from the mass spectrum of the Fig. S3
related to the NI-DART-MS of a whole piece of Usnea trachycarpa.

Measured mass Proposed formulae Calculated mass Assignment
(error in ppm)

255.23445 C16H3102 255.23240 (8.03) Cis0
279.23292 CigH310; 279.23240 (1.86) Cis2
281.24646 Ci18H3302 281.24805 (-5.66) Ciga
283.26363 CigH350: 283.26370 (-0.27) Ciso
329.06727 Ci7H1307 329.06613 (3.47) Fragment of usnic acid
339.21783 Ci19H3105 339.21715 (2.00) Unknown compound
343.08175 CisH1507 343.08178 (-0.07) Usnic acid
365.23273 C21H330s 365.23280 (-0.17) Muronic/Isomuronic acid(s)
367.24698 C21H350s 367.24845 (-4.00) Murolic/Neuropogolic acid(s)
381.22766 C21H3306 381.22771 (-0.15) 19-

acetoxyprotolichesterinic/19-
acetoxylichesterinic acid(s)
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Table S5 Retention times (RT), structures of parent and product ions detected in LC-MS-MS analysis of an Ophioparma ventosa acetone extract. Note that
R.l. represents the Relative Intensity of the product ions detected in MS-MS mode. * Analysis performed in positive-ion mode.

No Compound name Proposed structure for the Proposed structure for the product ions at 35 eV of collision energy
) (R.T.) detected parent ion (m/z) (m/z; R.l. %)
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Table S2 Results of exact mass measurements in negative-ion mode DART-HRMS of single

molecules.
Compound Measured Proposed Calculated Mass (error
Mass formulae in ppm)

Usnic acid 343.08259 CisH1507 343.08233 (0.75)

329.06914 C17H130 329.06668 (7.47)

Stictic acid 385.05742 C19H1309 385.05651 (2.36)

Norstictic acid 371.03964 CisH150s 371.04086 (3.29)

Psoromic acid 357.06230 CisH130s 357.06159 (1.98)

Haemoventosin 305.06612 CisH1307 305.06668 (1.83)

304.05670 CisH1,07 304.05885 (7.07)

303.04957 CisH1107 303.05100 (4.72)

302.04368 CisH1007 302.04265 (3.39)

Atranorin 373.09263 C19H170s 373.09289 (0.69)

195.04498 Ci3H,0;" 195.04406 (4.71)

177.01907 CoHs04 177.01824 (4.69)

163.03933 CoH;03 163.03897 (2.21)

Thamnolic/ 375.07227 CisH1509 375.07216 (0.29)

Decarboxythamnolic 331.08096 Ci7H1507 331.08233 (4.13)

acids 225.04199 C10H9O06 225.04046 (6.79)

211.02463 CoH70s 211.02481 (0.85)

181.05082 CoHs04 181.05063 (1.05)

167.03616 CsH704 167.03498 (7.06)

137.06014 CsHs0> 137.06080 (4.81)

Divaricatic acid 387.14340 C21H2304 387.14493 (3.95)

343.15524 C20H2305 343.15510 (0.40)

209.08192 C11H1304 209.08193 (0.04)

195.06620 C10H1104 195.06628 (0.41)

165.09106 C10H1302 165.09210 (6.29)

151.07570 CoH110: 151.07645 (4.96)

*Formula not consistent with atranorin structure
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Table S3 Results of exact mass measurements in positive-ion mode DART-HRMS for single

molecules.

Table S4 Results of exact mass measurements performed from the mass spectrum of the Fig.

Compound Measured Proposed  Calculated Mass
Mass formulae  (errorin ppm)

Usnic acid 345.09724  CisH1704 345.09688 (1.04)
327.08650  CisH150s 327.08631 (0.58)
Stictic acid 387.07094  CigH1s509 387.07106 (0.31)
Norstictic acid 373.05541  Ci5H1309 373.05580 (1.04)
Psoromic acid 359.07610  CigH1s0s 359.07614 (0.11)
Haemoventosin 307.07998  CisHis0O4 307.08123 (4.07)
305.06627  CisHi304 305.06558 (2.26)
303.05018  CisH1104 303.04993 (0.82)
Atranorin 375.10799 Ci19H190s 375.10744 (1.46)
197.07926  CioH1304 197.08084 (8.01)
179.03398 CoH704 179.03389 (0.50)
165.05736 CoHs03 165.05462 (16.60)
Thamnolic / 377.08736  CisH1709 377.08671 (1.72)
Decarboxythamnolic 227.05557 Ci0H1106 227.05501 (2.46)
acid 209.04443 C10H9Os 209.04445 (0.09)
191.03417 C10H704 191.03389 (1.46)
169.05324 CsHs04 169.04954 (21.88)
165.05963 CoHs03 165.05462 (30.35)
Divaricatic acid 211.09664 C11H1504 211.09649 (0.71)
197.08081  CioH1304 197.08084 (0.15)
193.08628  C11H1303 193.08592 (1.86)
167.10663  CioH150; 167.10666 (0.18)
153.09102 CoH1302 153.09101 (0.06)

6A related to the NI-DART-MS analysis of crushed whole Ophioparma ventosa.

Measured mass

Calculated mass

Proposed formulae

167.03437
195.06722
209.08288
223.09889
225.04180
251.09130
255.23272
279.23540
281.24930
283.26310
303.05054
305.06661
331.08279
343.08273
375.07291
387.14849

CsH,04
C10H1104
C11H1304
C12H1504
C10Hs06
C13H150s
C16H310,
Ci18H310>
Ci18H330>
Ci1gH350,
CisH1107
CisH1307
C17H1507
C18H1507
Ci1gH1509
Ca1H2307

167.03498 (3.65)
195.06628 (4.81)
209.08193 (4.54)
223.09758 (5.87)
225.04046 (5.95)
251.09250 (4.77)
255.23296 (0.94)
279.23296 (8.74)
281.24861 (2.45)
283.26426 (4.09)
303.05103 (1.61)
305.06668 (0.22)
331.08233 (1.39)
343.08233 (1.16)
375.07216 (1.99)
387.14493 (9.19)
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Table S5 Results of exact mass measurements performed from the mass spectrum of the Fig. 6B

related to the PI-DART-MS analysis of crushed whole Ophioparma ventosa.

Measured mass

Proposed formulae

Calculated mass
(errorin ppm)

167.10566
169.05090
193.08954
197.08045
211.09804
225.11284
235.09309
227.05729
253.10878
303.05066
305.06597
307.08035
345.09706
377.08785
405.31938

Ci0H150,
CsHs04
C11H1303
C10H1304
C11H1504
C12H1704
C13H1504
C10H1106
C13H170s
CisH1107
CisH1307
CisH1507
C18H1707
C18H1709
C2oHas06

167.10666 (5.98)
169.04954 (8.04)
193.08592 (18.74)
197.08084 (1.97)
211.09649 (7.34)
225.11214 (3.11)
235.09649 (14.46)
227.05501 (10.04)
253.10705 (6.83)
303.04993 (2.41
305.06558 (1.28
307.08123 (2.86
345.09688 (0.52
377.08671 (3.02
405.32107 (4.17

—_ — — — — ~—
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Table S6 Results of exact mass measurements performed from the mass spectrum of the Fig.
S8A related to the NI-DART-MS analysis of miriquidic acid.

Measured mass Proposed formulae Calculated mass
(error in ppm)

179.10794 C11H150, 179.10775 (1.06)

207.10215 C12H1503 207.10267 (2.51)

223.09726 C12H1504 223.09758 (1.43)

251.09204 C13H1505 251.09250 (1.83)

Table S7 Results of exact mass measurements performed from the mass spectrum of the Fig.
S8B related to the PI-DART-MS analysis of miriquidic acid.

Measured mass Proposed formulae Calculated mass
(error in ppm)

181.12132 C11H170, 181.12231(5.47)

209.11739 C1,H1703 209.11722 (0.81)

225.11319 C12H1704 225.11214 (4.66)

235.09703 C13H1504 235.09649 (2.29)

253.10760 C13H1705 253.10705 (2.17)

Table S8 Results of exact mass measurements performed from the mass spectrum of the Fig.
S9A related to the NI-DART-MS analysis of a whole apothecium of Ophioparma ventosa.

Measured mass Proposed formulae Calculated mass
(errorin ppm)
167.03343 CgH704 167.03498 (9.27)
195.06682 C10H1104 195.06628 (2.76)
209.08242 C11H1304 209.08193 (2.34)
225.03991 Ci10Hs0s 225.04046 (2.44)
303.05158 CisH1107 303.05103 (1.81)
305.06633 Ci5H1307 305.06668 (1.14)
329.06685 C17H1307 329.06668 (0.51)
343.08233 C1sH1507 343.08233 (0.00)
375.07107 Ci18H1509 375.07216 (2.90)
387.14363 C21H2307 387.14493 (3.35)
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Table S9 Results of exact mass measurements performed from the mass spectrum of the Fig
S9B related to the PI-DART-MS analysis of a whole apothecium of Ophioparma ventosa.

Measured mass Proposed formulae Calculated mass
(errorin ppm)
153.08907 CoH1302 153.09101 (12.67)
167.10675 C10H150, 167.10666 (0.54)
169.04942 CgHs04 169.04954 (0.71)
193.08634 C11H1303 193.08592 (2.17)
197.08157 C10H1304 197.08084 (3.70)
209.04645 C10H90s 209.04445 (9.56)
211.09657 C11H1504 211.09649 (0.38)
227.05567 C10H1106 227.05501 (2.90)
303.04973 CisH1107 303.04993 (0.65)
305.06488 CisH1307 305.06558 (2.29)
307.08035 CisH1507 307.08123 (2.86)
345.09792 C1sH17,07 345.09688 (3.01)
377.09027 C18H1709 377.08671 (9.44)
405.32290 C22Has06 405.32107 (4.51)

Table S10 Results of exact mass measurements performed from the mass spectrum of the Fig. S10A
related to the NI-DART-MS analysis of a whole piece of thallus of Ophioparma ventosa.

Measured mass Proposed formulae Calculated mass
(error in ppm)
167.03526 CsH;04 167.03498 (1.67)
195.06554 C10H1104 195.06628 (3.79)
209.08198 C11H1304 209.08193 (0.23)
211.02481 CoH706 211.02413 (3.22)
225.04131 C10H9O06 225.04046 (3.77)
329.06615 C17H1307 329.06668 (1.61)
343.08178 C1sH1507 343.08233 (1.60)
375.07147 Ci1sH1509 375.07216 (1.83)

Table S11 Results of exact mass measurements performed from the mass spectrum of the
Fig. S10B related to the PI-DART-MS analysis of a whole piece of thallus of Ophioparma
ventosa.

Measured mass Proposed formulae Calculated mass
(errorin ppm)
153.09005 CoH1302 153.09101 (6.27)
167.10730 Ci10H150, 167.10666 (3.82)
169.05152 CsHs04 169.04954 (11.71)
193.08610 C11H1303 193.08592 (0.93)
197.08104 C10H1304 197.08084 (1.01)
211.09674 C11H1504 211.09649 (1.18)
345.09743 CigH17,07 345.09688 (1.59)
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Table S12 Results of exact mass measurements performed from the mass spectrum of the Fig. S11A
related to the NI-DART-MS analysis of crushed thallus of Ophioparma ventosa.

Measured mass Proposed formulae Calculated mass
(errorin ppm)
167.03484 CgH704 167.03498 (0.84)
195.06661 C10H1104 195.06628 (1.69)
209.08204 C11H1304 209.08193 (0.53)
223.09806 C12H1504 223.09758 (2.15)
225.04180 C10H906 225.04046 (5.95)
251.09225 C13H1505 251.09250 (0.99)
255.23272 Ci6H310; 255.23296 (0.94)
279.23370 Ci18H310, 279.23296 (2.65)
281.25050 CigH330; 281.24861 (6.72)
283.26470 Ci1gH350, 283.26426 (1.55)
329.06541 C17H1307 329.06668 (3.86)
343.08199 CisH1507 343.08233 (0.99)
375.07146 C18H1509 375.07216 (1.86)
387.14540 C21H2304 387.14849 (7.98)
403.30641 C22H1306 403.30651 (0.25)

Table S13 Results of exact mass measurements performed from the mass spectrum of the
Fig. S11B related to the PI-DART-MS analysis of crushed thallus of Ophioparma ventosa.

Measured mass Proposed formulae Calculated mass
(errorin ppm)
169.05122 CsHoO4 169.04954 (9.93)
193.08647 C11H1303 193.08592 (2.84)
197.08172 C10H1304 197.08084 (4.46)
211.09811 C11H1504 211.09649 (7.64)
225.11268 C12H1704 225.11214 (2.39)
227.05525 C10H1106 227.05501 (1.05)
235.09815 C13H1504 235.09649 (7.06)
253.11076 C11H1504 253.10705 (14.65)
345.09689 C18H1707 345.09688 (0.01)
377.08774 Ci18H1709 377.08671 (2.73)
405.32067 Ca2H1506 405.32107 (0.98)

222



ANNEXE 4 : SUPPORTING MATERIAL Phytochem. Anal. 2016; 27: 354-363

Table S14 Results of exact mass measurements performed from the mass spectrum of the
Fig. 7A related to the NI-DART-MS analysis of the lower face of the thallus of Ophioparma

ventosa.

Measured mass

Proposed formulae

Calculated mass
(errorin ppm)

151.06743
195.06594
209.08084
329.06849
343.08351
375.06644
403.30680

CoH110,
C10H1104
C11H1304
C17H1307
Ci8H1507
Ci18H1509
C22H1306

151.07645 (60)
195.06628 (0.74)
209.08193 (5.23)
329.06668 (24.85)
343.08233 (3.44)
375.07216 (15.25)
403.30651 (14.16)

Table S15 Results of exact mass measurements performed from the mass spectrum of the Fig. 7B
related to the NI-DART-MS analysis of the upper face of the thallus of Ophioparma ventosa.

Measured mass

Proposed formulae

Calculated mass
(error in ppm)

151.06483
195.06723
209.08368
225.04280
305.06602
329.06374
343.08064
375.06793

CoH1102
C10H1104
C11H1304
C10Hs0s
CisH1307
C17H1307
C18H1507
Ci18H1509

151.07645 (77)
195.06628 (4.87)
209.08193 (8.37)
225.04046 (10.40)
305.06668 (2.16)
329.06668 (8.93)
343.08233 (4.92)
375.07216 (11.28)
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Fig. S1. DAD chromatogram at 280 nm of an acetone extract of Ophioparma ventosa. 1:
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min.

haemoventosin, 2: thamnolic acid, 3: unidentified compound, 4: divaricatic acid, 5: usnic acid.
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Fig. S2. DART-MS spectra of usnic acid in negative (A) and positive ion (B) mode. * Peak of the di(2-

ethylhexyl)phthalate [M + H]*.
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Fig. S3. DART-MS spectra of stictic acid in negative (A) and positive ion mode (B).
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Fig. S4 DART mass spectra of norstictic acid in negative (A) and positive-ion mode (B).
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Fig. S6. NI-DART-MS mass spectrum of haemoventosin.
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Fig. S7. Proposed fragment ions of divaricatic acid in PI-DART-MS.
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Fig. S8. DART mass spectra of miriquidic acid in negative (A) and positive-ion mode (B).
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Fig. S9. In situ DART-MS spectra of uncrushed apothecia of Ophioparma ventosa in (A) negative and
(B) positive ion modes. Red = haemoventosin; blue = thamnolic acid; purple = divaricatic acid; yellow

= usnic acid.
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Fig. S10. /In situ DART-MS spectra of intact thallus of Ophioparma ventosa in (A) negative and (B)
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Fig. S11. In situ DART-MS spectra of crushed thallus of Ophioparma ventosa in (A) negative and (B)

positive ion modes. Blue = thamnolic acid; purple = divaricatic acid; yellow = usnic acid.
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Scheme S1 Proposed fragmentation pathway of atranorin in PI-DART-MS.
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The scheme 1 concerns the in-source CID of the protonated molecule of atranorin in PI-
DART-MS. The dissociation pathways written in the scheme 1, take into account a
protonation site that leads to the bond enhancement and the formation of a ion-neutral
complex (INC) that can dissociate or react by proton abstraction into the INC at relatively
lower energy values (Bowen, 1991; Longevialle, 1992; Bouchoux, 2013). The formation of all
the ions present in the DART mass spectra of Fig. 8 can be interpreted through the
dissociation pathways depicted in Scheme 1. The m/z 197 and 179 ions, respectively
corresponding to carboxylic acid and oxonium moieties, are due to competitive dissociations
into an INC. At low desolvation conditions inducing lower dissociation energies, the proton
transfer into the INC can occur and the formation of the m/z 197 ion can be observed with the
separation of the two partners constituting the INC. At higher OR1 voltage value, the direct
dissociation channel take place instead of the reactivity of the INC. In this case, the relative
intensity of the m/z 179 ion increases on the mass spectra. Finally, the m/z 165 ion can be
interpreted as the product of a secondary dissociation of the m/z 197 ion (from which it differs
by a methanol molecule) since its formation requires higher desolvation energy and its
relative intensity reaches a maximum when the m/z 197 intensity begins to decrease.
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Phytochemical investigation of Ophioparma ventosa

The air-dried powered material of O. ventosa (100 gr.) was successively macerated at room
temperature with solvents of increasing polarity: n-heptane, dichloromethane and ethyl acetate
(2 times with 300 ml, 12 h followed by 3h).

The n-heptane extract (800 mg) was repeatedly concentrated in vacuo to give a n-heptane
precipitate (427 mg) mostly containing usnic and divaricatic acids. Those latter were
repeatedly suspended in Et>O to selectively precipitate usnic acid (220 mg). The supernatant
(200 mg), enriched in divaricatic acid, was then submitted to a silica gel column
chromatography (CC) using a cyclohexane/CHCl./MeOH gradient (9:1:0 to 0:0:1) to yield
six fractions (H1 - H6). Fraction H4 (28.8 mg) was purified by precipitation in CHCI3
affording 6 mg of divaricatic acid.

The CHCl> extract (3.5 g) was allowed to dry at room temperature, giving a CH2Cl>
precipitate (850 mg) and a CH2Cl; filtrate (2.6 g). This latter was evaporated in vacuo and
then repeatedly suspended in Et,O leading to an Et,O precipitate (2.2 g) and an Et2O filtrate
(1.4 g). The Et,O precipitate (750 mg) was chromatographed by silica gel CC with a
CH2CI2/AcOEt/MeOH gradient system (1:0:0 to 0:1:1) to give 6 fractions (DP1 - DP6).
Fractions DP2 and DP3 were combined (11 mg) and submitted to a preparative TLC eluted
with toluene/Et>O/formic acid (70:25:2) that enabled to isolate haemoventosin (3.5 mg).

