N
N

N

HAL

open science

Roles des endophytes fongiques racinaires dans la
tolérance de Fallopia aux éléments Traces Métalliques

Louise Barberis

» To cite this version:

Louise Barberis. Roéles des endophytes fongiques racinaires dans la tolérance de Fallopia aux éléments
Traces Métalliques. Biologie végétale. Université de Lyon, 2020. Frangais.

tel-03456670

HAL Id: tel-03456670
https://theses.hal.science/tel-03456670
Submitted on 30 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

NNT: 2020LYSE1277 .


https://theses.hal.science/tel-03456670
https://hal.archives-ouvertes.fr

UNIVERSITE e
YON

ElR;

N°d’ordre NNT :
2020LYSE1277

THESE de DOCTORAT DE L'UNIVERSITE DE LYON

opérée au sein de
I'Université Claude Bernard Lyon 1

) _ Ecole Doctorale ED 341
Evolution Ecosystémes Microbiologie Modélisation

Spécialité de doctorat : Ecologie, micro-organismes, interactions
Discipline : Biologie

Soutenue publiguement le 14/12/2020, par :
Louise Anita Bernadette BARBERIS

Roles des endophytes fongiques
racinaires dans la tolérance de
) Fallopia
aux Eléments Traces Métalliques

Devant le jury composé de :

CHIAPUSIO Genevieve, MC, CARRTEL Université Savoie Mont Blanc Rapporteure
TABACCHI Eric, MC, LDB, Université Toulouse III - Paul SABATIER Rapporteur
BEDELL Jean-Philippe, DR, LEHNA ENTPE Examinateur
BINET Marie-Noélle, MC, Université Grenoble Alpes Examinatrice
COMTE Gilles, PR, LEM (UCBL) Examinateur
PORCHER Emmanuelle, PR, MNHN Examinatrice
PRADO Soizic, PR, MNHN Examinatrice
PIOLA Florence, MC, LEHNA (UCBL) Co-directrice de these
MICHALET Serge, MC, LEM (UCBL) Co-directeur de these

BINET Philippe, MC, LCE (Université de Franche-Comté) Co-directeur de these



Université Claude Bernard — LYON 1

Administrateur provisoire de I'Université M. Frédéric FLEURY
Président du Conseil Académique M. Hamda BEN HADID
Vice-Président du Conseil d’Administration M. Didier REVEL

Vice-Président du Conseil des Etudes et de la Vie M. Philippe CHEVALLIER
Universitaire

Vice-Président de la Commission de Recherche M. Jean-Frangois MORNEX
Directeur Général des Services M. Pierre ROLLAND
COMPOSANTES SANTE

Département de Formation et Centre de Recherche Directrice : Mme Anne-Marie SCHOTT
en Biologie Humaine

Faculté d’Odontologie Doyenne : Mme Dominique SEUX

Faculté de Médecine et Maieutique Lyon Sud - Doyenne : Mme Carole BURILLON
Charles Mérieux

Faculté de Médecine Lyon-Est Doyen : M. Gilles RODE

Institut des Sciences et Techniques de la Directeur : M. Xavier PERROT
Réadaptation (ISTR)

Institut des Sciences Pharmaceutiques et Directrice : Mme Christine VINCIGUERRA

Biologiques (ISBP)

COMPOSANTES & DEPARTEMENTS DE SCIENCES &

TECHNOLOGIE
Département Génie Electrique et des Procédés Directrice : Mme Rosaria FERRIGNO
(GEP)
Département Informatique Directeur : M. Behzad SHARIAT
Département Mécanique Directeur M. Marc BUFFAT
Ecole Supérieure de Chimie, Physique, Electronique Directeur : Gérard PIGNAULT
(CPE Lyon)
Institut de Science Financiére et d’Assurances Directeur : M. Nicolas LEBOISNE
(ISFA)
Institut National du Professorat et de I'Education Administrateur Provisoire :
M. Pierre CHAREYRON
Institut Universitaire de Technologie de Lyon 1 Directeur : M. Christophe VITON
Observatoire de Lyon Directrice : Mme Isabelle DANIEL
Polytechnique Lyon Directeur : Emmanuel PERRIN
UFR Biosciences Administratrice provisoire :
Mme Kathrin GIESELER
UFR des Sciences et Techniques des Activités Directeur : M. Yannick VANPOULLE