A second sample of powdered thalli of O. ventosa (17 g) was directly extracted with AcOEt
(200 mL) yielding 150 mg of crude extract. 55 mg of thamnolic acid were purified from the
dry residue after washing with CH2Cl2 (5 x 3 mL) and AcOEt (3 x 3 mL).

All compounds were identified by comparison of their NMR spectra, mass spectrometric data
and optical rotation with the literature (Huneck and Yoshimura, 1996).

Fractionation of the previous Et;O filtrate (1.4 g) on a silica gel CC using a
cyclohexane/CH2Cl2/MeOH gradient (8:2:0 to 0:1:1) afforded nine fractions (DF1 - DF9).
Fraction DF7 (154 mg) was selected for further purification by silica gel CC using the same
gradient yielding seven subfractions (DF7.1 - DF7.7). Subfractions DF7.6 (12 mg) and DF7.7
(24 mg) were both applied to a Sephadex LH-20 CC eluted with a CH.Cl,/EtOAc/methanol
gradient (1:0:0 to 0:0:1) resulting in isolation of miriquidic acid (5 mg) after precipitation in
MeOH.
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VL.

Materials for pigment-enriched fraction.

S1. Positive-ion mode NanoHRESIMS profile of pigment-enriched fraction.
S2. Retrieved elemental composition of positive-ion mode NanoHRESIMS major peaks

of pigment-enriched fraction.

Materials for ophioparmin (1)
$3. "H NMR (CDCl5, 500 MHz) of 1
S4. COSY spectrum (CDCl;, 500 MHz) of 1
S5. COSY/TOCSY spectrum (CDCl;, 500 MHz) of 1
S6. HSQC spectrum (CDCl;, 500 MHz) of 1
S7. HMBC spectrum (CDCl;, 500 MHz) of 1
S8. COSY (bold) and HMBC (arrows) correlations of 1
S9. NOESY spectrum (CDCl;, 500 MHz) of 1

Materials for 4-methoxyhaemoventosin (2)
S10. 'H NMR (CDCls, 500 MHz) of 2
S11. COSY spectrum (CDCl;, 500 MHz) of 2
S12. HSQC spectrum (CDCl;, 500 MHz) of 2
S13. HMBC spectrum (CDCl;, 500 MHz) of 2
S14. HMBC (arrows) correlations of 2

Materials for 4-hydroxyhaemoventosin (3)
S15. TH NMR (CDCls, 500 MHz) of 3

S16. HSQC spectrum (CDCl;, 500 MHz) of 3
S17. HMBC spectrum (CDCl;, 500 MHz) of 3
S18. HMBC (arrows) correlations of 3

Material for anhydrofusarubin lactone (4)

S19.  *HNMR (CDCls, 500 MHz) of 4

Material for haemoventosin (5)

S20. 'H NMR (CDCls, 500 MHz) of 5
S21. Cytotoxicity of 5 using a panel of 7 cell lines
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S2. Retrieved elemental composition of positive-ion mode NanoHRESIMS major peaks

of the pigment-enriched fraction.

miz Intensity Relative | Theo. Mass | Delta (ppm) Composition Identification
343.04235 56883868 100 34304244 | 025 C15H12 08 Na | 4-hydroxyhaemoventosin (3)
369.05785 21900272 385 36905809 | -064 C17 H14 O8 Na | Ophioparmin (1)
327.0476 7870470.5 13.84 327.04752 | 0.23 C15H12 O7 Na_ | Haemoventosin (5)
263.05243 6273552 11.03 263.05261 0.7 C11 H12 06 Na

411.14102 4011858 7.05 411.14142 | -0.98 C21 H24 O7 Na | Divaricatic acid
383.07352 3985133.8 7.01 383.07374 | -0.56 C18 H16 O8 Na

359.01628 33533778 59 359.01622 | 0.17 C18 H8 O7 Na

215.06749 3159354 555 21506787 | -1.75 C11 H12 03 Na

203.03107 3148826 5 554 203.03148 | -2.04 C9 H8 O4 Na

321.24012 2968336.8 522 321.24002 | 0.34 C18 H34 O3 Na

319.22446 2809529 8 494 31922437 | 0.31 C18 H32 O3 Na

293.24491 2668366.8 469 293.2451 -0.64 C17 H34 O2 Na

211.09374 2449126 3 4.31 211.09408 | -1.59 C9 H16 04 Na

325.03195 2436766.5 428 32503187 | 022 C15H10 O7 Na_ | Anhydrofusarubin lactone (4)
357.05797 21767728 3.83 357.05809 | 033 C16 H14 08 Na | 4-methoxyhaemoventosin (2)
157 08322 2123446 3 373 157.08352 | 186 C6 H14 O3 Na

305.24509 1913303 .4 3.36 305.2451 -0.02 C18 H34 02 Na

303.22944 18441701 3.24 303.22945 | -0.05 C18 H32 02 Na

371.07353 1807822.3 3.18 371.07374 | -0.56 C17 H16 O8 Na

231.02618 1791374 6 315 231.02639 | -093 C10 H8 O5 Na

261.08783 1720905 3.03 261.0886 -2.95 C16 H14 O2 Na

261.10957 1646988 6 29 261.10973 | -0.59 C13 H18 O4 Na

197.07808 1621087 8 267 197.07843 | -1.76 C8 H14 04 Na

279.22936 14521103 255 27922945 | -0.33 C16 H32 02 Na

185.11449 1424935 8 25 18511482 | 177 C8 H18 03 Na

385.03175 1400423.5 2.46 385.03187 | -0.32 C20 H10 O7 Na

335.21934 1377668.8 242 33521928 | 0.18 C18 H32 04 Na

195.09883 13482363 237 195.09917 | -1.75 C9 H16 03 Na

173.07812 1337691.5 2.35 173.07843 | -1.77 C6 H14 O4 Na

383.31292 13248499 233 383.31318 | -068 C21 H44 04 Na

239.16143 13230114 233 23916177 | -1.41 C12 H24 O3 Na

207.09885 1241546.5 2.18 207.09917 | -1.54 C10 H16 O3 Na

223.13013 12345633 217 22313047 | -149 C11 H20 O3 Na

197.11445 1192634 4 21 197.11482 | -186 CY9 H18 03 Na

22510839 1186437 8 2.09 22510973 | -1.51 C10 H18 O4 Na

Table S2 : Elemental compositions retrieved for all major peaks detected in positive-ion mode

NanoHRESIMS. Lines outlined in blue refer to possible quinonoid naphthopyrones structures (i.e

candidate compositions encompassing Ci2.20Hz-2005-10).

237



ANNEXE 5 : SUPPORTING MATERIAL J. Nat. Prod. 2016; 79(4): 1005-1011

$3. 'H NMR (CDCls, 500 MHz) of 1
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S4. COSY spectrum (CDCl;, 500 MHz) of 1
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S5. COSY/TOCSY spectrum (CDCls, 500 MHz) of 1
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S$6. HSQC spectrum (CDCl;, 500 MHz) of 1
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S7. HMBC spectrum (CDCl;, 500 MHz) of 1
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S58. Key COSY (bold) and HMBC (arrows) correlations of 1.
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$9. NOESY spectrum (CDCl;, 500 MHz) of 1
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'H NMR (CDCl,, 500 MHz) of 2
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511. COSY spectrum (CDCl,, 500 MHz) of 2
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512, HSQC spectrum (COCI;, 500 MHz) of 2
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$13. HMBC spectrum (CDCl;, 500 MHz) of 2
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S14. HMBC (arrows) correlations of 2.

249



ANNEXE 5 : SUPPORTING MATERIAL J. Nat. Prod. 2016; 79(4): 1005-1011

515, 'H NMR (CDCl,, 500 MHz) of 3
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516. H5QC spectrurm (COCH;, 500 MHz) of 3
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517. HMBC spactrurm (CDCl,, 500 MHz) of 3
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S18. HMBC [arrows) correlations of 3
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519. *H NMR [CDCl,, 500 MHz) of 4
A R
=

3]

—GBE
—B32
347
249

&
LL]
-
L5
=]
=

ppm

Z.90 2



ANNEXE 5 : SUPPORTING MATERIAL J. Nat. Prod. 2016; 79(4): 1005-1011

520.  ‘HNMR (CDCl,, 500 MHz) of 5
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521. Cytotoxicity of 5 using a panel of 7 cell lines
ICsq (ulI} of compoumds
Huh7D12 Cacol MDAMB-231 | HCT116 PC3 NCI-H? Fibroblasts
Haemowventosin (5) 3 4 10 26 4 25 4
Foscovitin 13 16 13 ] 12 18 7
Dioxomabicin 006 0.03 (.03 (.08 (.09 0.04 004
Paclitaxel 0.002 0.014 0.021 0.003 0.004 0.02 023
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Abstract: An update of xanthones encountered in lichens is proposed as more than 20 new xanthones
have been described since the publication of the compendium of lichen metabolites by Huneck
and Yoshimura in 1996. The last decades witnessed major advances regarding the elucidation of
biosynthetic schemes leading to these fascinating compounds, accounting for the unique substitution
patterns of a very vast majority of lichen xanthones. Besides a comprehensive analysis of the structures
of xanthones described in lichens, their bioactivities and the emerging analytical strategies used to
pinpoint them within lichens are presented here together with physico-chemical properties (including
NMR data) as reported since 1996.

Keywords: biosynthesis; polyketides; fungi; NMR spectroscopy; bioactivity; lichexanthone;
islandicin; thiomelin; secalonic acids

1. Introduction

Xanthones are ubiquitous polyphenolic compounds displaying a common 9H-xanthen-9-one
scaffold [1]. Bioactivities of these compounds depend on their tricyclic core as well as on the nature
and/or position of their highly diverse substituents, making them a “privileged structure” [2] likely to
bind a variety of targets [3]. Thus, more than 250 of them were shown to display significant bioactivities
including antimicrobial, antioxidant and cytotoxic activities [4]. Even though xanthones might be
regarded as non-specific lichen compounds compared to other structural classes (e.g., depsides,
depsidones, dibenzofurans...), the specific biosynthetic pathway of fungal xanthones results in
novel substitution patterns, highlighting the interest of lichen xanthones. Furthermore, since the
compendium of lichen substances established by Huneck and Yoshimura in 1996 [5], various xanthones
of unexpected structures were isolated from lichen sources, further strengthening the interest in the
chemodiversity of this source. This review aims at gathering all the recent data regarding the lichen
xanthones that has appeared since 1996. A brief insight is given into the biosynthetic schemes of
lichen xanthones with a focus on elements accounting for their specific substitution. Subsequently,
the structures of all lichen xanthones isolated since 1996 are given and their available physico-chemical
properties, including NMR data, are further compiled alongside their published bioactivities.

2. Current Data Regarding the Biosynthesis of Xanthones within Lichens

As with most lichen metabolites [6], the biosynthesis of xanthones proceeds through the
polyacetate/ polymalonate pathway, featuring the internal cyclization of a single folded polyketide
chain. Two distinct series of xanthones are obtained, depending on this folding pattern.

Most lichen xanthones arise through the folding of a polyketide intermediate as described by
Cacho et al. [7], resulting in structures displaying a methyl group in position 8 (Figure 1). Aldol
condensation and Claisen-type cyclization and release and yield a benzophenone intermediate

Molecules 2016, 21, 294; do1:10.3390/ molecules21030294 www.mdpi.com/ journal /molecules
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that might spontaneously dehydrate to obtain the central pyrone core. This biosynthetic scheme
gives rise to the common oxygen substitution pattern of lichexanthone and norlichexanthone
(1,3,6-trihydroxy-8-methylxanthone).

OH

HO

Lichexanthone-type xanthone

Common susbstitution pattern :
1,3,8-trihydroxy-8-methylxanthone

Figure 1. Proposed biosynthetic pathway for lichexanthone-type lichen xanthones. Adapted from [7].

In contrast, a limited number of structures arise via a distinct biosynthetic pathway that leads to
the ravenelin skeleton, with the methyl group in position 3. This biosynthetic scheme begins with the
widespread anthraquinone emodin as a precursor [8] (Figure 2). To begin with, the hydroxyl group
on C-6 of the emodin disappears (yielding chrysophanol) as it was observed in cell-free preparations
of the fungus Pyrenochaeta terrestris [9,10]. The hydroxyl group on C-4 is then incorporated after the
oxidative ring opens [11]. Deeper insights into this latter biosynthetic event were discussed by Henry
and Townsend [12], who proposed an aryl epoxidation across an A-ring edge of chrysophanol to yield
an intermediate that lost its A-ring aromaticity. Under this scheme, this intermediate, stabilized by a
hydrogen bond between its newly formed phenol group and the neighboring quinone group, recovers
its A-ring aromaticity to grant islandicin as a shunt product. An alternative for this intermediate is
to undergo a second oxidation, most likely by the same P450 oxygenase, to afford a Baeyer-Villiger
cleavage of the central quinone ring to yield an ortho carboxybenzophenone that might follow several
metabolic fates. A first possibility is the 1,4-addition of a B-ring phenol to the A-ring dienone followed

by dehydration and decarboxylation to access ravenelin-like xanthones after a final oxidation [12].
This results in xanthones displaying an archetypical 1,4,8-trihydroxy-3-methylxanthone skeleton.

A second metabolic pathway, granting access to eumitrins and secalonic acids, is assumed to include a

methylation of the carboxy group to prevent its subsequent elimination after a similar 1,4-addition.

Finally, a subsequent 1,2-addition to the benzophenone intermediate leads to further cores similar to
that of tajixanthone produced by Aspergillus variecolor, a skeleton thus far unknown from lichens.

It is noteworthy that the xanthone nucleus of plants is of mixed biosynthetic origin with the
A-ring being acetate-derived whereas shikimic acid pathway—derived 3-hydroxybenzoic acid gives
rise to the C-ring (Figure 3). Aromatization of the side chain leads to a freely rotating benzophenone
intermediate that can further cyclize to yield the xanthone core. Regioselective oxidative coupling
can then yield a 1,3,7-trihydroxyxanthone (Hypericum androsaemum) or 1,3,5-trihydroxyxanthone
(Centaurium erythraea) [4].
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Figure 2. Proposed biosynthetic pathway for thiomelin-type lichen xanthones. Adapted from [12].
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Figure 3. Biosynthesis of xanthones within plants.
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Given these different biosynthetic pathways, only few lichen xanthones are known from
non-lichenized organisms. However, some can be produced by higher plants, such as lichexanthone
(e.g., Anthocleista djalonensis [13], Croton cuneatus [14], Cupania cinerea [15], Feroniella lucida [16],
Minguartia guianensis [17], Zanthoxylum microcarpum [18], Z. valens [18]), vinetorin (Hypericum
ascyron [19]). Likewise, non-lichenized fungi have the ability to synthesize some lichen xanthones,
such as lichexanthone from various Penicillium [20], norlichexanthone from Penicillium patulium [21]
and the endolichenic fungus Ulocladium [22]; 1,3,6-trihydroxy-8-methylxanthone (also known as
griseoxanthone C) is a precursor of aflatoxins—a group of significant environmental mycotoxins—first
reported from Penicillium patulum [23]. Secalonic acids are also mycotoxins produced by a wide array
of fungi [24].

Likewise, very few xanthones are common to higher plants and fungi, with some
such examples being 1,7-dihydroxyxanthone (known from the plants Vismia parviflora [25]
and Weddelina squamulosa [26] while also being produced by a Penicillium strain [27])
1,8-dihydroxy-3-methoxy-6-methylxanthone (plant Cassia obtusifolia [28] and fungus Astrocystis sp. BCC
22166 [29]), pinselin (plant Cassia occidentalis [30] and several fungal strains including an endophytic
Phomopsis sp. [31], Talaromyces bacillosporus [32] and the marine-derived Engyodontium album [33]),
6-O-methyl-2-deprenylrheediaxanthone B (plant Garcinia vieillardii [34] and fungus Phomopsis sp. [31]),
as well as 8-desoxygartanin (produced by both Garcinia mangostana and Streptomyces rishiriensis
265-P5921 (according to the Dictionary of Natural Products)). It can therefore be stated that xanthones
are highly unique to each realm, legitimating joint efforts on higher plants, non-lichenized fungi and
lichens to widen the chemical diversity of these privileged structures.

Recent data regarding the number of naturally occurring xanthones are scarce, with the last
numbered record of 278 xanthones listed by Vieira and Kijjoa more than 10 years ago [3]. By
January 2016, the Dictionary of Natural Products revealed a dramatic increase in the number of
natural xanthones with ca. 2000 occurrences of xanthones sensu lato (i.e., including their reduced
derivatives di-, tetra- and hexahydroxanthones). These considerable efforts might be explained by
the discovery of promising leads such as the anti-angiogenic molecule Vadimezan (AS 404) which is
currently undergoing phase I1I clinical trials as a tumor vascular-disrupting agent [35,36], as well as
the pleiotropic pharmacological activities of mangosteen xanthones which have garnered considerable
interest from the scientific community [37,38]. Obviously, plants remain the prevalent source of
xanthones, concentrating almost 80% of natural xanthones. Non-lichenized fungi represent a further
15% while lichens account for the remaining 5% (Figure 4).

ORIGIN OF NATURALLY OCCURRING XANTHONES

M Plant

' Non-lichenized
fungi

M Lichens

Figure 4. Pie diagram showing the distribution of source organisms for 1940 naturally occurring
xanthones (established by consultation of the Dictionary of Natural Products, 15 January 2016).
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Structural diversity of lichen xanthones mostly stems from variations in the orientation and degree
of chlorination of the norlichexanthone or ravenelin core, as well as from the position and extent
of methylation of the phenolic groups. Elix and Crook tremendously advanced the understanding
of chlorination and methylation processes affecting the xanthone core. Through the example of
40 different species of lichens, theoretical biosynthetic schemes mirroring the sequence of biogenetic
events leading to the joint occurrence of xanthones among lichens were constructed [39]. This results
in chemosyndromes in which the biosynthetic intermediates can be expected alongside the final
xanthone. As an example, isoarthothelin (=2,5,7-trichloronorlichexanthone) might be biosynthesized
from 2,4-dichloronorlichexanthone and 2,5-dichloronorlichexanthone. Therefore, the joint occurrence
of these species is referred to as the isoarthothelin chemosyndrome [40].