Physiques et Sportives (STAPS)



UFR Faculté des Sciences Directeur : M. Bruno ANDRIOLETTI



2]
2% 009

Rbles des endophytes fongiques
racinaires dans la tolérance de
Fallopia
aux Eléments Traces Métalliques







Remerciements

Florence, Serge, Philippe, merci pour votre accompagnement en tant que directeurs et
directrice, votre soutien scientifique mais aussi toute votre bienveillance sans laquelle je
n’aurais pas pu aller au bout de ce travail de longue haleine. Vous m’avez fait confiance
et ce fut trés important.

Merci a Eric Tabacchi et Genevieve Chiapusio, mes deux rapporteur.e.s, d’avoir accepté
de lire et évaluer ce tapuscrit.

Je voudrais remercier toutes les doctorantes et tous les doctorants, pour les repas en
commun, les piques-niques, les sorties. Une dédicace spéciale a Nathanaélle, toujours
présente dans les bons moments comme dans les moins bons : un magnifique pilier pour
mes premiéres années !

Merci a I'équipe EVZH et au laboratoire LEHNA pour leur accueil et leurs gateaux.

Merci a mes collégues enseignant.e.s, de biologie animale, végétale et de zoologie pour
leur accompagnement, leur disponibilité et leur soutien dans cette aventure de
I’enseignement. Merci en particulier a Bernard, Michel, Véronique et Marie-Héléne, avec
qui j’ai eu des discussions scientifiques et humaines particulierement intéressantes.

Merci au personnel technique de recherche et d’enseignement pour leur aide dans la
réalisation des expériences et des travaux pratiques.

Je remercie toutes et tous les stagiaires que j'ai eu plaisir a co-encadrer : Airelle,
Maryléne, Elisabeth, Guillaume, Dylan, et & Thibaut et Thomas qui ont également
participé a ce projet. J'espére que vous avez travaillé sur ce projet avec plaisir, et que j'ai
su vous transmettre un peu du monde de la recherche.

Je ne peux m’empécher de nommer quelques professeur.e.s qui ont grandement
participé a la « fabrication » de la Louise d’aujourd’hui : M. Dufreney, Mme Peyret-Susini,
Mme Sémon. Merci a vous qui m’avez accompagnée plus que vous ne le pensez, au-dela
des années que nous avons passées ensemble.

Je voudrais remercier le Dr. Chastel, la Dre Bridai et Mme Braisaz-Latille pour leur soutien
moral (et physique) et leur bienveillance dans les moments les plus difficiles.

Mes colocataires, Loreena, Vincent, Martin, Noémi, Cécile, Nico, Gervais, merci de tout
coeur ! Ces trois années auraient été bien différentes sans notre « Auberge espagnole »,
sans nos fous rires, nos pleurs, nos sorties, nos bons repas, nos multiples invité.e.s, nos
fins de marchés et tous nos projets. Doctorat rime (presque) avec départ ; mais promis
nous nous retrouverons pour de nouvelles aventures !

A mes ami.e.s les plus proches, Soléane, Flora, Elise, Loreena, Noémi, Derek, Vincent, que
dire... sinon que vous comptez tellement pour moi !

A SINGA de m’avoir fait rencontrer des gens merveilleux et d’avoir donné un peu de corps
a mes valeurs, a Handi Cap Evasion de m’avoir permis de m’évader avec des personnes



tout aussi merveilleuses, a La Trace de m’avoir rempli les yeux d’étoiles... merci mille
fois !

A ma Petite Sceur d’étre ma Petite Sceur, de m’avoir supportée quand nous habitions
ensemble, de m’avoir tellement fait rire !

A ma Grande Sceur de m’avoir accueillie dans son petit nid pendant le confinement. Je
savoure notre complicité toujours grandissante !

A mon Grand Frére d’étre proche et heureux de faire grandir mon (trés jeune) neveu.
Merci pour ce bonheur !