Further structural modifications might be taken into account to extend the chemodiversity of
lichen xanthones. Important contributors to the chemical diversity of xanthones are prenyl groups
which are most often incorporated as dimethylallyl moieties [41]. Generally speaking, prenylated
secondary metabolites are of paramount interest since their bioactivities are often distinct from
those of their non-prenylated precursors [42]. Even though prenylxanthones have been known
to come from fungi for a long time [43], no reports of such xanthones were made by the time
Huneck and Yoshimura published their compendium of lichen substances [5] since the first lichen
prenylxanthones were reported by Rezanka ef al. in 2002 [44]. Underlying biosynthetic pathways
were recently outlined within the prenylxanthone-producing fungus Aspergillus nidulans, through the
identification of prenyltransferase genes belonging to the fungal indole prenyltransferases, so far
known for their involvement in the prenylation of amino acids [45]. Glycosylations represent
another kind of functionalization recently evidenced from lichen xanthones through the examples of
umbilicaxanthosides A and B [44] and hirtusneanoside [46].

The diversity of lichen xanthones is also extended through some dimeric xanthones. Although
the identification of key dimerization processes still warrants further investigation, xanthone dimers
are most likely obtained after the biaryl linkage of monomers. This hypothesis is preferred to that of
a tandem biosynthetic pathway which would involve a side-by-side cyclization of a double-length
polyketide, especially since the discovery of the long-sought-after monomeric units of secalonic acids
(the so-called blennolides) within the fungus Blennoria sp. [47]. Enzymatically mediated or not, it is
admitted that the dimerization would involve a xanthony| radical that subsequently couples to electron
donors. Resonance contributors of this delocalized aryl radical might then account for the reactivity of
ortho and para C positions [24].

Reductive dearomatizations are sometimes observed on xanthones to yield dihydro-, tetrahydro-
or hexahydroxanthones. To date, in lichens, such reduced species were only observed from dimeric
xanthones: secalonic acids, hirtusneanoside and eumitrin A1 (bis tetrahydroxanthones) and eumitrin
A2, B and T (unsymmetrical tetrahydro- and hexahydroxanthones). Overall, a vast majority of
xanthones reported from lichens have a monomeric and fully aromatized structure.

3. Contribution of the Symbiotic Partners

Even though xanthones from free-living fungi are well known, a plant-fungus collaboration
has been suggested for several lichen xanthones. As an example, the typical lichen xanthone
2,7-dichlorolichexanthone could be isolated from the lichen Lecanora dispersa [48]. However, when
the fungus was cultivated in the absence of the alga, the xanthone production was diverted to
other secondary metabolites being produced instead (e.g., depsidones such as pannarin and related
compounds). A further consistent example is that of Lecanora rupicola. This lichen is known to produce
metabolites of various polyketide classes: lecanoric acid (depsides), hematommic and orsellinic acids
(monocyclic phenols), eugenitol and sordidone (chromones) and arthothelin (xanthone). The whole
chemosyndrome could be produced from axenically grown mycobionts, with the notable exception of
arthothelin [49], suggesting a likely metabolic cooperation between the symbiotic partners. Likewise,
dimeric xanthones eumitrins are produced by the lichen Physconia distorta but not by its isolated
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mycobiont [50]. Adversely, axenic cultures of the mycobiont of Pyrenula japonica and P. pseudobufonia
revealed the biosynthesis of xanthones that cannot be evidenced from the lichen as a whole (see
further), suggesting their significance in the pre-lichenized condition [51,52].

A total of 72 xanthones containing one to four chlorine atoms are currently known from lichens.
Even though recent studies have shed light on chlorinated xanthone biosynthesis, no study has
focused on their degradation. Dechlorination of organochlorines can be achieved by some bacterial
strains, referred to as organohalide respirers. Such bacteria comprise the famous Dehalococcoides
mccartyi that has gathered attention because of its ability to dechlorinate a large array of anthropogenic
pollutants [53-55]. Later on, related bacteria were also reported from an unpolluted environment,
suggesting their involvement in homeostatic chlorine cycling [56-58]. Therefore, a contribution from
the rich bacterial communities sheltered by lichens can be envisaged. Notably, some such organohalide
respirers belong to the Firmicutes phylum [59], which is represented among the bacterial diversity
hosted by lichens [60-62]. However, comparative studies of bacterial populations harvested by
chlorinated xanthones producing lichens and lichens lacking such metabolites are mandatory for
validating this assumption. Given the close structural homologies between chlorinated xanthones
and polychlorinated biphenyls (PCB) and dibenzo-p-dioxins (dioxins), such bacterial strains might
be of paramount interest for bioremediation purposes [59]. Acting as alternative electron acceptors,
chlorinated xanthones might serve as biostimulants to speed up the remediation at contaminated
sites [59,63].

4. Analytical Chemistry: From Detection to Structure Elucidation

Although widespread among lichens, the long neglect of xanthones compared to other structural
classes most likely arises from initial confusion in structural assignments between isomers and the
subsequent difficulties in distinguishing the large number of co-occurring isomers [64]. However,
the reliability of structural assignments tremendously increased over the last decades as refined
dereplicative processes were developed. By 1993, a normalized reverse phase HPLC technique
defined retention indices for 393 lichen products—including 55 xanthones—revealing that numerous
xanthone isomers had different retention times [65]. Likewise, standardized TLC procedures were
defined [66-68], with specific guidelines dedicated to xanthones [69]. A further enhancement of the
normalized HPLC procedure was its subsequent hyphenation with a photodiode array detector to
screen for xanthones based on their specific UV /Vis spectra [70]. As fluorescent substances, the color
of lichen metabolites in long-wave UV light has been used for a long time as a hint to determine their
structural class, especially for TLC. While the color of xanthones at such wavelengths is expected to
range from bright yellow to orange, anthraquinones vary from bright red to vermillion and pulvinic
acid derivatives appear yellowish [71]. At last, depsides and depsidones generally fluoresce blue to
white or shades of grey, although atranorin gives a yellow hue [72]. Such features paved the way for
fluorescence microscopy studies undertaken on semi-thin sections of lichens to explore the location
of lichen metabolites across sections of a range of macrolichens [73]. However, an obvious limitation
of this approach is that it only depends on the structural group scaffold and therefore it does not
discriminate between individual compounds. Structural assignments have now been confirmed by
the unambiguous synthesis of most lichen xanthones [74-76]. A further strategy to improve the
information granted by the aforementioned separative techniques is the subsequent detection by mass
spectrometry. If HPLC-MS of lichen extracts is now widely used for lichen dereplication, with the

possible detection of xanthones, no TLC-MS reports have yet been made to the best of the authors’

knowledge [77]. To date, no standardized liquid chromatography-UV-mass spectrometry methodology
has been published on lichen metabolites. However, a few non-specific lichen xanthones (lichexanthone,
norlichexanthone, secalonic acid D) can be found in the fungal database established by Nielsen and
Smedsgaard [78]. As far as mass spectrometry is concerned, various lichen xanthones were shown to
be ionizable in negative-ion mode LDI-MS (Laser Desorption and Ionization), directly providing a
complete chemical fingerprint from the complete acetone extract of the chloroxanthone-containing
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Lecidella asema, without the need for matrix assistance [79]. Lately, the ambient ionization technique
DART-MS revealed its potent ability in examining lichen secondary metabolites in situ [80]. As shown
below, the analysis of a whole piece of Lecidella asema shows an exhaustive chemical profile (Figure 5).
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Figure 5. Positive-ion mode DART-MS spectrum of a solid piece of Lecidella asema. Experimental
conditions as described in [80].

However, regarding the specific example of lichen xanthones, the lack of mutually supportive
data such as chromatographic retention times and/or UV /Vis spectra precludes the differentiation of
isomers and is a severe limitation of such methods. Possible ways to overcome such limitations while
keeping an in situ approach might be the use of a droplet microjunction surface sampling probe and
subsequent coupling with HPLC-DAD-MS(MS) to perform separation and therefore to collect retention
time and UV /Vis data as obtained with more traditional dereplication protocols [81]. Even though such
enhancements might shorten the time lapse for drug discovery through pinpointing and streamlining
the isolation of original compounds, NMR analysis remains mandatory for elucidating structure,
especially for highly isomeric structures such as xanthones. For a long time, the poor sensitivity
of NMR precluded the structure elucidation of numerous minor to trace compounds. However,
since 2000, significant improvements in reducing the operational sample amount and concentration
addressed this shortcoming, especially through the use of low-volume tube probes and capillary probes
coupled with cryogenically cooled radiofrequency coils [82]. Such innovations pave the way for the
full characterization by one-dimensional (1D) and two-dimensional (2D) NMR of natural products in
vanishingly small amounts (down to one nanomole) in reasonable time frames [82,83]. This increased
sensitivity is of special significance in the field of lichenology since (i) the collection of bulk quantities
of material is often hard to achieve and (ii) the high degree of accumulation of the major metabolites in
lichens remains a major pitfall when studying their phytochemistry [84].

Together with analytical achievements, informatics tools were also developed to alleviate the
dereplication holdup. A computer software named Wintabolites® was dedicated to the identification
of lichen metabolites from an original database of 550 compounds, including HPLC retention indices,
TLC-Rf values, UV /visible colors of TLC spots and thalline reactions to guide their identification [85].
A most valuable upgrade of this informatics approach is LIAS metabolites (A Global Information
for Lichenized and non-lichenized Ascomycetes) [86], a database compiled by Pr. J.A. Elix with
additions by Pr. K. Kalb. Extended to 881 secondary metabolites as of January 2016, this database now
includes mass spectrometry data besides HPLC and TLC standardized chromatographic values. Useful
information regarding the structural class of the metabolites and biosynthetically related compounds
is also given [87].

263



ANNEXE 6 : MOLECULES 2016 ; 21(3): 294.

Molecules 2016, 21, 294 Bof 30

5. Structures and Bioactivities of Lichen Xanthones

It is noteworthy that lichen xanthones described up to 1996 most often belonged to the
two basic cores described earlier with canonical substitution patterns. Today, 62 molecules
displaying the lichexanthone scaffold and 19 molecules following the thiomelin substitution
pattern (Figure 2) have been described. However, the logical biosynthetic sequences delineated
by Elix and Crook [39] enable the prediction of putative intermediates that have not yet
been reported from lichens. These putative intermediates might represent eight additional
lichexanthone derivatives and three other thiomelin-type xanthones. Interestingly, a number of
xanthone species described as putative in 1996 [5] have been purified since then. Such species
include 7-chlorolichexanthone (Lecanora schofieldii [88]), 2,4-dichloro-3-O-methylnorlichexanthone
(Pertusaria aceroae and P. calderae [89]), 2,5-dichloro-3-O-methylnorlichexanthone (obtained from
Calopadia fusca [90] among others), 3,6-di-O-mehtylthiophanic acid from Calopadia subcoerulescens [90]
and Phyllopsora choedatinica [91]), 4,5,7-trichlorolichexanthone (Sporepodium leprosum [92]) and
2,4,7-trichloro-3-0-methylnorlichexanthone (Calopadia perpallida [90]). Chlorinations and methylations
from these cores can directly account for the structures of most lichen xanthones described by Huneck
and Yoshimura. This diversity of lichen xanthones has to be extended to the vast array of secalonic
acid and eumitrin derivatives identified by their chromatographic data but for which their minute
amounts have so far hampered their NMR structure elucidation. Such tetrahydroxanthone dimers
might represent privileged metabolites given their structural homology with the promising anti-tumor
compound phomoxanthone A [93]. One might also take into account the putative monomeric units of
secalonic acids and eumitrins, none of them being identified from lichen sources so far.

Besides these fully rationalized structures, a limited number of metabolites exhibit structural
variations that are more or less difficult to explain. As an example, demethylchodatin displays a
methoxy group in position 4 that might be introduced by a xanthone oxidase on this trichlorinated
norlichexanthone derivative. Another unusual modification of the lichexanthone series is the
occurrence of two acetyl groups in erythrommone. The chemical structures of xanthones with trivial
names discussed in this manuscript are enlisted in Figure 6.
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Figure 6. Chemical structures of xanthones with trivial names discussed in this manuscript.
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However, 22 lichen xanthones display unusual structural features that make their
biosynthetic intermediates tricky to unravel (including a series of 16 related species described
by Rezanka and colleagues [44,94], see further). Three such species were already mentioned
in the compendium established by Huneck and Yoshimura [5]: the absence of a methyl
substituent in 1,8-dihydroxy-3,6-dimethoxyxanthone is biogenetically difficult to explain, as
are the two methyl substituents of 1,7-dihydroxy-2,4-dichloro-6,8-dimethylxanthone and of
1-hydroxy-2,4-dichloro-6,8-dimethy Ixanthone, obtained from Rinodina thiomela.

As of 2016, a total of 103 xanthones were isolated from lichens, implying the presence of 11 further
species as biosynthetic intermediates. This chemodiversity will soon be enriched with an extensive
array of unidentified tetrahydrobisxanthones and their associated monomeric units.

Very few lichen xanthones have been investigated to date for their bioactivities. Lichexanthone
exerts a weak activity against Mycobacterium tuberculosis [95] and M. aurum [96]. Despite this
mild activity, a dihydropyrane xanthone derivative of lichexanthone revealed an antimycobacterial
activity comparable to that of drugs commonly used to treat tuberculosis [97]. Lichexanthone and
griseoxanthone C exhibit strong antibiotic effects towards Bacillus subtilis with respective IC5, values of
2.25 and 1.29 uM, but only the former inhibited the growth of methicillin-resistant Staphylococcus aureus
(ICsp: 21 uM) [22]. No anti-parasitic activity of lichexanthone could be observed towards Plasmodium
falciparum and Trypanosoma brucei [15]. Lichexanthone also displays sperm mobility—enhancing
properties [98] and induces the production of NO by murine macrophages which might reveal their
activation [99]. Lichexanthone revealed no cytotoxic activity against murine melanoma B16F10, human
melanoma UACC-62 and fibroblast cells NIH/3T3 [100]. At last, lichexanthone was found to be
effective against the dengue vector Aedes aegypti [98].

Norlichexanthone was shown to display promising cytotoxic activities [101]. Indeed,
norlichexanthone caused 100% inhibition of [356ICk tyrosine kinase at 200 ug/mL [102] and inhibited
the activity of the protein kinases aurora-B, PIM1 and VEGF-R2 with mean ICs;, values ranging from 0.3
to 12 uM [103]. Norlichexanthone also promotes the expression of the insulin-sensitizing, anti-diabetic
and anti-atherogenic protein adiponectin within cultured ST-13 adipocytes [104]. Dayan and Romagni
also reported on the fungicidal effect of thiophanic (Figure 5) and thiophaninic acids [105]. Alongside
many other lichen compounds, Huneck and Schreiber reported on the allelopathic effect of thiophanic
acid towards a wide array of higher plants [106].

As most structural classes of lichen metabolites, xanthones display strong UV-absorbing
properties, predominantly in the wavelength range of UVA [107]. Indeed, lichexanthone synthesis
could be triggered in juvenile mycelia of Haematomma fluorescens as a response to a 365 nm UV light
exposure, emphasizing its protective role as a light filter [108]. Deposition of xanthones in the cortical

layers further suggests their involvement in the protection of the UV-sensitive algal layer [109,110].

Such properties might be of utmost interest when urgently needing new materials to outperform the
currently used UV-photoprotective products [111]. A Time-Dependent Density Functional Theory
(TD-DFT) modelization recently delineated the electronic transitions accounting for the UV /Vis spectra
of secalonic acids. This revealed that absorption wavelengths and molecular extinction coefficients
obtained from these bisxanthones were comparable to that of UVA-referent sunscreens, which might
stem from the structural homologies shared by the commercially available avobenzone and the
phenyl-p-diketo moiety of xanthones [112].

6. New Lichen Xanthones Described since 1996: Discussion, Physico-Chemical Properties
(Including NMR Data) and Bioactivities

The past 20 years witnessed the isolation of 23 further lichen xanthones. It is noteworthy that
those new xanthones displayed original substitution patterns and revealed original moieties compared
to the previous state of the art.

Cultures of the spore-derived mycobionts of Pyrenula japonica and P. pseudobufonia afforded a series
of five new ravenelin-type lichen xanthones, the first reports of such xanthones from aposymbiotically
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grown lichen mycobionts. A first report elucidated the structures of 1,5,8-trihydroxy-3-methylxanthone,
1,8-dihydroxy-5-methoxy-3-methylxanthone and 1,7-dihydroxy-3-methylxanthone [51] while a
second one established the occurrence of 1,8-dihydroxy-3-hydroxymethyl-5-methoxyxanthone and
1,4,8-trihydroxy-5-methoxy-3-methylxanthone, typically associated with the thiomelin pathway [52].
Notably, 1,7-dihydroxy-3-methylxanthone stands among the rare xanthones also described from
plants (Cassia occidentalis [113]) and also from an Ascomycete fungus [114]. Surprisingly, all
molecules described from this series lack the 4-hydroxy group with four of them displaying an
unusual oxygenated substituent at C5 instead. In one case, position 2 is oxygenated, which is
a unique structural feature among the lichen xanthones described so far. One will note that
1,7-dihydroxy-3-methylxanthone also lacks the oxygenated substituent on C8 which is replaced
by a unique hydroxyl substituent on C7, an unprecedented structural peculiarity for a lichen
xanthone. Finally, the oxidation of the methyl group into a hydroxymethyl for one of these
molecules is also new to lichen xanthones. Of special interest is that these compounds could not
be identified from the whole lichen, whereas they are constantly isolated from mycobionts harvested
in highly unrelated sampling sites (one in Japan and one in the USA), which might point to their
biological significance in the prelichenized condition. Notably, 1,5,8-trihydroxy-3-methylxanthone
and 1,2,8-trihydroxy-5-methoxy-3-methylxanthone displayed stronger antioxidant activities than
a-tocopherol via the DPPH radical test [52]. Besides, 1,7-dihydroxy-3-methylxanthone also exerts
a moderate Mono Amine Oxidase-inhibiting activity [114].

Two highly unusual glycosylated prenylxanthones were subsequently identified from the Ural
lichen Umbilicaria proboscidea [44]. Umbilicaxanthoside A is a C2-monoprenyl xanthone having
a p-D-glucopyranose unit anchored at position O-7, whereas umbilicaxanthoside B stands for a
C2,C8-diprenylxanthone with a disaccharide B-D-glucopyranose-(1—4)--D-glucopyranose moiety at
0-7. These compounds were the first prenylated xanthones to be isolated from a lichen source
and glycosides are not frequently encountered in lichens [84]. Besides, both molecules reveal
a highly unusual oxygenation pattern, rendering their biosynthetic pathway tricky to delineate.
A follow-up study carried out on the same lichen identified 14 acylated xanthone O-glycosides
corresponding to linolenoyl, lineoyl, palmitoleoyl, oleoyl, palmitoyl, eicosenoyl and stearoyl esters of
both umbilicaxanthosides A and B [94]. Fragmentation patterns obtained by LC-APCI-MS were highly
informative and could establish the nature of the esterified fatty acid. None of those compounds were
investigated for their biological properties.