A mes parents d’étre de supers parents, accueillants, toujours préts & nous ouvrir les
portes de Savoie, dans les montagnes.

A mes voisines et voisins, aux enfants qui donnent vie a la cour et qui tissent les relations,
merci de rendre la vie plus belle a Lyon.

Aux plantes qui peuplent notre balcon et qui mettent un peu de nature au milieu du
béton. Vous poussez lentement mais slirement, vous tombez malade mais vous
reverdissez, donnez des fruits et attirez les insectes autant que mon regard. Thym,
romarin, tomates, vigne, poivrons, groseilliers, menthe : une pépiniéere pour le futur !

A tous mes petits animaux de compagnie qui me manqueront trés probablement : Ver
Atre, Ver Ni, Ver Moulu, Ver Tical, Ver Ouillé, Ver Asoie, Ver Satile, Ver Set, Ver Meille,
Ver Micelle, Ver Tébre, Ver Ité, Ver Singe et Thorix, Ver Dir, Ver Roterie, Ver Misseau, Ver
Sang, Ver Veine, Ver Laine et Pré Ver, Re Ver et Cal Ver... et toustes leur.e.s fréres-sceurs |
Vous avez mangé de grand appétit, et considérablement réduit notre trace locale.
Promis, nos voisins continueront a prendre soin de vous !

A mes animaux de compagnie un peu plus gros, un peu moins humide, un peu plus poilus
et un peu plus calins, mais que je n’oserai pas nommer, merci de m’avoir consolée et de
nous avoir tant fait rire dans cette coloc’ !

Louise



Table des matiéres

REMEICIEMENTS ...ttt s e s 6
Table dES MALIEIES .. ..ei ittt sttt e st e st e e nbe e e sabee s b e e ennee 8
RESUIME ...ttt ettt e bt e s bt e s bt e s bt e s he e s he e e aeeeatesabeeabe e bt e beenbeesbe e satesanes 13
En deux phrases et deUX qQUESTIONS .......cccciiiiiiiiiiee et et ee et e et e e e e e sra e e e sanaee e 13
FraNGaIS oo e e e e e e e aae s 13
=0T~ T o TSP 15

Ta i agoTe [V AT ] o U OO P S S PP 17
Chapitre 1 : Cadre SENEIAl ......ocoouiiie ettt e e e et e e et e e e e ar e e e e raeeeenaan 21
Origines, devenir et impacts des ETM sur les 6COSYStEMES .......cccveeeeiiiereeniieeeeniiee e, 21
Des ETM d’origine principalement anthropiques .........ccoccveeeeieiiee e 21
Dans le sol, des ETM plus ou moins disponibles pour la plante .........cccccoceveveeeiieeennnee. 24

Des ETM ayant un fort impact sur [es @COSYSTEMES .......ccccvereieiiieeeciie et 25
Effet des métaux sur les plantes et réponse de la plante.......ccccvveeeviieeiiciee s, 26
SYyMPtOMES METAIITEIES ...vveiiiiiiie e e e aaee s 26
SEratégies de tOlEraNCE ..o uiii et s 27

Les ETM dans la plante : prélevement, transport et stockage .......ccccceeeecveeeeecineeeennen. 27
o o e [ g (U] =1 d o T o WU 30

Les MEtabolites SECONUAINES ...c..uuiiiiieiiei ettt 32
Les grandes familles de métabolites secondaires chez Fallopia.............cccccueeveuveeennnnen. 32

Les grandes fonctions des polyphénols dans la tolérance face aux ETM ...................... 35

Un modele de plantes métallophytes : les Renouées asiatiques, un complexe d’espéces

ENVANISSANT ..t sttt et s b e st s e e nre e saree e enee 37
Biogéographie des ReN0OUEEs aSiatiQUeS........coccuveeeeecuiieeeceiiee ettt et 37

De parfaites « MauvaisSes NEIBES » ....c.uiiiiciiiiiiiiiie e e 40
ComPrendre I'INVASION .......cicciiie ettt e e s ta e e e are e e e staeeesentaeeeseseeeaeans 42