The last monomeric xanthone isolated so far from a lichen source is cladoxanthone A
(=1,5-dihydroxy-2,4,6-trichloro-7-methylxanthone), obtained from Cladonia incrassata [115]. The
occurrence of a methyl substituent on C-7 is an unprecedented structural feature among lichen
xanthones, thus questioning the underlying biogenetic schemes. A possible hypothesis to account for
the structure of this xanthone is to consider ziganein as a possible anthraquinone precursor [116]. It is
noteworthy that this metabolite presents a substitution pattern identical to that of cladoxanthone A and
it was isolated from the endophytic fungus Sporormiella minimoides [116] (Figure 7). Cladoxanthone A
revealed an antibacterial effect towards Staphylococcus aureus even though the paucity of the compound
precluded the determination of a minimal inhibitory concentration [115].

0 OH o OH

Cl o
OH O OH Cl
Ziganein Cladoxanthone A

Figure 7. Compared chemical structures of ziganein and cladoxanthone A.
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Regarding dimeric xanthones, known metabolites of the secalonic acid series were first isolated
from lichen sources in 2009, i.e., secalonic acids B, D and F were purified from Diploicia canescens [117].
The joint occurrence of these isomers in this lichen is not surprising because of their biosynthetic
relationship. Indeed, the association of the two monomeric tetrahydroxanthone blennolides A and B,
respectively, yields secalonic acids B and D [47]. Secalonic acid F then represents a hybrid dimer of
blennolides A and B. It is noteworthy that each of these compounds displays an identical configuration
at C-10a, suggesting that the cyclization is catalyzed by a specific enzyme giving rise to a unique
type of product [117]. Secalonic acid is a major environmental mycotoxin essentially known for its
production by the microbial Penicillium oxalicusm, a notorious foodstuff contaminant. Such a presence
represents an alarming health issue given the acute toxicity and the teratogenic effects of secalonic acid
D [118,119], warranting extended investigations of its bioactivities which highlighted its pleiotropic
pharmacological activities. Secalonic acids D and F revealed antimicrobial activities against Bacillus
megaterium while secalonic acid A displayed activity against Bacillus subtilis and Piricularia oryzae [120].
Likewise, secalonic acid B is an effective antimicrobial (Bacillus megaterium and Escherichia coli) as
well as antifungal (Microbotryum violaceum) and antialgal agent (Chlorella fusca) [47]. Several reports
suggested the cytotoxic activity of secalonic acid derivatives [117]. Bioassay-guided fractionation of
the extracts of the marine lichen—derived Gliocladium sp. T 31 streamlined the isolation of secalonic
acid D as the cytotoxic metabolite against four cell lines in a highly variable range of 0.03-15 uM,
suggesting selective pharmacodynamic properties [121]. Further studies revealed a submicromolar
ICz of secalonic acid D on the carcinoma KB cells and an inhibition of human topoisomerase 1 with a
promising ICsg of 0.16 ug/mL [122]. More recently, secalonic acid D was shown to down-regulate the
expression of efflux pump ABCG2 which is known to confer the Multidrug Resistance phenotype [123].
As a last contribution to its cytotoxic activity, secalonic acid D exhibits an anti-angiogenic activity
via the Akt/mTor/P70S6K pathway [124]. Another feature of the pleiotropic activities of secalonic
acid D depends on the inhibition of protein kinase C and several other Ca**-dependent enzymes
through competitive inhibition [125]. Subsequent disruptions of cell signaling might account for
the teratogenicity of these compounds. Indeed, it was demonstrated on a murine model that
secalonic acid D decreases the levels of Epidermal Growth Factor (EGF) as well as its associated
signal transduction [126]. As a consequence, inhibition and alteration of transcription factors in the
developing murine plate following an exposition to the toxin at normal human dietary levels were
observed, resulting in the cleft palate condition [127,128].

Hirtusneanoside is a new xanthone dimer isolated from Usnea hirta corresponding to a rhamnoside
of an unsymmetrical dimeric tetrahydroxanthone [46]. If the oxygenation pattern can be fully
rationalized according to the biosynthetic pathway discussed earlier, this structure contains several
additional methyl groups of unknown origin. Hirtusneanoside was proven to be active against
Staphylococcus aureus and Bacillus subtilis [46]. The enzymatic hydrolysis of hirtusneanoside yielded
a-L-rhamnose and the aglycone named hirtusneanin, the physico-chemical data of which were also
reported by Rezanka and Sigler [46].

Available physico-chemical properties regarding the newly described lichen compounds are
listed below.

Cladoxanthone A
C14H704Cl3 (343.94099)
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Yellow powder

UV Amax (MeOH)(log ¢): 381 (3.24), 323 (3.50), 259 (4.11) nm
IR Vimay (CHCIS): 3353, 3056, 1642, 1597, 1450, 800 cm
Sources: Cladonia incrassata [115].

Cladoxanthone A (CDCl5)
Position bc &y (J in He)

1 156.2 -
13.16 (s)
-OH 1 - (aH)
2 1152 -
3 1366  7.80(s)(1H)
4 1112 -
4a 1495 -
5 1412 -
-OH5 - 6.09 (s) (1H)
6 127.9 .
7 1337 .
CH,-7 202 2551 (s)
8 117.0 773 (s)
8a 118.4 -
9 109.7 -
10a 1430 -

1,8-Dihydroxy-3-hydroxymethyl-5-methoxyxanthone
Cy5H1,04 (288.06339)

Yellow needles, mp 221-222 "C

UV Amax (MeOH)(log ¢): 387.5 (3.27), 341 (3.84), 271 (4.16), 263 (4.24), 255 (4.29), 236 (4.17)
IR Vmax (KBr): 3533, 1659, 1634, 1609, 1589, 1493 cm !

Sources: Mycobiont of Pyrenula japonica [52].

1,8-Dihydroxy-3-hydroxymethyl-5-methoxyxanthone (DMSO-dg)

Position bc by (] inHz)
1 160.0 -
-0OH1 - 11.10(brs)?
2 1077 6.98 (br s) (1H)
3 1548 -
3-CH,0H 62.2 4.57 (br s) (2H)
3-CH,0H - 5.58 (br s) (1H)
4 1042 675 (brs) (1H)
da 155.6 -
5 1397 -
5 OCH, 56.7 3.86 (s) (3H)
6 121.1 7.45 (d, 9.0) (1H)
7 108.9 6.71(d, 9.0) (1H)
8 1527 -
8-0OH - 11.60 (brs)®
Ba 107.8 -
9 1849 -
9a 106.1 -
10a 1448 -

? These signals might be switched.
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1,2,8-Trihydroxy-5-methoxy-3-methylxanthone
Ci5H1,04 (288.06339)

CH,

Yellow needles, mp 214-215 "C

UV Amax (MeOH) (log ¢): 421 (3.42), 352 (3.58), 280 (4.27), 263 (4.18), 243 (4.17), 206 (4.23)
IR Vinax (KBr): 3487, 1663, 1636, 1607, 1576, 1489 cm !

Sources: Mycobiont of Pyrenula japonica [52].

1,2,8-Trihydroxy-5-methoxy-3-methylxanthone (DMSO-dy)

Position b oy (J in Hz)
1 145.8 -
2 138.4 -
-OH2 -
3 137.0 -
3-CHj 17.1 2.30 (s) (3H)
4 107.6 6.95 (br s) (1H)
4a 147.7 -
5 139.7 -
5-0OCH; 56.7 3.88 (s) (3H)
6 120.5 7.45(d, 9.0) (1H)
7 108.2 6.70 (d, 9.0) (1H)
8 152.6 -
8a 107.6 -
9 185.1 -
9a 105.9 -
10a 145.0 -

1,7-Dihydroxy-3-methylxanthone
C14H1pOy4 (242.05791)

Yellow needles, mp 259-260 “C

UV Amax (MeOH) (log ¢): 384 (3.84), 290 (3.98), 261 (4.58), 235 (4.45)
IR Vinax (KBr): 3285, 1653, 1607, 1585, 1483 cm !

Sources: Mycobiont of Pyrenula japonica [52].

269



ANNEXE 6 : MOLECULES 2016 ; 21(3): 294.

Molecules 2016, 21, 294 14 of 30

1,7-Dihydroxy-3-methylxanthone (CDCl3-CD3;0D)

Position &c oy (J in Hz)
1 161.7 -
2 111.1 6.57 (br s) (1H)
3 149.5 -
3-CH; 226 2.42 (s) (3H)
4 108.1 6.75 (br s) (1H)
4a 157.1 -
5 119.6 7.37 (d, 9.0) (1H)
6 125.5 7.29 (dd, 9.0, 2.5) (1H)
7 154.5 6.70(d, 9.0) (1H)
8 109.0 7.52(d, 2.5) (1H)
8a 121.6 -
9 182.5 -
9a 107.1 -
10a 150.8 -

1,5,8-Trihydroxy-3-methylxanthone
C14H1004 (258.05282)

Yellow needles, mp 277-278 "C

UV Amax (MeOH) (log ¢): 403 (3.54), 341 (4.01), 272 (4.58), 263 (4.40), 255 (4.47), 236 (4.32)
IR Vinax (KBr): 3461, 1661, 1633, 1606, 1591, 1497 cm

Sources: Mycobiont of Pyrenula japonica and Pyrenula pseudobufonia [52].

1,5,8-Trihydroxy-3-methylxanthone (CDCl3)

Position oc by (J in Hz)
1 161.4 -
1-OH - 11.85 (s) (IH) ®
2 111.9 6.62 (m) (1H)
3 150.6 -
3-CH; 227 245 (s) (3H)
4 108.5 6.89 (m) (1H)
4a 156.9 -
5 137.8 -
6 124.6 7.24 (d, 9.0) (1H)
7 110.0 6.64 (d, 9.0) (1H)
8 153.6 -
8-OH - 11.27 (brs) (1H) #
8a 108.6 -
9 186.5 -
9a 106.4 -
10a 144.7 -

* Signals appearing in DMSO-ds only.
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1,8-Dihydroxy-5-methoxy-3-methylxanthone
C15H1,05 (272.06847)

OCHs

Yellow needles, mp 214-215"C

UV Amax (MeOH) (log ¢€): 393 (3.54), 340 (4.00), 272 (4.30), 254 (4.49), 235 (4.36)
IR Vinax (KBr): 3445, 1661, 1631, 1609, 1585, 1489 cm !

Sources: Mycobiont of Pyrenula japonica and Pyrenula pseudobufonia [52].

1,8-Dihydroxy-5-methoxy-3-methylxanthone (CDCl3)

Position b by (Jin Hz)
1 161.0 -
1-OH - 11.73 (s) (1H) @
2 111.7 6.62 (brs) (1H)
3 149.9 -
3-CH; 22.6 2.42 (s) (3H)
4 108.0 6.84 (brs) (1H)
4a 156.0 -
5 140.0 -
5-0OCHj; 57.4 3.94 (s) (3H)
6 120.8 7.23(d, 9.0) (1H)
7 109.1 6.70 (d, 9.0) (1H)
8 154.2 -
3-OH - 11.33 (brs) (1H) #
8a 108.3 -
9 185.6 -
9a 105.9 -
10a 145.6 -

3 Signals appearing in DMSO-d; only.

Hirtusneanoside

CyoH,047 (798.27350)
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Faint yellow crystals, mp 231-232 "C

(@] = —251 (c = 0.02 in MeOH)

UV Amax (MeOH)(log ¢): 340 (3.24), 275 (4.01), 230 (4.52) nm
IR Vmax (CHCL3): 3290, 1735, 1620, 1590, 870 cm !

Sources; Usnea hirta [46].

Hirtusneanoside (DMSO-dg)

Position b by (] in Hz)
1 159.2 -
—-OH1 - 11.5 (br s) (1H)
2 116.7 -
3 149.6 -
4 109.2 6.66 (s) (1H)
4a 156.8
5 68.8 4.02 (d, 9.5) (1H)
6 31.3 2.05 (ddq, 10.3, 9.5, 6.7) (1H)
7 36.7 2.36 (dq, 10.3, 6.4) (1H)
8 177.8 -
—-OH 8 - 13.7 (br s) (1H)
8a 101.3 -
9 186.8 -
9a 105.7 -
10a 85.1 -
11 20.7 1.94 (s) (3H)
12 171.3 -
12a 54.3 3.73 (s) (3H)
13 15.6 1.09 (d, 6.7) (3H)
14 17.3 1.01 (d, 6.4) (3H)
1 159.6 -
1'-OH - 11.5 (br s) (1H)
2 118.1 -
3 150.2 -
4 109.3 6.69 (s) (1H)
4a’ 156.7 -
5 68.9 4.07 (d, 1.3) (1H)
6 285 2.28 (dddq, 11.3, 6.7, 6.5, 1.3) (1H)
7 33.6 2.48(dd, 19.2, 11.3) (1H)
2.35(dd, 19.2, 6.5) (1H)
g 177.6 -
8'-OH - 13.7 (brs) (1H)
8a’ 101.8 -
o 186.6 -
9a’ 106.3 -
10a’ 844 -
11 20.6 1.96 (s) (3H)
12/ 64.5 3.89 (d, 13.0) (1H)
3.51 (d, 13.0) (1H)
13’ 17.7 1.04 (d, 6.7) (3H)
1" 101.1 5.01 (d, 1.5) (1H)
2" 722 3.89 (dd, 2.5, 1.5) (1H)
3" 709 3.71(dd, 9.5, 2.5) (1H)
4" 745 4.32 (t, 9.5) (1H)
5" 69.7 4.13 (dq, 9.5, 6.5) (1H)
6" 18.6 1.31 (d, 6.5) (3H)
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Umbilicaxanthone A

C19H1505 (342.11034)

Sources: Umbilicaria proboscidea [44].

Umbilicaxanthone A (CDCl3)

Position
1
1-OH
2
3
4
4-0OCH3;
4a
5
6
7
8
8a
9
9a
10a
1{

2{
3J
4{
5J

dc

150.9
118.2
120.1
142.6
56.4
140.9
146.4
1021
156.9
106.3
128.9
179.8
116.1
136.5
220
123.5
131.3
259
17.9

5y (J in Hz)

13.25 (s) (1H)

6.51 (s) (1H)
3.75 (s_.} (3H)

6.15(d, 2.1) (1H)

a

3.19 (d, 6.6) (2H)
5.92 (td, 6.6, 1.3) (1H)
1.64 (s) (3H)
1.57 (s) (3H)

Umbilicaxanthoside B

C36Huc 014 (734.27859)

Pale yellow needles, mp 133 “C

19 of 30
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Hirtusneanine

C34H34015 (652.21559)

Pale yellow crystals, mp 251-253 “C

(&) = 232 (c = 0.01 in MeOH)

UV Apax (MeOH)(log €): 338 (3.97), 275 (4.04), 231 (4.43) nm
IR Vmax (CHCl5): 3290, 1734, 1608, 1590, 870 cm !

Sources: Usnea hirta [46].

Hirtusneanine (DMSO-dg)

Position 8¢ 8y (] in Hz)
1 159.2 -
-0OH1 - 11.5 (brs) (1H)
2 1167 -
3 149.6 -
4 109.2 6.66 (s) (1H)
4a 156.8
5 68.8 402 (d, 9.5) (1H)
6 313 2.05 (ddg, 10.3, 9.5, 6.7) (1H)
7 36.7 2.36 (dg, 10.3, 6.4) (1H)
8 177.8 -
_OHS . 137 (brs) (1H)
Sa 101.3 -
9 186.8 -
9a 1057 -
10a 85.1 -
1 207 1.94 () (3H)
12 171.3 -
12a 543 3.73 (s) (3H)
13 15.6 1.09 (d, 6.7) (3H)
14 17.3 1.01 (d, 6.4) (3H)
1 159.6 -
1-OH - 11.5 (brs) (1H)
2 118.1 -
3 150.2 -
g 1093 6.69 (<) (1H)
4a’ 156.7 -
5! 68.7 407 (d, 1.3) (1H)
15 285 228 (dddq, 113, 6.7, 65, 1.3) (1H)
7 336 248(dd, 19.2,11.3) (1H)
2.35 (dd, 19.2, 6.5) (1H)
g 177.6 -
8 _OH - 137 (brs) (1H)
8a’ 102.1 -
9 186.6 -
9a’ 106.3 -
10a’ 84.1 -
11’ 206 1.96 (s) (3H)
12/ 68.7 414 (dd, 13.0, 7.0) (1H)
3.75 (dd, 13.0, 4.7) (1H)
12'-OH 3.28 (m) (1H)
13’ 17.7 1.04 (d, 6.7) (3H)

17 of 30
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Umbilicaxanthoside A
Co5Ho5 017 (504.16316)

Yellow needles, mp 114 "C

lalh =35

UV Amax (MeOH) (log ¢): 345 (3.90), 310 (4.15), 270 (4.05), 245 (4.50).
IR Vmax (KBr): 3320, 2945, 2905, 1643 cm !

Sources: Umbilicaria proboscidea [44].

Umbilicaxanthoside A (CDClz)

Position &c oy (J in Hz)
1 150.9 -
1-OH - 13.25 (s) (1H)

2 118.2 -

3 120.1 6.51 (s) (1H)

4 142.6 -

4-OCH; 56.4 3.75 (s) (3H)

4a 140.9 -

5 146.4 -

6 104.8 6.39 (d, 2.1) (1H)

7 153.0 -

8 108.1 6.73 (d, 2.1) (1H)
8a 128.9 -

9 179.8 -

9a 116.1 -
10a 136.5 -

1 220 3.19 (d, 6.6) (2H)
2 123.5 5.92 (td, 6.6, 1.3) (1H)
3 131.3 -

4 259 1.64 (s) (3H)

5 17.9 1.57 (s) (3H)

1" 99.8 4.80 (d, 7.3) (1H)
2" 74.7 3.52 (dd, 8.9, 7.3) (1H)
3" 772 3.58 (t, 8.9) (1H)
47 714 3.41 (t, 8.9) (1H)
5" 78.6 3.45 (m) (1H)

6" 62.6 3.93 (dd, 11.8,2.3) (1H)

3.72 (dd, 12.1,5.2) (1H)

18 of 30

275



ANNEXE 6 : MOLECULES 2016 ; 21(3): 294.

Molecules 2016, 21, 294 19 of 30

Umbilicaxanthone A

C19H1505 (342.11034)

Sources: Umbilicaria proboscidea [44].

Umbilicaxanthone A (CDCl3)

Position bc by (J in Hz)
1 150.9 -
1-OH - 13.25 (s) (1H)
2 118.2 -
3 120.1 6.51 (s) (1H)
4 1426 -
4-0OCH3; 56.4 3.75 (s) (3H)
4a 140.9 -
5 146.4 -
6 102.1 6.15(d, 2.1) (1H)
7 156.9 -
8 106.3 a
8a 128.9 -
9 179.8 -
9a 116.1 -
10a 136.5 -
1 22.0 3.19 (d, 6.6) (2H)
2 123.5 5.92 (td, 6.6, 1.3) (1H)
3 131.3 -
4 259 1.64 (s) (3H)
5 17.9 1.57 (s) (3H)

Umbilicaxanthoside B

C36Huc 014 (734.27859)

Pale yellow needles, mp 133 “C
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UV Amax (MeOH) (log €): 355 (4.06), 319 (4.01), 271 (3.96), 244 (4.08)
IR Vinax (KBr): 3350, 2950, 2900, 1640 cm !

Sources: Umbilicaria proboscidea [44].

Umbilicaxanthoside B (CDCl;)

Position
1
1-OH
2
3
4

10a
1|’
2l’
3|’
4{
5|’

37

5
17

e

6"

ik

4
5

8¢
151.0
117.8
1194
143.2
56.3
141.3
1471
103.7
153.2
118.4
129.6
183.1
114.6
135.7
254
123.8
1309
26.2
18.4
26.1
1248
132.0
259
18.0
99.8
74.2
76.9
78.2
78.7
62.6

104.1
73.8
76.5
69.7
76.9
62.6

&y (J in Hz)

13.30 (s) (1H)
6.47 (s:) (1H)
375 (s) 3H)
6.23 (s:) (1H)

3.38(d, 7.2) (2H)
5.39 (td, 7.2, 1.2) (1H)
1.65 (s) (3H)

1.79 (s) (3H)

419 (d, 6.8) (2H)
5.37 (td, 6.8, 1.5) (1H)
1.67 (s) (3H)

1.84 (s) (3H)

5.05 (d, 8.1) (1H)
3.52(dd, 8.9, 8.1) (1H)
3.58 (t, 8.9) (1H)
3.12(dd, 9.3, 8.9) (1H)
3.45 (m) (1H)

3.93 (dd, 12.1,2.3) (1H)
3.72 (dd, 12.1,5.2) (1H)
5.15 (d, 8.0) (1H)
3.52 (dd, 9.0, 8.0) (1H)
3.58 (t, 9.0) (1H)
3.41 (t, 9.0) (1H)
3.45 (m) (1H)

3.93 (dd, 12.1,2.2) (1H)
3.72 (dd, 12.1,5.2) (1H)

Umbilicaxanthone B

Ca4H2604 (410.17294)

Sources: Umbilicaria proboscidea [44].

277



ANNEXE 6 : MOLECULES 2016 ; 21(3): 294.

Molecules 2016, 21, 294

Umbilicaxanthone B (CDCl3)

Position

1-OH

&c
151.0

117.8
119.4
143.2
56.3
141.3
146.2
102.4
157.2
117.6
129.6
183.1
114.6
135.7
254
123.8
130.9
26.2
18.4
26.1
124.8
132.0
259
18.0

8y (] in Hz)
13.30 (_s} (1H)
6.49 (s:} (1H)

3.75(s) (3H)

6.27 (s) (1H)

3.38(d, 7.2) (2H)
5.39(td, 7.2, 1.2) (1H)

1.65 (s) (3H)
1.79 (s) (3H)
419 (d, 6.8) (2H)
5.37 (td, 6.8, 1.5) (1H)

1.67 (s) (3H)
1.84 (s) (3H)

Linolenoylumbilicaxanthoside B

CssH74017 (994.49260)

Pale yellow needles, mp 133 “C

UV Amax (MeOH) (log €): 355 (4.06), 319 (4.01), 271 (3.96), 244 (4.08)
IR Vinax (KBr): 3350, 2950, 2900, 1640 cm !

Sources: Umbilicaria proboscidea [94].

21 of 30
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Linolenoylumbilicaxanthoside B (CDCl3)

Position
1
1-OH

10a
1{
2{
3:‘
4J'
5{
1”
o
37
4"
57
177
e
Fr
a4
5
6"

s dd
Qe
e
4
g
6"

17
Qrrier
geroer
4
Breor
6"
e
g
grreer

107"

117"

127

137"

147"

157"

16"

177

187"

&¢
151.0

117.8
119.4
143.2
56.3
141.3
1471
103.7
153.2
118.4
129.6
183.1
114.6
135.7
25.4
123.8
130.9
26.2
18.4
26.1
124.8
132.0
259
18.0
99.8
742
77.1
76.7
76.1
65.3

104.1
73.8
76.5
69.7
76.9
62.6

172.0
34.6
25.0
29.2
29.3
29.1
30.3
27.3
131.8
131.7
25.7
128.3
128.4
25.6
127.1
131.9
20.6
14.2

511 (J in Hz)

13.30 (s) (1H)

6.47 (s) (1H)
3.75 (;} (3H)

6.42 (s) (1H)

3.38 (d,7.2) (2H)
5.39 (dd, 7.2, 1.2) (1H)
1.65 (s) (3H)

1.79 (s) (3H)

4.19 (d, 6.8) (2H)
5.37 (dd, 6.8, 1.5) (1H)
1.67 (s) (3H)

1.84 (s) (3H)

5.05 (d, 8.1) (1H)
3.50 (dd, 8.9, 8.1) (1H)
3.58 (t, 8.9) (1H)
3.05 (dd, 9.3, 8.9) (1H)
3.54 (m) (1H)

451 (dd, 12.1, 2.3) (1H)
4.03 (dd, 12.1, 5.2) (1H)
5.15 (d, 8.0) (1H)
3.52 (dd, 9.0, 8.0) (1H)
3.61 (t, 9.0) (1H)
3.41 (t, 9.0) (1H)
3.45 (m) (1H)

3.93 (dd, 12.1, 2.2) (1H)
3.72 (dd, 12.1, 5.2) (1H)

2.25 (m) (2H)
1.68 (m) (2H)
1.29 (m) (6H)
1.29 (m) (6H)
1.29 (m) (6H)
1.33 (m) (2H)
1.96 (m) (2H)
5.37 (m) (1H)
5.42 (m) (1H)
2.68 (m) (2H)
5.35 (m) (2H)
5.35 (m) (2H)
2.73 (m) (2H)
5.43 (m) (1H)
5.36 (m) (1H)
1.93 (m) (2H)
1.06 (t, 6.8) (3H)
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Secalonic acid A

CayH3,014 (638.16356)

OH

L] [ ey
§
I
Q

3 o =2 Y 1
cH00C
1312 5y

Faint yellow crystals, mp 231232 “C

[a]% = —64.1 (c = 0.1 in CHCls)

UV Amax (MeOH)(log ): 338 (4.52), 260 (4.12), 228 (4.32) nm

IR Vimay (CHCly): 3464, 1726, 1610, 1585, 1566, 1436, 1233, 1067 cm 1

Sources: Diploicia canescens [117].

Spectral data: [129].

Enantiomeric secalonic acid D: similar physicochemical data except [a:|%,6 =+64.1 (c=0.14 in CHCl3)

Secalonic Acid A (CDCl3)

Position bc 8y (] in Hz)
1,1 159.4 -
-0OH 1,1 - 11.75 (=) (2H)
2,2 118.2 -
3,3 140.2 7.46 (d, 8.5) (2H)
4.4 107.6 6.63 (d, 8.5) (2H)
4a,4a’ 158.3 -
5,5 76.9 3.93 (dd, 11.3, 1.6) (2H)
_OH 55 _ 2.81(d, 2.2) (2H)
6,6 29.2 2.41 (m) (2H)
7,7 363 2.74(dd, 19.0,6.1) (2H)
2.32 (dd, 19.0, 11.5) (2H)
8, 8 177.5 -
-OH 8,8 - 13.78 (s) (2H)
8a, 8" 1015 -
9,9 187.2 -
9a, 9a’ 106.9 -
10a, 10a’ 84.7 -
11,11 18.0 1.17 (d, 6.4) (6H)
12,12 170.3 -
13,13’ 53.3 3.73 (s) (6H)

Secalonic acid B

C32H30014 (638.16356)
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Faint yellow crystals, mp 231-232 "C

[a]p =+ 133.7 (c = 0.38 in CHCl5)

UV Amax (MeOH)(log ): 338 (4.52), 260 (4.12), 228 (4.32) nm

IR Vimax (CHCl,): 3582, 3014, 1747, 1611, 1589, 1214, 1058, 796, 726 cm !
Sources: Diploicia canescens [117].

Spectral data: [47]

Secalonic acid B (CDCl3)

Position oc by (] in Hz)
1,1 159.4 -
-OH 1,1 - 11.85 (s) (2H)
2,2 118.7 -
3,3 139.7 7.42 (d, 8.5) (2H)
4, 4 107.5 6.57 (d, 8.5) (2ZH)
4a, 4a’ 157.2 -
5,5 714 412 (d, 1.4) (2ZH)
—-OH 5,5’ - 2.57 (s) (2H)
6, 6 28.5 212 (m) (2H)
; 7,7 «2.52(dd, 19.0,11.5)
7,7 32.6 (2H)
7,7 B 2.41(dd, 19.0,6.1)
(2H)
8,8 179.8 -
—OH 8,8 - 13.96 (s) (2H)
8a, 8a’ 99.9 -
9,9 187.7 -
9a, 9a’ 107.0 -
10a, 10a" 84.8 -
11, 117 17.5 1.18 (d, 6.8) (6H)
12,12 171.2 -
13, 13/ 53.4 3.72 (s) (6H)

7. Conclusions

Even though lichens offer the widest diversity of compounds in the fungal realm, the bioactivities
of their secondary metabolites remain under-investigated in regards to any other fungi [130], especially
xanthones, despite being widely considered as a promising class of compounds exerting pleiotropic
pharmacological activities. Xanthones might have originally suffered from their ubiquitous distribution
compared to metabolites restricted to the lichenized condition (e.g., depsides, depsidones, depsones...).
However, as end products of a distinct biosynthetic pathway to that of higher plants, lichen xanthones
display unique substitution patterns which enrich the diversity of xanthones rather than produce
cross-phyletic structures. Furthermore, recently discovered lichen xanthones extend their diversity
through unexpected structural features (e.g., prenylations, glycosylations, unprecedented substitution
patterns...) and, as a consequence, less than 10% are known from non-lichen sources. In addition,
their structural elucidation may be misleading for the spectroscopists, with the presence of multiple
possible isomers. Innovative analytical approaches both alleviate and shorten the dereplication holdup
while recent advances in spectroscopy ensure reliable structural assignments. Analytical aspects no
longer hamper the study of these valuable metabolites.
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ABSTRACT

This supporting material contains place and date of harvest and voucher specimen number of lichens
described in this study (Table S-1). Then are displayed molecular formulas associated with all
molecules detected as either single compounds and/or within lichen extracts (Figure S-1). Further are
depicted LDI-MS (Figures S-2 — S-42) and ESI-MS spectra (Figures S-43 — S-79) associated with all
studied pure molecules and lichen acetone extracts. All spectra are acquired in negative-ion mode
except for mycosporine serinol which was ionized using positive mode.

EXPERIMENTAL SECTION
Mass spectrometry and instrument settings

LDI experiments were carried out on a Bruker Biflex Il time-of-flight (TOF) mass spectrometer (bruker
Daltonik, Bremen, Germany) equipped with a 337-nm pulsed nitrogen laser (model VSL-337i, Laser
Sciences Inc., Boston, MA). Spectra were acquired in the linear positive and negative mode within
mass range of 20 to 2000 Da. The acceleration voltage was 19 kV, pulse ion extraction was 200 ns and
laser frequency was 5 ns. Experiments were performed within a laser energy range of 30-80% (46.2
w-103.2 ), depending on sample requirements. For LDI analyses, single molecules and extracts
were prepared at a concentration of 10 mg.mL™ in dichloromethane (DCM) or a mixture of DCM and
pyridine 9:1 (v/v), depending on sample solubility. Mycosporine serinol was dissolved in distilled
water.

For direct injection, ESI-MS solutions of single compounds and lichen extracts were prepared in DCM
at concentrations of 0.5 mg mL! and 1.0 mg mL? respectively. These samples were introduced into an
expression CMS single quadrupole (Advion) using a mixture of MeOH/ water (+ 0.1% formic acid) 9:1
(v/v) at a flow rate of 200 pL min™.

Full scan mass spectra were recorded in the negative ion mode in a mass range of 100 and 1200 Da
applying the following parameters: detector gain 1200, ESI voltage 3.5 kV, capillary voltage 180 V,
source voltage 20V, source voltage dynamic 20 V, nebulizer gas pressure 60 psig, desolvation gas flow
rate 4L min, capillary temperature 250°C and source gas temperature 50°C. Full scan mass spectra
were recorded in the positive ion mode in a mass range of 100 and 1200 Da using the following
parameters: detector gain 1200, ESI voltage 3.5 kV, capillary voltage 180 V, source voltage 40 V,
source voltage dynamic 0 V, nebulizer gas pressure 60 psig, dissolvation gas flow rate 4L min?,
capillary temperature 250°C and source gas temperature 20°C. Data processing and evaluation for MS
measurement was performed with the Data and Mass Express 2.2.29.2 software (Advion).

The LC-ESI and ESI mass spectra were all obtained from the same single quadrupole analyzer (Advion,
Ithaca, USA). The MS system was coupled to a HPLC system (Prominence Shimadzu, Marne La Vallée,
France) equipped with a Kinetex C18 HPLC column (100 x 4.6 mm — 2,6 4 - 6A, Phenomenex) and
consisting of a quaternary pump (LC20ADSP), a surveyor autosampler (SIL-20AHT), and a diode array
detector (SPD-M20A). HPLC analyses were performed by gradient elution using the following
parameters: A (0.1% formic acid in water) and B (acetonitrile). T: 0 min, 20 % B; 0-25 min, 80 % B
linear; 25-30 min, 100 % B linear ; 30-35 min 100% B ; 35-40 min 20% B linear. The flow rate was 0.2
mL min™.

Table S-1 : Place and date of harvest and voucher specimen number of lichens described in this
3 0o 1RSI 292

Figure S- 1: Structures of studied molecules, either as single compounds or within lichen extracts. 297
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Table S-1 : Place and date of harvest and voucher specimen number of lichens described in this

study.

Lichens

Cladonia
portentosa
Diploicia canescens

Evernia prunastri
Flavocetraria
nivalis

Lecidella asema

Ophioparma
ventosa
Pertusaria amara

Pseudevernia
furfuracea
Ramalina siliquosa
var. crassa
Ramalina
cuspidata var.
stenoclada
Roccella fuciformis

Roccella phycopsis

Tephromela atra

Usnea filipendula

Vulpicida pinastri

Xanthoria parietina

Voucher

specimen
JB/05/48

JB/06/10

JB/06/51
JB/02/37

2014/JYmM/04

JB/09/58

JB/07/108

JB/00/04

JB/11/e496

JB/11/e495

JB/05/57

JB/05/46

JB/05/e56

JB/00/78

JB/14/198

JB/06/59

Place and date of harvest

Cressensac (Lot) - 2005

Dinard
2006
Cressensac (Lot) -2006
Font-Romeu (Pyrénées
Orientales) - 2002

Pointe du Raz (Finistere) -
2014

Obergurgl (Austria) - 2009

(llle-et-Vilaine) -

Liffré
2007
Meymac (Correze) - 2000

(llle-et-Vilaine) -

Carantec (Finistere) - 2011

Trégastel (Finistere) - 2011

Ploumanach (Cotes
d’Armor) - 2005
lle de Bréhat (Cotes

d’Armor) - 2005

La  Guimorais (llle-et-
Vilaine) - 2006

Ventadour (Correze) -
07/2000

Jausier (Alpes Maritimes) -
04/2014

Dinard
01/2006

(llle-et-Vilaine) -

Reference
(Chollet-Krugler et

al., 2008)
(Millot et al., 2009)

(Le Pogam et al.,
2016a)
(Bonny et al., 2011)

(Parrot et al., 2013)

(Parrot et al., 2013)

(Parrot et al., 2015)

(Parrot et al., 2015)

(Millot et al., 2008)
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(+) - Lichesterinic acid

Vulpinic acid

Pinastric acid

(-) - Epanorin

CH,

(+) - Rhizocarpic acid

MYCOSPORINE

Mycosporine serinol

FIGURE S- 1: STRUCTURES OF STUDIED MOLECULES, EITHER AS SINGLE COMPOUNDS OR WITHIN LICHEN EXTRACTS.
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LDI-MS SPECTRA

SINGLE MOLECULES

DEPSIDES

3 X0t 373.0
i- [M-C,oH,,0,-H,0] PseudolmMo_:]c_ulanon
c 177.0 m/z 195 oH
= [M = CyoH,,04]
- H;C. COOCH,
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HO' OH [m-CH,0.]
CHO
05 [M-C4H,0,]
195.0
[M-CoH,d-CH;OH]
163.0
1 L L
0.0
200 250 300 350 miz
FIGURE S- 2: NEGATIVE LDl MASS SPECTRUM OF ATRANORIN
3 xto¢
; Divaricaticacid  195.0 )
5 CH2:0; [M-C,,H,304] m/z209
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2.0 o
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[M-C,,H,50,-H,0]
-y [ NENGE
0.5 209.0
[M-C,H,,0,-CO,T
151.1 Id t
Y T |

150 200 250 300 350 400 m/z
FIGURE S- 3: NEGATIVE LDl MASS SPECTRUM OF DIVARICATIC ACID
-3-.7‘104 Evernic acid 33141
‘m‘_‘ ;;7:30, e 181 on Pseudomolecularion
é 2.0 a [M = CgH,04] . COOH (M-I
[M-CH,0,] fo 8
167.1 1 CH,
i, m/z167
1.5 HCO H M- CHO;]
1.0
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149.1
0.54 [M-C;H;0,
-co,l
1231 [M-C,H,0.]
1811 L
0.0 - el . L “ J A
T 150 200 250 300 350 miz
FIGURE S- 4: NEGATIVE LDl MASS SPECTRUM OF EVERNIC ACID
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3 xi0¢
s 211.0
@ [M-C1Hs 0, ] m/z 225
E Thamnolic acid o [M — CoH70:] . HO
£ 15 b0y
420 Da
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193.0 -CO,-HI
1er.0 375.1
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FIGURE S- 5: NEGATIVE LDI MASS SPECTRUM OF THAMNOLIC ACID
= 4000
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= CasHas0q Pseudomolecularion
1] .
< 456 Da [M-H]
<
3000 2
HiCO
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2000
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1000
0 S .[ ik A P W
150 200 250 300 350 400 450 m/z
FIGURE S- 6: NEGATIVE LDl MASS SPECTRUM OF LOBARIC ACID
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o
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< CyeH, 0. seudomolecularion
£ 186 Da (M-H]
1500
1000
500 [M-CO,-H]
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old . . L I]- JL_L.._

150

200

FIGURE S- 7: NEGATIVE LDI MASS SPECTRUM OF STICTIC ACID

300 350 400
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.:; Variolaricacid 3130
“ci CyeHy00; Pseudomolecularion
£ 314Da o [M-H]
= 2000
(]
HO'
1500 o
H
o
1000
500
1 { o oL A
150 200 250 300 350 400m)/z
FIGURE S- 8: NEGATIVE LDI MASS SPECTRUM OF VARIOLARIC ACID
E Pannaric acid 3150
‘v-i' 4000 { CisHi0r Pseudomolecularion
5 316 Da [M-H
3000 HC COOH
OH
es
2000 HyC ©
COOH
1000
0 1 [l
200 250 300 350 400 m/z
FIGURE S- 9: NEGATIVE LDI MASS SPECTRUM OF PANNARIC ACID
E X Usnic acid 3431
& [N Pseudomolecularion
& 45| 34apa [M-H]-
1.0
0.5 [M-CH,]-
329.0
0
200 250 300 350 400 M/z

150

FIGURE S- 10: NEGATIVE LDI MASS SPECTRUM OF USNIC ACID
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E Usnic acid 3451
8 CigHiO; Pseudomolecularion
£ 344Da [M+H]*
1500
1000
500
0 | 1 1 P |
150 200 250 300 350 400 450 miz
FIGURE S- 11 : POSITIVE LDI MASS SPECTRUM OF USNIC ACID
3 x10¢ 280.0
.!i. B-collatolic acid & 525.2
2 CasH3a05  [M-Cy5H,;05-H m/z 281 Pseudomolecularion
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=
- 08 CsHyy OH
cﬁ"
[
0.6 e
HO'
0.4
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. | i ak i J
150 200 250 300 350 400 450 500 550 —
FIGURE S- 12: NEGATIVE LDI MASS SPECTRUM OF B-COLLATOLIC ACID
E) ,
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H, 0™ 00 e [M-H]-
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oL AL ariny
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FIGURE S- 13 : NEGATIVE LDI MASS SPECTRUM OF LOBARIN
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Intens. [a.u.]