(o] o1 1=T e e = o LU YU SRR 46
Chapitre 2 : Matériels & METNOAES..........oiii ittt et 49
SiteS & PrélEVEMENTS.....uviii ittt e et e e et e e e e e abe e e e e ntae e e entaeaeennees 49
(OIU] U] (o oY= o USRS PUPPRRIOt 51
ANalyse MELADOIOMIGUE ....cceeiiiieeee e e e e e et a e e e e e e e e satraaeeeee s 52
QUANtIfICatioN fONGIGQUE ..eeiieiiie e e e e e e e snaaee s 54
Obtention de rhizomes et akenes dépourvus d’endophytes .......ccccceeeeieeeeicieeecciee e, 56

Chapitre 3 : Endophytes fongiques racinaires et leurs effets sur la tolérance de leur plante
hOTE QUX METAUX (AXE 1) cuviiiiiieeiie ettt ettt ettt e et e e st e e st e e s abe e s baeessbeesabaeesaeensaeennreees 59

Prealable coccooovveeeeiiiieeeeee 59



PN o3 = Yot PP RTTRPRRTR 60

INEFOAUCTION .t ettt ettt e s bt e e be e e sabeesabeesbabee s 61
Identification and phylogenetic analysis .......cccccouieiieiiiii e 64
Fungal endophytes and plant metal tolerance........cocuveeieciiiecciie e 74
Perspectives on the roles of endophytic fungi in plant metal tolerance........cc.ccouuunnee.e. 84
Ecology and evolution of plant-endophyte associations...........ccccceeeeeiiiiciieeee e, 84
MTE avoidance or acCumuUlation........oooueeiiieeiiieeie e e e 85

Mechanisms and evolution of metal tolerance in the plant-endophyte association.... 85

CONCIUSTON ..ttt ettt ettt sbe e st sae e st e sar e s bt e ne e nre e 87
RESEAICN PEISPECLIVES ...uvtiiiieeee ettt e e e e e e st ar e e e e e e e e s nbtaae e e e e e e nnneenes 87
References of the INVENTONY .........oii ittt e e ebae e 89
CONFIICE OF INTEIEST ...ttt saee e 89
Funding and acknoWIedZEmMENTS .........uviiiiiiieeiiiie e e e 89
YNNI SE .ttt e e e e e e e ——r e e e e e e et bb——aeaeeeeaabaraaaeeeeanaaabraaeaesaaaeenn 90
Chapitre 4 : Effet des métaux sur les Renouées et les endophytes associés (Axe 2) ............ 93
Chapitre 4A : Tolérance des RENOUEES QUX METAUX .....cuveeeeeeurireeeiiieeeeiieeeeeitreeeeesreeesenseeeens 93
INEFOAUCTION .ttt sttt s it e e s be e e bt e sabeesabeesasaree s 95
Material and MEthOds ......coouiiiiii e s 100
Plant COlECTION. ..c..eiiiiie ettt sare e sbe e 100
GreenhoUSe EXPEIIMENT ....cciiiiie e e e et e e r e e sar e e e esaaeeesnraeeas 101
GrOWEN £rait MEASUIES ...c.eiiiiiieteee ettt sree 102
Extraction and analysis of compounds in root extracts........ccceccvveeircieeeviiieeincieee s 102
MTE in plants @and SOil.......ueeeeiiiiiiiiiiiee e e e e e rre e e e e e e eanes 103
STATISTICS 1evviii it e 103
RESUIES ..ttt ettt et et b e bbb e st e ne e 105
Regeneration PerCeNTAgE ... 105
GrOWEN TraitS ..eeeiieeiie e s e 106
FOliar MEtabolites ...c.uei e 108
MTE contents in Plant PartS......ccuee e e 109
Root secondary Mmetabolites ......c.oeeiiiiiiiiiiiie e 110

D 1Ty o{ U1 o o PP PP OPPRR 117
CONCIUSTON .ttt ettt ettt et b e e b e b e e beesbeesbeesbeesaneens 121
DECIAIALIONS ...ttt et ettt e 122
U g T 1T = PSPPSR 122
AKNOWIEAZEMENTS ....eveiieeiiie ettt e e e e e e e e e e s are e e e s beeeeennraeeeennees 122
AULhOr CONEIDULIONS ...ttt niee 122