S sakisacaulon A
Ei‘ CaqH300, 385.2
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= [M - CyH;50,]
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4000
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2000 [M-Cy3Hy50,-HT
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251.0 429.1
0 N I,
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FIGURE S- 14: NEGATIVE LDI MASS SPECTRUM OF SAKISACAULON A
60001 Haemoventosin 3041
CysH,0; R
304 Da Molecular ion
[m]-
5000
4000
3000
2000
1000
0 ik | l A
150 200 250 300 350 400 m/z

FIGURE S- 15: NEGATIVE LDI MASS SPECTRUM OF HAEMOVENTOSIN

—_ 4
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8
@ CisH1004 Molecularion
< 251 254Da M]-
<
2.0
OH o OH
s O
CH;
o
1.0
0.5
0 _
150 200 250 300 350 400m/z

FIGURE S- 16: NEGATIVE LDI MASS SPECTRUM OF CHRYSOPHANOL
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— 2000
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5 270 Da [M-H]-
=
1500
OH ] OH
w AL,
o
500
0 T T T l — T T T
150 200 250 300 350 400m/z
FIGURE S- 17: NEGATIVE LDI MASS SPECTRUM OF EMODIN
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FIGURE S- 18 : NEGATIVE LDI MASS SPECTRUM OF PARIETIN
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Intens. [a.u.]

Intens. [a.u.]

FIGURE S- 19: NEGATIVE LDl MASS SPECTRUM OF EPANORIN
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8000
6000
4000
2000
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150 200 250 300 400 450 500 M/
FIGURE S- 20: NEGATIVE LDI MASS SPECTRUM OF RHIZOCARPIC ACID
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FIGURE S- 21: NEGATIVE LDI MASS SPECTRUM OF VULPINIC ACID

XANTHONES
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Intens. [a.u.]
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3000 CH, o OH [M-H]
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FIGURE S- 22: NEGATIVE LDl MASS SPECTRUM OF THIOPHANIC ACID
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FIGURE S- 23: NEGATIVE LDI MASS SPECTRUM OF SECALONIC ACID D
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FIGURE S- 24: NEGATIVE LDI MASS SPECTRUM OF ROCCELLIC ACID

z:é Lichesterinic acid 323.3
« 3000 Cy4H3,0, Pseudomolecularion
g 324Da (A,
£
2500
CH,
HOOC,
2000 -
o o
/\/\/\/\/\/\\‘“‘“ »
1500
1000
500
0 Mm PR (Y J L
150 200 250 300 350 m/z

FIGURE S- 25: NEGATIVE LDI MASS SPECTRUM OF LICHESTERINIC ACID

CHROMONES
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0 L el ] L 1
=
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FIGURE S- 26: NEGATIVE LDI MASS SPECTRUM OF LEPRARIC ACID

MYCOSPORINE
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)
8 Mycosporine serinol 284.2
% Cy11H;sNOg Sod[lll\lllmNad]tfuct
261D +Na
€ 1500 a
1000
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Pseudomolecularion [M+K]*
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0 o T .lu e,
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EXTRACTS

1

x104
3
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25

2.0

1.5

0.5
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FIGURE S- 27: POSITIVE LDI MASS SPECTRUM OF MYCOSPORINE SERINOL

Cladonia portentosa
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[M,-CH,]-
3291

Usnicacid
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[M,-Cy5H,; 0,1
2234 Perlatolic acid
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2" %1317 V3™ ¢l 2591
179.2 l 2371 .I.
1 R | P 4 A ™
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FIGURE S- 28: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF CLADONIA PORTENTOSA

_x10* .
3 25J Diploicia canescens Diploicin
& [M-H]
g 2219
2
£
20
1.5
1.0 . .
Chloroatrarfgrin Secalonic
[M,-HT acids
Dechlorodiploicin (MY
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387.0
[M-C,H,CIO,] [M;-Cygh,04]
GH L0 407.0
195.1 229.0
0 L Ll i Ak ke
150 200 250 300 350 400 450 500 550 600 650 M/z

FIGURE S- 29: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF DIPLOICIA CANESCENS
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g [M,-CyoHy,05-H, 0]

;‘ 211.0 Evernicacid

G Evernia prunastri [M,-H]
2000 1 £ 331.0
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l [M,-CyoHy,05]
2291
LA LA
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FIGURE S- 30: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF EVERNIA PRUNASTRI
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6000 3211
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[M-H]
3431
4000
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IM,-CH, ]~
tZQ.U
0 L l AN
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FIGURE S- 31: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF FLAVOCETRARIA NIVALIS

- Thiophanic acid
3
& Lecidella asema [M;-H]
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]
e
3000
3-0-methylasemone
[M,-H]
2000 372.9
3-O-methyl
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1000 LT
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My 06,9
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O T T T T T
150 200 250 300 350 400 miz

FIGURE S- 32: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF LECIDELLA ASEMA
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3000 =
E] Ophioparma ventosa 3431
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[M,-C,yH,0F 329.0 387.2
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167.1 225.0 304.0 419.1 457.2
0 L il
e —— —
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FIGURE S- 33: NEGATIVE LDl MASS SPECTRUM OF THE ACETONE EXTRACT OF OPHIOPARMA VENTOSA

3 4112
& Pertusaria amara picrolichenic acid
& icrolichenicaci
< 1500 [MyeH]
=
1000
Subpicrolichenicacid
[M,;-H]
413.2
500
[M;-CO,-H]
397.2
o = — ——.
150 200 250 300 350 400 450 m/z

FIGURE S- 34: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF PERTUSARIA AMARA

= Pseudevernia furfuracea
)
= [M,-C,gH,;05-H,0}
2 5000
2
k=
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[M;-HI
4000 469.3
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+ 3731 a-alectoronidacid
[M.F:H,0,-CH,OH 4141 v
163.1 5113
0 | L " - AL \
150 200 250 300 350 400 450 500 m/z

FIGURE S- 35: NEGATIVE LDl MASS SPECTRUM OF THE ACETONE EXTRACT OF PSEUDEVERNIA FURFURACEA
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= 371.0
A Ramalina cuspidata var. stenoclada Norstictic acid
S 000 [M-HF
2z
£
6000
4000
[M,-CO,-H]
327.2
2000 Usnic acid 387.1
[M,-H]
3431
0d—u " al L P b e
150 200 250 300 350 400m/z

FIGURE S- 36: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF RAMALINA CUSPIDATA VAR.

STENOCLADA
3 x10° 387.1
& Ramalina siliquosa var. crassa N
& Salazinic acid
§ [M-H]
£
15
1.0
Usnic acid
[M,-H]
3431
0.5
- | T W RPN R
——— = — —
150 200 250 300 350 400 m/z

FIGURE S- 37: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF RAMALINA SILIQUOSA VAR. CRASSA

E 10:‘5 149.0 Roccella fuciformis
. X
g [M;-Cy,H504-H,0] M, : Lepraric acid
2
£

1.0

[M;-C1,H1506)
167.1
[M,-CgH,0,-CH,OH] [M;-CeH,0,]
2031 [mcH,0) 2714
235.1
0.5
0 b
350 400 miz

150 200 250 300

FIGURE S- 38: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF ROCCELLA FUCIFORMIS
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3
;8000
L)
'; Roccella phycopsis 209.3
S Roccellic acid
5 [M-H]
6000
4000
[M,-C1H1505-H,0]
2000 1491 .
[M,-Cy;H, 061 Erythrin
165.!]67_11 12H3s MG 0T W]
271.2 421.3
u L [M-CiHy03] 349 4
317.2
0 1 al 1 N L
150 200 250 300 350 400 m/z

FIGURE S- 39: NEGATIVE LDl MASS SPECTRUM OF THE ACETONE EXTRACT OF ROCCELLA PHYCOPSIS

800 Tephromela atra

Intens, [a.u.]

600

400

[M;-C1oHy,05-H,0F
177.0
200
[M,-C;H,04CH,0
163.0

[M;-CoH,0,]
- 195.0
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[M,-CysHy;05-HI
280.0

250 3

Gangaleoidin
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173.0 411.0

350

400

5251

B-collatolic acid
[MH]

a-alectoronidacid
[M;-H]

472.3
511.1

450

500

m/z

FIGURE S- 40: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF TEPHROMELA ATRA

- 3434
5
5000
3 - 387.1
= Usnea filipendula -
%] filip Usnlcac}d Salazinic acid
g M;-H] [MHE
£
4000
3000
2000
[M,-CH,]~
320.0
1000
[M,-CiH;0,]
o 294 | S
150 200 250 300 350 " 200 M/z

FIGURE S- 41: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF USNEA FILIPENDULA
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E s 351.1
= 25 Vulpicida pinastri |
5 Pinastric acid
‘GEJ [M3-H]
20
" Usnic acid
[M,-H]
Vulpinic acid 3431
[M,-H]
1o 3211 .0
0.5
[1,-CH5] -
329.0
0.0 "
150 200 250 300 250

FIGURE S- 42: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF VULPICIDA PINASTRI

m/z

_ 208.0
g 5000 Xanthoria parietina Fallacinal
= [Ms]-
@
C
o
1S
4000
Parietin
[M,]-
284.0
3000
Parietinic acid
]~
314.0
2000
Emodin
[My-H]
269.0
1000
0 e A
150 ) 200 ) " 250 300 350 M/z

FIGURE S- 43: NEGATIVE LDI MASS SPECTRUM OF THE ACETONE EXTRACT OF XANTHORIA PARIETINA
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ESI-MS SPECTRA
SINGLE MOLECULES
DEPSIDES
Atranorin
Intensity
we, 151.0
260E6 1950
200EE
1 60EE
1 00EE
50E6 177.0
1éU j 1éU ' 260 2£U ' EL;U ' EéU EéU ' 3E‘IU j 3£U j 3=‘$U j 3éu j 3éu j 460 s
FIGURE S- 44: NEGATIVE ESI MASS SPECTRUM OF ATRANORIN
Divaricatic acid
Intensity
s 387.1
2,5E%
2ES
1,5E9
1EY
A00EE 1950
1éU j 1éU ZEU ' Eiu ' Zt‘lU EéU ' ZéU j 3E‘IU ' 3%0 ' 3:10 ' 3éu j 3éU ' 4E‘IU s
FIGURE S- 45 : NEGATIVE ESI MASS SPECTRUM OF DIVARICATIC ACID
Evernic acid
Intensity
s 331.1
150E6
100E6
167.0
S0EE:
181.0
WéU 1éU 260 ZéU 2=‘$U j EéU ZéU ' 3E‘IU j 3%0 ' 3:‘10 ' 3éU j BéU ' 460 s

FIGURE S- 46 : NEGATIVE ESI MASS SPECTRUM OF EVERNIC ACID

Thamnolic acid
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Intensity
s 167.0 3751
BOOEE
400ER
200EE
00— : : : : T : T : —» Mz
1a0 200 250 300 3a0 400 450
FIGURE S- 47 : NEGATIVE ESI MASS SPECTRUM OF THAMNOLIC ACID
Lobaric acid
Intensity
s 455.2
1ES
A00EE
E0— T T T T T T iz
150 200 250 300 350 400 450
FIGURE S- 48: NEGATIVE ESI MASS SPECTRUM OF LOBARIC ACID
Stictic acid
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BOEE:
341.1
40EE:-
20E6 357.1 ‘
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FIGURE S- 49 : NEGATIVE ESI MASS SPECTRUM OF STICTIC ACID
Variolaric acid
Intensity
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100EE
S0EE
269.0 |
ZEID Zﬁﬂ ZL;EI Zéﬂ Zéﬂ EEID Eéﬂ 3J‘lEI Héﬂ Béﬂ AEID

T T
160 180

FIGURE S- 50 : NEGATIVE ESI MASS SPECTRUM OF VARIOLARIC ACID

DIBENZOFURAN AND RELATED

miz
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Pannaric acid

Intensity
s 315.1
1 00E6
50EE:- 2—'.1 1
2971
E: . : : . : . : ‘ . : . : : miz
160 180 200 220 240 260 280 300 320 340 360 380 400
FIGURE S- 51 : NEGATIVE ESI MASS SPECTRUM OF PANNARIC ACID
Usnic acid
Intensity
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160 180 200 220 240 260 280 300 320 340 360 380 400
FIGURE S- 52 : NEGATIVE ESI MASS SPECTRUM OF USNIC ACID
B-collatolic acid
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oS 525.2
25E%
2ES
1,5E%
1ES
S00ER 383.1 481.2 5111
| | m
- 1éEI ZEID Zéﬂ EEI[I Eéﬂ 400 480 EEID Eéﬂ "
FIGURE S- 53 : NEGATIVE ESI MASS SPECTRUM OF B-COLLATOLIC ACID
Lobarin
Intensity
e 473.2
2EY
411.2
1,5E9
1Es 443.2
o 385.2 | 429.2 455.2 ‘
‘ m
- ; ZEID Z%D EEID Eéﬂ JEIEI 4a0 EEID m

FIGURE S- 54 : NEGATIVE ESI MASS SPECTRUM OF LOBARIN
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FIGURE S- 55 : NEGATIVE ESI MASS SPECTRUM OF SAKISACAULON A
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FIGURE S- 56 : NEGATIVE ESI MASS SPECTRUM OF EMODIN
Epanorin
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FIGURE S- 57 : NEGATIVE ESI MASS SPECTRUM OF EPANORIN
Rhizocarpic acid
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FIGURE S- 58 : NEGATIVE ESI MASS SPECTRUM OF RHIZOCARPIC ACID
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Vulpinic acid
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FIGURE S- 59 : NEGATIVE ESI MASS SPECTRUM OF VULPINIC ACID
XANTHONES
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FIGURE S- 60 : NEGATIVE ESI MASS SPECTRUM OF THIOPHANIC ACID
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FIGURE S- 61 : NEGATIVE ESI MASS SPECTRUM OF SECALONIC ACID D
ALIPHATIC AND PARACONIC ACIDS
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FIGURE S- 62 : NEGATIVE ESI MASS SPECTRUM OF ROCCELLIC ACID
Lichesterinic acid
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FIGURE S- 63 : NEGATIVE ESI MASS SPECTRUM OF LICHESTERINIC ACID
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FIGURE S- 64 : POSITIVE ESI MASS SPECTRUM OF MYCOSPORINE SERINOL
Cladonia portentosa
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FIGURE S- 65 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF CLADONIA PORTENTOSA
Diploicia canescens
Intensity
o3
420.9]
150E6
100E6
50E6 384.9
200 250 300 350 400 450 500 550 600 650

318



ANNEXE 7 : SUPPORTING MATERIAL ANAL. CHEM. 2015 ; 87(10) :10421-10428

FIGURE S- 66 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF DIPLOICIA CANESCENS
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FIGURE S- 67 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF EVERNIA PRUNASTRI

Flavocetraria nivalis

Intensity

1 EIEIEEE,S
BOEE:
BOEE:
40EG

20EG

3511
321.1

343.1

: miz
400

E

T
160

T T T T T T T T
180 200 220 240 260 280 300 320 340

FIGURE S- 68 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF FLAVOCETRARIA NIVALIS
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FIGURE S- 69 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF LECIDELLA ASEMA
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Ophioparma ventosa
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FIGURE S- 71 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF OPHIOPARMA VENTOSA
Pertusaria amara
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FIGURE S- 72 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF PERTUSARIA AMARA

Pseudevernia furfuracea
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FIGURE S- 73 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF PSEUDEVERNIA FURFURACEA

Ramalina cuspidata var. stenoclada
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FIGURE S- 74 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF RAMALINA CUSPIDATA VAR.
STENOCLADA
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Ramalina siliquosa var. crassa
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FIGURE S- 75 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF RAMALINA SILIQUOSA VAR. CRASSA
Roccella fuciformis
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FIGURE S- 76 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF ROCCELLA FUCIFORMIS

Roccella phycopsis
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FIGURE S- 77 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF ROCCELLA PHYCOPSIS
Tephromela atra
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FIGURE S- 78 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF TEPHROMELA ATRA
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Usnea filipendula
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FIGURE S- 79 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF USNEA FILIPENDULA
Vulpicida pinastri
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FIGURE S- 80 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF VULPICIDA PINASTRI

Xanthoria parietina
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FIGURE S- 81 : NEGATIVE ESI MASS SPECTRUM OF THE ACETONE EXTRACT OF XANTHORIA PARIETINA

322



ANNEXE 8 : SUPPORTING MATERIAL LDI-IMAGING, SCI. REP. 2016; 6: 37807

Annexe 8 : Supporting Material LDI-imaging Ophioparma
ventosa, Sci. Rep. 2016 ; 6: 3/807
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mapping: chemical ecology of Ophioparma ventosa.

Pierre Le Pogams? Béatrice Legouin? Audrey Geairon®, Héléne
Rogniaux®, Francoise Lohézic-Le Dévéhat?, Walter Obermayer¢, Joél
Boustie® Anne-Ceécile Le Lamer>¢

a Université Rennes 1, UMR CNRS 6226 PNSCM, 2 Avenue du Pr. L. Bernard, 35043 Rennes, ? INRA
UR 1268 BIA, Plate-forme BIBS, 44300 Nantes, °¢ Universitat Graz, Institut Karl Franzens, Holteigasse
6, A-8010 Graz, 9 Université Toulouse 3 Paul Sabatier, UFR Pharmacie, 118 Route de Narbonne,
31062 Toulouse.

323



ANNEXE 8 : SUPPORTING MATERIAL LDI-IMAGING, SCI. REP. 2016; 6: 37807

Constant secondary metabolites
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Figure S1 : Chemical structures of metabolites reported from Ophioparma ventosa
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Chemical investigation of microsamples of Ophioparma ventosa thallus
Experimental data

Regarding the preparation of microsamples, random pieces or selected pieces of thallus (ca. 75 mg)
were cut in the middle of the medulla using a razor blade prior to being crushed with mortar and
pestle and subsequently extracted with 1 mL of dichloromethane for three hours. Extracts were then
spotted on analytical TLC plates (Merck Silica Gel 60F254) using toluene/ethyl acetate/formic acid
(70/25/5). Visualization of the plates was carried out under UV light (254 and 365 nm) and using
anisaldehyde/H,SO, reagent when heating.

Preliminary localization of miriquidic acid on micro-samples

The TLC monitoring of micro-samples’ dichloromethane extract revealed a distribution pattern
comparable to that reported during our in situ DART-MS investigation, with usnic acid predominantly
occurring in the upper layers and divaricatic acid evidenced in deeper strata. Representative
examples obtained from the Styria sample are given in Fig. S2. One should note that usnic acid
sometimes substantially arises within the lower half of the thallus.

Divaricatic acid

": RS giak -—g-ata & | Miriquidic acid

| —— e e e o s pe—
>2 >6 >10 >11 >15 >21 >41
<11 <15 <21 <41 <2 <6 <10 <11 <15 <21 <41

>2 >6  >10 >11 >15 21 >41
<10

<2 <6

Figure S2: TLC of selected dichloromethane extract of upper and lower micro-samples of O. ventosa
revealing the basal distribution of miriquidic acid and its uneven occurrence between different pieces
of thallus. Left : UV 254 nm, right : plate sprayed using anisaldehyde

Figure S3: Longitudinal distribution of miriquidic acid in a piece of Ophioparma ventosa thallus (Tyrol
sample). Division of a piece of thallus in small fragments (B). Rose patches refer to areas containing
miriquidic acid (C)
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LDI-imaging of further slices

The distribution pattern of all Ophioparma ventosa metabolites in slices lacking miriquidic acid is
here presented on two supplementary sets of Figures.

Usnic acid

All ions overlaid

-
.

500 um 500 um < 500 um 500 um 500 um

Figure S5: Spatial allocation of O. ventosa metabolites in a hand-cut apotheciate section obtained
from the Tyrol sample.

Usnic acid

Figure S6: Distribution pattern of O. ventosa molecules in a cryosectioned slice from the Styria
sample.
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Annexe 9 : Données complémentaires de biologie moléculaire

A. Extraction de ’ADN génomique.

a. Principe

Un premier tampon (qualifié de tampon de lyse, AP1) est appliqué sur le broyat de cellules pour les
lyser au moyen d'un détergent (e.g Sodium Dodecyl Sulfate). De la RNase A est ajoutée
extemporanément pour dégrader 'ARN des tissus. Un second tampon (tampon de précipitation des
protéines, P3) introduit de fortes concentrations de sels (e.g acétate de potassium) pour faire
précipiter les polysaccharides et les protéines. Le mélange est centrifugé et le surnageant est injecté
sur une premiére colonne pour étre élué par le tampon AW, ce qui va permettre de retenir les
différents débris précipités mais laisser passer ’ADN. L’éluat est alors repris par un tampon contenant
de I'éthanol pour précipiter 'ADN et ainsi le retenir au sein d’'une seconde colonne. Cette seconde
colonne est alors éluée par un tampon de lavage (buffer AW) qui va entrainer diverses impuretés
restant en solution puis par un tampon d’élution (buffer AE) qui va désorber 'ADN de la colonne.

b. Protocole

1. 400 pL de tampon AP1 et 4 uL de RNase A sont ajoutés au broyat de cellules. Le tube est incubé a
65°C pendant 10 minutes et est renversé 3 fois durant cette période.

2. 130 uL de tampon P3 sont ajoutés. Le tube est vortexé puis placé pendant 5 minutes dans la glace.
Le lysat cellulaire est centrifugé 5 minutes a 14.000 rpm.

3. Le surnageant est transféré sur une colonne QlAshredder puis centrifugé 2 minutes a 20.000 g.

4. L’éluat est transféré vers un nouveau tube. 700 pL (eq. 1,5 volume) de tampon AW1 sont rajoutés
et le mélange est homogénéisé par aspiration/refoulement.

5. 650 pL sont transférés sur une colonne DNeasy Mini Spin logé sur un tube collecteur de2 mL. Il y a
élution par centrifugation a 8.000 rpm pendant 1 minute. L’éluat est éliminé. L'étape est répétée
avec I'échantillon restant.

6. La colonne est placée a la surface d’un autre tube collecteur. 500 pL de tampon AW?2 sont
introduits a la surface de la colonne. L’élution se fait par centrifugation (8.000 rpm, 1 minute). L’éluat
est éliminé.

7. 500 pL de tampon AW?2 sont une nouvelle fois déposés a la surface de la colonne. Aprés
centrifugation (14.000 rpm, 2 minutes), I'éluat est éliminé.

8. La colonne est placée sur un nouveau tube collecteur et 100 plL de tampon AE sont déposés a sa
surface. Apres 5 minutes d’incubation, I’échantillon est centrifugé 1 minute a 8.000 rpm.

9. ’étape précédente est répétée.
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B. Alignement de séquences pour la désignation des
amorces

CLUSTAL 0(1.2.1) multiple sequence alignment
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FIGURE 74 : ALIGNEMENT DE SEQUENCES ATP-GRASP EXTRAITES DE CYANOBACTERIES D’INTERET. LES SEQUENCES
CIBLEES POUR LA DESIGNATION DES AMORCES DEGENEREES SONT SURLIGNEES EN GRIS. AVA_3856 DE A. VARIABILIS
ATCC 24913 ; WP_019491246.1 DE CALOTHRIX sP. PCC 7103 ; WP_039715341 DE SCYTONEMA MILLEI ;

WP_015199130.1 DE CALOTHRIX PARIETINA ; KIJ85250.1 DE SCYTONEMA TOLYPOTHRICHOIDES VB-61278 ;

WP_017743130.1 DE SCYTONEMA HOFMANNI.

CLUSTAL 0(1.2.1) multiple sequence alignment

WP_039715343.1 MSEVQAKFTATETAFHVEGYEKIEFSLLCINGAFDISNREIADQYQKYGRCLTVIDANVY 60
AFZ02505.1 MGIPQATFAATETVFHVTGYEKIEFSLVYVNGAFDIRNTEIADSYHKFGRCLLVVDANVN 60
WP_019491244.1 MGIPHASFTATEKAFHVTGYEKIDFSLEYVNGVFDIKNTEVADSYQPFGRCLAVVDANVN 60
Ava_3858 MSIVQAKFEAKETSFHVEGYEKIEYDLVYVDGIFEIQNSALADVYQGFGRCLAIVDANVS 60
WP_026134619.1 MSTVQTKFEATESAFHVEAYEKIEYSLVYVDGVFSIKNTELAEVYRDFGRCLAVVDTNVN 60
KIJ85256.1 MSTIQAKFEATETAFHVEAYEKIEYSLIYVDGVFAIKNPQLAEVYKDFGRCLVVVDANVN 60
ce Lk ok k| kokk dkokkk. . K sk ok ok ok ke k. okkkok o oakekk
WP_039715343.1 RLYGEQIEAYFQHYNIDLTVFPITITEPNKTIATFETIIDAFAEFGLVRKEPVLVVGGGL 120
AFZ02505.1 RLYGEQIKSYFQFYDISLTVFPVTITETAKTLQTFEEIVDAFADFGLIRKEPVLVVGGGL 120
WP_019491244.1 RLYGEQIRAYFRYYDIDLTVHSVTITEPAKTLATFESVVDAFADFGLIRKEPVLVVGGGL 120
Ava_3858 RLYGNQIQAYFQYYGIELRLFPITITEPDKTIQTFERVIDVFADFKLVRKEPVLVVGGGL 120
WP_026134619.1 RLYGSQMQEYFEYYDIDLTVFPITIAEPNKTIESFETIIDAFADFRLVRKEPVLVIGGGL 120
KIJ85256.1 KFYGSQIEQYFKYYDIDLTVFPITITEPNKTIESFEKIIDAVAEFKLVRKEPVLVVGGGL 120
cokk ke Rk K Ok ko ekkek okke Rk ook ko kekokkkokokok . kkokok
WP_039715343.1 VTDVAGFACAAYRRNSNFIRVPTTLIGLIDAGVAIKVAVNHKKLKNRLGAYHAPKQVILD 180
AFZ02505.1 VTDVVGFACASYRRSTNYIRIPTTLIGLIDAGVAIKVAVNHRKLKNRLGAYHAPQKVILD 180
WP_019491244.1 VTDVVGFACSAYRRKTNYIRIPTTLIGLIDAGVAIKVAVNHKKLKNRLGAYHAPQKVILD 180
Ava_3858 ITDVVGFACSTYRRSSNYIRIPTTLIGLIDASVAIKVAVNHRKLKNRLGAYHASRKVFLD 180
WP_026134619.1 TTDVAGFACSAYRRSSNYIRIPTTLIGLIDASVAIKVAVNHKKLKNRLGAYHASKKVFLD 180
KIJ85256.1 ITDVAGFACSAYQRSSNYIRIPTTLIGLIDASVAIKVAVNHKKLKNRLGAYHASQNVFLD 180
Rk RRkok e ok ek ok okok o RORRRRRR R KRR KRR kK kR ROk KRR o ok e Kok
WP_039715343.1 FSFLRTLPTAQVRNGMAELVKIAVVANAEVFNLLEKYGEQLLQTHFGYVDATPELQEIAY 240
AFZ02505.1 FSFLETLPVAQIRNGMAELVKIAVVANSEVFELLYEYGHELLHTHFGYVNGSEKLQEVAH 240
WP_019491244.1 FSFLKTLPIAQVRNGMAELVKIAVVSNSEVFELLYEYGHDLLETHFGYVNGSEHLQEIAH 240
Ava_3858 FSLLRTLPTDQVRNGMAELVKIAVVAHQEVFELLEKYGEELLRTHFGNIDATPEIKEIAH 240
WP_026134619.1 FSFLQTLPTAQVRNGMAELVKIAVVANKEVFDLLDEYGEELLRTHFGYVDAEPEIRDVAH 240
KIJ85256.1 FSLLGTLPTAQVRNGMAELVKIAVVNNKEVFDLLDKYGEELLSTHFGNIDATPEIKEVAH 240
Kk ok Kok Kk RRRRRRRRRRoRRR | kkkakk okk | adkok Rdokk .. ee ek
WP_039715343.1 KVNYESIKTMIELETPNLHEIDLDRVIAYGHTWSPTLELAPNVPIFHGHAVNIDMAFSAT 300
AFZ02505.1 RLNYAAIKTMLELETPNLRELDLDRVIAYGHTWSPTLELAPQVPLYHGHAVNVDMALSAT 300
WP_019491244.1 QVNYEAIKTMLELETPNLHEIDLDRVIAYGHTWSPTLELAPHVPLYHGHAVNIDMALSAT 300
Ava_3858 RLTYKAIHKMLELEVPNLHELDLDRVIAYGHTWSPTLELAPRLPMFHGHAVNVDMAFSAT 300
WP_026134619.1 KATYEAIKTMLELEIPNLRELDLDRVIAYGHTWSPTLELAPRIPIFHGHAVNIDMALSAT 300
KIJ85256.1 RVTYESIKSMLNLEVNNLHELDLDRVIAFGHTWSPTLELAPRVPIFHGHAVNIDMAFSVT 300
cok ke ke okk Kok ek kookokokokk o kokok ok ook Rokok ok e o SRR KK Kok 4k
WP_039715343.1 LAARRGYISTQDRDRILGLMSRIGLALDHPLLEGDLLWQATESIMQTRDSKLRAAMPKPI 360
AFZ02505.1 TAQRRGYIDVESRDRILNLMSKIGLTLDHPLLDGDLLWYATQSITQTRDGKLRAAMPNPI 360
WP_019491244.1 IASQRGYISVGERDRILDLMSRIGLSLDHPLLEGDLLWYATESITQTRDGKLRAAMPKPI 360
Ava_3858 IAARRGYITIAERDRILGLMSRVGLSLDHPMLDIDILWRGTESITLTRDGLLRAAMPKPI 360
WP_026134619.1 MAAQRGYITSEERDRILGLMSRLGLALDHPLMDEELMWRATQSIILTRDGLLRAAMPKPI 360
KIJ85256.1 LAARRGYITTQERDRILSLMSRIGLALDHPLLDEELAWRATQSITCTRGGLLRAAMPRPI 360

WP_039715343.1

ok eokokokk JRkkkok kokk e okkakkkk e .. .. ko kakok kk o kkkokkk kk

GTCFFVNDLTREELNAALAEHKQLCATYPRGGDGVDAYMVQEP -ELVGSV- 409

AFZ02505.1 GECFFVNDLTRQELDEALVEHRVLCAELPRNGAGIDAYIGTEESELIEA-- 409
WP_019491244.1 GTCFFVNDLTREELDEAVAAHKHICAKLPRSGAGIDAYIGTEEVEMVGV-- 409
Ava_3858 GDCVFVNDLTREELAAALADHKELCTSYPRGGEGVDVYPV-YQKELIGSVK 410
WP_026134619.1 GNCFFMNDLTREELASAISEHKHLCQNYPRGGEGVEMYPDSYKPELVGSEA 411
KIJ85256.1 GSCFFMNDLTREELAEALSEHKDLCKTYPRGGDGVELYPDAYNPELVGSEA 411

kok ok eokskkokk o okok * . E RIS 3 kk ok ke Xk koo

FIGURE 75 : ALIGNEMENT DE SEQUENCES DHQS-LIKE EXTRAITES DE CYANOBACTERIES D’INTERET. LES SEQUENCES
CIBLEES POUR LA DESIGNATION DES AMORCES DEGENEREES SONT SURLIGNEES EN GRIS. AVA_3858 DE A. VARIABILIS
ATCC 24913 ; WP_019491244.1 DE CALOTHRIX SP. PCC 7103 ; WP_039715343.1 DE SCYTONEMA MILLEI ;
AFZ02505.1 DE CALOTHRIX sP. PCC 6303 ; KI1J85256.1 DE SCYTONEMA TOLYPOTHRICHOIDES VVB-61278 ;
WP_026134319.1 DE SCYTONEMA HOFMANNI.
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CLUSTAL 0(1.2.1) multiple sequence alignment

KUJ16163.1

XP_007885993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_0@8713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007885993.
XP_007681459.

R R RRR

PR R RR

PR R RR

R R RRR

PR RRR

----------------------------------------- MPLSGTSPTYLHVLQNASL 19
------------------------------------------ MLDADSSELLHFAQNVCL 18

.......................................... MLQGTSPLLAHRLQNASL 18
................................................ MVSSEAIKNASL 12
.......................................... MLDGTSSLLAHRLRNAGL 18
.......................................... MLDGTSSVLAHRLQNASL 18
............... MTVSQA- - - -NGKSDIMAPDGIITTIPSLAFLRVPVKEHVKIFLL 41

--------------- MSTR--------EPVVQSSRSI--FNSTNGCLRLSLHDHIKTAFL 35
MERVLWMPDEDVAPLLSVPNATAFFPSDPVP - -ETRRYSSANSPTMAVLALGDTTKTLGI 58
____________________________________________________________ )

ILLSICCFPLCTFIAALSSAI----- SPYLKTAR- - -HIQHYRKWRRVSSSTFRPRTILV 71
ILLSVVLLPLSTAILFLSYAV----- RLFFGE----- NASRQ- - -RSQRSPNFQPKTILV 65
----------------------------------------------------- EAKTILV 7
LILSLVFLPLDTFILLVSLW----- GKVFPS----- KVLSNREAARHRDASFTRRKVLV 68
ITLSLLFLPLDSFIATCSYLL----- GWVSKP----- K-=------- A-IRPGHQKRNVLV 53
LFLSLAFLPLDTLILFISFLF----- RTILPN----- EVEHRRREAR-QDHGFHPRTILV 67
LLLSLVFLPLDTFVLISSFLV----- AFIFPS----- HAGGTPRQFE-SATGRNSRKILV 67

LALSIFFLPISYAIAITLTAVPPSVLAYFQPFSRSTLTGALFHRTQCRAKPTFRQRTILV 101
VLLSLITLPISYIIALALTILPPSVMTYLLPFSSSTPTGALYHRNSCRSERDFAQLTVLV 95
IMLSIFTLPLSLTVTGLLF-LAHLIIGYFSRSAS--KSQLQY-EANS--NSSHHQKTILV 112

____________________________________________________________ %)
VAVSVILAPWSIALALLV-------- IFFRPWAS-MLGSSRYPKPKC--LSPVRSRTVLV 64

TGVGMSKGLTLARTFYRAGHRVVGADFEDYMIPV------ C-GHFSKSIETFYRLSRPSS 124
TGVGMAKGLRIARAFYQTGHRVIGADFEPNSILV------ S-GRFSRAIDKFYRVSKPSP 118
TGVGMTKGLALARLFYAAGHNVIGADFEPAFLPT------ CSGRVSRSLTSFHKLSKPDG 61

TGVGMTKGLALARLFYEAGHDVIGADFEPDGAWA------ C-GRVSSALGKFYRLEKPDA 121
TGVGMSKGLFLARAFYLAGHRVIGADFEPDGALS------ I-GRTSKSLSRFYHLRAPAG 106
TGIGMTKGLVLARLFYEAGHDVVGADFEPDGALA------ C-GRVSRALRKFYRLQTPGI 120
TGVGMTKGLVLARSFYEAGHVVVGADFEPNGALV - - - - - - C-GRMSKSLRRFYTLRSPTT 120

TGVGMTKGLTLARAFWLCGYRVVAADFDVGSCAAWTPWKKGRWSYSLAFDAVYSLRRPVV 161
TGVGMAKGLTLARSFWLCGHKVIAADFDAQNCSVIWTPWH - -GWVYSRAFDKVYSLRKPVI 153

TGVGMTKGLTLARAFHSQGHRVLGADFEDALVPS - - - - - - - SGRQSRSLSSFYSLRKPSS 165
----MAKGLTLARAFRLCGHRVIGADVESHGIPC------- SGRFSRALSRFCKLGRPST 49

TGVGMAKGLTIARAFYLQGHRVVGADFENQAIPC------- SGRYSKGLSKFRSMKSPSS 117

*okkk kk ok ook Kk . * ..k

EMG------- TQ--RYMKDMIDIIKKENVELWVSCSGIASGVKDGEAAEIIE------- K168
QHG------- AA--RYVRDLVYIVEKEEVDLWVSCSGVASAAEDGQAMELLG------- R 162
SRE------- K-QAKYTQELLNIVRKENVDIWVSCSGVASALEDGQAKEMIE------- L 106
KAG------- AA--PYIQTLLDVVTKEKVELWISCSGVASAVEDGMAKEVVE------- A 165
QDA------- ST--TYVQDLLRIVLAEKIDLWVSCSGVASAVEDGQAKEIIE------- A 150
SSA------- SSPDMYIQNLLDIVTREKVDLWVSCSGVASAVEDGMAKEVVE - - --- -~ K166
KSG------- SA--PYIQSLLDIITNEKIDLWVSCSGVSSAVEDGMAKEIVE------- G164

KDGMDDREKEEVRTAYTRDICKIVEDEVVDLWVSCSGVASAVEDAMVKEALDKVSPSPRG 221
GEGMDEMEKTEVQIGYIRDICQIVKTEGVDLWVSCSGVASAVEDAMVKEALDKMPTA--N 211

K-=-=-=----- TLSSSYTAQLVDLVTRENVDLWVSCSGVATAVEDGAAADQIE------- Q209
---------- TSSREYIRSLVDIIEAEDVNLWVSCSGVSSAAEDAEAKEVIE-------A92
S-------- VQSSRSYVQQMLRIVREEDVDLWVSCSGVASALEDAKAKELIE------- R162

ETKCKAIQFGLTLTETLHEKHSFIDNTRQ-LGLNVPDTHLVTSETESLAVLYPEKPR--- 224

KTNCKSIQFDVKTTETLHEKDRFIEYTKS - LGLPVPETHQVVSRTAVLNVLNEA------ 215
VTACKCVQFDVPTTKRLHEKHSFIEYTKS - LALPVPETHTVTSKAAALQVLDDA--- - - - 159
RTACKAVQFDVQTTQTLHEKHAFMAHTKDVVGLTVPETHEVTSREAVLDVLRAA- - - - - - 219
RTPCKALQFDIETTQMLHEKHTFVEHVSK-CGLTVPETYAITTRADVERILRR---~---- 202
RTKCKAIQFDVHTTQILHEKHSFIQHTRD-IGLNVPETHEITSRAEVERILRE------- 218
RTGCKAIQFDVETTQTLHEKHTFIAHTRD-IGLNVPETHEIRSRAEVESVLRN------- 216

RRRCACIQFDVPTTSTLHEKSAFIRHTKA-LKLTVPETFEVTSQAEVLDALASATR---- 276
GARCACIQFDVPTTSTLHDKSTFIRHTRS -LKLCVPETYDVTSHSEVLHFLDRAAK - --- 266
STRCRCVQFNEKITARLHEKNSFIRETVR-LGLPVPETHEVAAHEDVQRVFDR- -~ -~~~ 261
RTKCRCIQFDVATTMELHEKDAFMRAAKR - LGLPVPETHDVTSPQQVMEILRRSNRDDGQ 151
ETRCKCIQFGVQETETLHEKDLFMREAHR - LGLPVPETHNLTCPDDALNILLKFHG---- 217

* kK * kkek k. * kKo . .
----------- SAQGTKYVMKSVFLDDSSRADMT -LLPRPTL----------KETETHIK 262
----------- IDGKKKYIMKTIGVDDASRASTAIVLPKRTL--~--------SQTYGHVS 254
----------- AGTGRKYIMKYIGTDDAVRGDMT-LLPLSSP----------ARTKAHIS 197
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XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007885993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KuJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_0@8713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007805993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1
KKY35075.1
KUI55508.1

XP_003719130.

KXJ90766.1

XP_007839533.

KUJ16163.1

XP_007885993.
XP_007681459.
XP_013283808.
XP_008713719.
XP_007756893.

KIW13571.1

=

R R RRR

PR R RR

R R RRR

PR RRR

R RRRR

----------- APHGRKYIMKTIGVDDAVRGDLT-LLPKKCE----------RETAEHLA 257
----------- APSGRHYIMKTIGVVDAVRGDMT-LLPKDTH----------DETLKHLQ 240
----------- TPSGRKYIMKTIGVDDSVRADMT-LLPKSSG----------VETSKHLA 256
----------- APPGRRYIMKTVGVDDAARGDMT-LLPKSTP----------METSKHLA 254
----------- ENPGRKFILKPVGMDDANRGNMT -LLPLPTA----------RETGSFVR 314
----------- KHPARKFILKPVGIDDANRGNMT -LLPFSAT----------HDTERHVR 304
----------- SGKGRRFIMKPVGMDDAHRGNMT -LLPLATS----------AETEAHVL 299
QHRGGGGGGSSRGRERPFILKTVGVDDTHRANMT - LLPLLGPALGGQQDISWPDTQRYVT 210
----------- MSPARKFILKTVGVDDANRGNMT-LLPLDTK----------EATKRYIS 255

-RLNPTPFRPFVLQKFIS-GPEYCTHSLVINGKVKAFVACPSAELLMHYVPLPTSSALSQ 320
-KLSISKSTPWVLQQYIK-GEEYCTHSIVIDNKVKLFVACPSSDLLMHYQALPQESGLSK 312
-RLDVSEDRPWILQQYVR-GPEFCTHSLVVKGEVKAFVACPSSELLMHYEALPSDGALSM 255
ARLNISGDAPWILQEFIQ-GREYCTHALVVAGKVKAFVACPSAELLMHYQSLPAESPLSR 316
-HLPISEECPWILQQFVQ-GAEFCTHSVVVNGRVKAFVACPSAELLMHYQMLPPDSALSL 298
-RLKISAQCPWILQQYIR-GKEYCTHSLVVNGEVKAFVACPSAELLMHYEALPAESPLSQ 314
-KLRISAESPWILQQFVK-GREYCTHSLVVNGQVKAFVACPSAELLMHYEALDPTSALSE 312
-RLPVSRARPWILQQF IRGGREYCTHALVVGGAVKVFAACPSSELLMHYEALPADDPLTA 373
-RLPITKDKPWILQQFIRGGREYCTHSLVVDGTVKVFAACPSDELLMHYTALANDDPLCE 363
-GLPISSACPWIVQQFIPGGREYCSHALVIRGEVRVFTACSSSELLMHYEALPAHSQLFR 358
-RLPISAQNPWIVQQFIPGGQEYCTHALVVRNEVRCFTACPSAELLMHYEALGPESALYQ 269
-RLSISPQRPWILQEFITGGEEYCTHALIVRGEVKCFVACPSAELLMHYRALEPQSALSR 314
* .

Koookeos * kekake oo koook kk ko eskokokokok * *

AMLLYTTLYAKKT - - - -- GPSMTGHFSIDF LVEADVAQDAERRVGVSDTEVRELMSRIYP 375
AMLHFTEEFAHRS - - - - - GSGFTGHLSFDFMVEEKVTEGCV -~ -= - -~ -~~~ QKNIYP 354
SMLRFTQEYAAAG- - - -- GNAFTGHLSFDF LVEMDDAERAL - - - - - - - - RDPSANVRLYP 302
AMLAFTQTYAASG- - - - - GRGFTGHLSFDFMVREDQHGGKDGRG- - - - - NVDPRDIVLYP 366
AMLAFTESTAARG- - - - - GEGFTGHLSFDFMVEDADL -~ - ===~ ----- KSNNPTLYP 339
AMLDFTKRYAANG- - - - - GRGFTGHLSFDFMVEEGDE -~ -~ ---------- KAEDITLYP 355
AMLAFTRKYAAVG- - - - - GPAFTGHLSFDFMVEDDDR - - -~ -~~~ - - - VLKAADVTLYP 355
EMLDFTTKFAAAA- - - -- GAGFTGHLSFDFMAEEDGDG- -~ - ==~ -~------ GARLYA 412
EMLGFTRRFAAAA- - - -- GTGFTGHLSFDFMAEDDKNG- -~ - =~ =~ -~------ GTSLYA 402
DMLQF TKDF CARSEE - - - SKSMTGHLSFDFMVDEQG- -~ - === === === == === - ATHA 395
AMLAFTREYVARNSAADGVGQMTGHLSFDFMVEDVAAS - - - - = - - - = - - - SDKFERRFYA 317
AMLAFTREYIFRSPN- - - SEQF TGHLSFDFMVRDSAVD - - - - = - = = - = - - EHTIERSLYA 359
k% :* :***:*:**:' 1

TECNPRAHTAVVCLADESE - - - - - - - - - - DHAEAYLSILPDHEPKGISN----G----- 415
IECNPRAHTAVALFSGTQG--------- SVDMVKAYMSVLDSSPTSGSN- - - - - GHLDLS 400
TECNPRTHTAVCLFNDTP - - == == === --- EMVDAYLTLLSPKAASISSSPSPTGTNSTT 350
TECNPRAHTAVVLFNGRTSTSI - - - STAATAMVQAY LSTFEDVDNHH- - = = == - == - - LN 412
TECNPRAHTAVVLFNGTH=- - - === === --- RMVDAYMSLLGNAEAEE - - - == === -- - 374
TECNPRAHTAVALFNGTT------------ AVVDAY L SALDGAENRNGASDD-NGNGTPA 462
TECNPRAHTAVALFNGTT------------ TMADSYLSVLDKGPTT == === ===c=-=- 389
IECNPRAHTAVALFAQPGEQ- - - - - - - - MRWMVEAYASAVNAPLKPLKA- - - - - == - - - - 453
TECNPRTHTAVVLLGQAGGE - - - - - - - - VRQMVVAYLSATESNMKLGNK - - - = = - = = - - E 444
TECNPRVHTAVWLFSQPGEV- - - - - - - - TRDMVRAY LWVL EHGQPDNNGSREAV - - -DEV 444
TECNPRAHTAVVLFAQEGPA- - - - - - - - MEAMVEAYMSATSDY - ENNAGSRKTV - - - ANG 365
TECNPRAHTAVTLFAQQQHGSGGDGAATTSAMVKAYLSALEET -PESYA- - -HV---L- - 410
******'**** : . :*

- - - -HRGEALVVPRPGIQGYYWAGHDLVTRVLLPLLRLLRFE - ==~ = === == =m oo 453
YTLSGTGS -VAYPLPTAPGYYWMGHDIVTLVLHPLLRILTFR-- === -=-=-m=om- 441
ATPNGLAPLPTFPNPPTKKYYWLGHDLVTFVLLLLLSLASLSPDG------=-=------ 395
RTADSSIDIVRP - -VAQDKYFWTGHDLVTLVLLPTLSLFPALFSGLASVPVSRSGAPSST 470
-------- VIFPAQTGGYKYYWVGHDLATKLLLSTVGLCTLS =~~~ -------------- 488
TTQDPTTPVIHP - - AHHDKYFWIGHDLVTLVILPTSSLLFPLLPS - ----- GRSS----- 449
- - - ~RSSNVVRP - - LCNDKYYWIGHDLVTRVFVPTLEFLSLQ-------=-=-==----- 425
MGNSGAAPGMVIWPPADATPRYWIGHDFVTRALLPWLNLLLWKPG - -~ - == ===~ - =~ - - - 497
PKTKNAFSRLVRPPTETTSRYWIGHDFVTLLVLPVWRLLSCDLT - -~ == === ===~~~ 488
NGQDH - VAE TVWPHHQTHPRYWIGHDVVELGLLPTIKLTRGGEE - =~ === ==~ ==~ - - - 487
DAQSAVQSVPVSPAGSPLPRYWLAHDLVALVSQPLVRLILGADG - - - - === ==~~~ - - 409
KQNGLREEMIVFPPKSTLPRFWIAHDLFTLVLQPILNFVAGQKS - -~ - === ==~~~ ---- 454

.k *k .

----- IGVMDMLELWMEFAE - -HVLYWRDGTFE TWDPWPFWWLYVGYWPGMFLVS - - - - - 501
----- IGFWSFIHHVTTFVN - -HVLFWKEGTYEVWDPLPWWWL YHVYWPRQFWAC - - - - - 489
----- PSFREVFESVATFGE - - HVLWWKDGTWEVWDPWPAWWL YHVYWVVQF AGALGGLY 448
DSGIRASITHLTQNYTLFLH- -RLLTWRDGTYEPWDPLPWWWLYHVYWPVRFWAC- - - - - 523
----- KGVSAVLSDYIALVS - -HL TLWRDGTFE LWDPWPWWCLYHIYWPVRFWHC - - - - - 456
SSASSTSVRTTLQDHAVFIRHVASPTWKDGTFQPWDPLPWWWLYHFYWPLRFWDC- - - - - 504
----- STVRDLMRNYIDFFT- -HLLTWKDGTYEVWDPLPWWWLYHVYWPTKFWSC- - - - - 473
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KKY35075.1 ------ SGGLLVDGVGELVQ--HVLYWKDGTFELWDPWPFVALYHHYWPRAILAS----- 544
KUIs555e8.1 ------ VGG-ITTGVKEFAE--HVFCWKDGTFELWDPWPFVALYYHYWPKAIVTS----- 534
XP_003719130.1 @ ------- AKKVMKSLAELWL - -HVRCWKEGSFDARDPLPTLMLYHVYWPLTTAAA- - - - - 533
KXJ9e766.1 ----- AAGGQLVRGVLKFLE--HVLTWKEGTFEIWDPMPAVWLYHVYWPLTLLSA----- 457
XP_007839533.1 @ ------- VHQLFCCLTEFLI--HVLTWKEGTFEVWDPWPAVVLYHVYWPLTILSA----- 500
. Koakeoo k¥ K Kk Kk .
KuJjieiez.1 ~  ----- LWERKWWSRCNVSTQKMFGC 521
XP_007805993.1 @ ----- LRTGKKWIRVNVSTTKIFGC 509
XP_007681459.1 GEVLGLGRGGKWSRVNVSTTKMF - - 471
XP_013283808.1 @ ----- LRDGRKWSRINVSTAKMFEC 543
XP_o008713719.1 ----- IRTGTGWSRVNVSTTKMFEK 476
XP_007756893.1 @ ----- LVRGRKWSRVNVSTTKMFEC 524
KIW13571.1 ----- IWTGSKWSRINVSTTKMFQC 493
KKY35075.1 ----- WWKGEQWSRLNVSTTKMFIC 564
KUIs55e8.1 ----- WWKGERWSRLNVSTTKMFSC 554
XP_o003719130.1 ----- WWQGRRWSRINVSTTKMFMI 553
KXJ9e766.1 = ----- LWRGVRWSRVNVSTTKMFLC 477
XP_007839533.1 @ ----- WWRGDDWSRVNVSTTKMFAC 520

ko %k kskkk ke k

FIGURE 76 : ALIGNEMENT DE SEQUENCES ATP-GRASP EXTRAITES DE CHAMPIGNONS D’INTERET. LES SEQUENCES
CIBLEES POUR LA DESIGNATION DES AMORCES DEGENEREES SONT SURLIGNEES EN GRIS. KUJ16163.1* DE
PHIALOCEPHALA SCOPIFORMIS ; XP_007805993.1 D’ENDOCARPON PUSILLUM Z07020 ; XP_007681459.1 DE
BAUDOINIA PANAMERICANA UAMH 10762 ; XP_013283808.1* DE FONSECAEA PEDROSO! CBS 271.37;
XP_008713719.1* DE CYPHELLOPHORA EUROPAEA CBS 101466 ; XP_007756893.1* DE CLADOPHIALOPHORA
YEGRESII CBS 114405 ; KIW 13571.1 D’EXOPHIALA SPINIFERA ; KKY35075.1 DE DIAPORTHE AMPELINA ;
KUI55508.1 DE VALSA MALI VAR. PYRI ; XP_003719130.1 DE MAGNAPORTHE ORYZAE 70-15; KXJ90766.1 DE
MICRODOCHIUM BOLLEYI ; XP_007839533.1 DE PESTALOTIOPSIS FICI W106-1.* LES PROTEINES MARQUEES D’UNE
ETOILE SONT DOTEES D’UNE REDUCTASE A LEUR EXTREMITE N-TERMINALE QUI N’A PAS ETE UTILISEE POUR LES
ALIGNEMENTS.
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CLUSTAL 0(1.2.1) MULTIPLE SEQUENCE ALIGNMENT

XP_007681536.1
XP_008713717.1

KIW13573.1

XP_007756891.
XP_013283806.

KuJ21542.1

XP_007805994.
XP_007839531.

KKY35074.1
KUI55509.1

XP_003719131.

KXJ90767.1

XP_007681536.
XP_008713717.

KIW13573.1

XP_007756891.
XP_013283806.

KuJ21542.1

XP_007805994.
XP_007839531.

KKY35074.1
KUI55509.1

XP_003719131.

KXJ90767.1

XP_007681536.
XP_008713717.

KIW13573.1

XP_007756891.
XP_013283806.

KuJ21542.1

XP_007805994.
XP_007839531.

KKY35074.1
KUI55509.1

XP_003719131.

KXJ90767.1

XP_007681536.
XP_008713717.

KIW13573.1

XP_007756891.
XP_013283806.

KUJ21542.1

XP_007805994.
XP_007839531.

KKY35074.1
KUI55509.1

XP_003719131.

KXJ90767.1

XP_007681536.
XP_008713717.

KIW13573.1

XP_007756891.
XP_013283806.

KUJ21542.1

XP_007805994.
XP_007839531.

KKY35074.1
KUI55509.1

XP_003719131.

KXJ90767.1

XP_007681536.
XP_008713717.

MSDMKASVQETP----- KGFHVEGYEKIEYDFSFVDGVFEKEHADLAECFSRWRRCLAIM 55
MSDLQATVAETP----- NGFHVQGYEKIEYDFTFIDGVFDMGNKALADCYERWGRCLAVM 55
MSDLKASVAETP----- AGFHIEGYEKIEYDFTFIDGVFDARNRDLAD