)Y a1 [ TP PRRRPPSPRP 123

Chapitre 4B : Isolement, identification, métabolisme secondaire et évaluation de la

tolérance aux ETM des endophytes fongiques racinaires des Renouées asiatiques........... 127
FY o1 1 [ T PP TP P PP OPPOPRRPPPO 128
INEFOAUCTION .ttt st s e e st e s e e sabeeebeeesanbeas 129
Material and MEthOds ......cocuiiiiii e s 131

Plant and sOil COIECLION ...ouveiiiiiiiieieeee e 131
GreeNNOUSE CUITUIE ..c..eeiiieiieiee ettt ettt sree 132
Isolation of root fungal eNdOPNYLES .....ccocviiiiiiiiee e 132
Molecular identification of fungal endophytes ........ccceeeveeiiiiieciiiieieeee e 133
Assessment of fungal sensitivity to Metals.......cccceeeeciieececiiie e 135
Extraction and analysis of fungal metabolites........ccccocveiviieiiiiiiie e 135
ReSUILS @Nd DISCUSSION ...ouutiiiieiieieeriee sttt ettt s s e s 137

Isolation, molecular identification and phylogenetic analysis of root fungal endophytes

frOM Fallopia SPP. cocveeeeieiiie ettt et e et e e et e e et ae e e eeare e e e e are e e e enraeas 137
Metal tolerance profil of endophytes fungi from Fallopia spp.....ccccccvveeeriiieeircieeenns 143
Metabolites produced by endophytes fungi isolated from Fallopia spp.......ccccuveeeenn. 144
Do root fungal endophytes account for Fallopia tolerance to MTES?..........cccccveeene. 149
CONCIUSTON .ttt ettt ettt sttt e b e bt e b e s bt e sbeesaeesbeesaneens 153
CONFIICE OF INTEIEST ..eeeeeiieeee et e st saeeesaeae 153
AULhOr CONEIDULIONS et 154
ACKNOWIEAGMENTS. ... eiiiieeiiiee et e e e s e e s sba e e e snbaeeessbeeesannreeeeas 154
Y211 0[PP PURPPPUPRP 155
Chapitre 5 : Relation entre endophytes fongiques racinaires et tolérance de la Renouée aux
ETIVE (AAXE 3) +eeeeeeeeeeeeeeeeeteeee et eeseae e eeseeeeseseeseseeaeseseseeseeeseseesesseseseseeseeseseeeseeseeeeseeeeeesaeeneneesens 159
Prealable . ..o et 159
INEFOAUCTION .ttt s b e nee e 161
Material and METNOAS ........oocuiiiiiiii e e s 165
Plant collection and acclimation ..........ceeeiiieiiiieniiee e 165
Plant CUITUIE ...t esneee e 166
Plant rOWLHh traits .ooeecieee ittt e et e e searae e e e 166
Extraction and analysis of compounds in root extracts.......cccceeeeveeiivreeeeeeeiiiireeeeeeeenn, 166
Quantification of ENAOPNYLES ...cccvuiiiiieiee e 167
Zn content in Plant and SOl .......eeiieiiieeceeee e s 168
SEATISTICS ettt 168
RESUIES .ttt ettt e st e s bt e e s bt e s ab e e s abe e e bt e e sht e e s abeesabeeeenareas 170
Root fungal endophytes colonisation .......ccc.eeevciiiiiiciiiie e 170



ZN coNteNt iN PlaNt PArtS....uiii e e 171

REEENEratioN PEICENTAGE . eviiii ittt et e e e s s e e e e e e 172
Plant rOWLH traits .oooocuieee et e e et e e eba e e e eeara e e e e 173
Root secondary Metabolites ......c.ueiiiciiii i 174
D[y ol U1 o o PSPPSR PPRP 181
Root fungal colonisation: modification by acclimation and Zn.........cccccceeeeiiiiieeenennn. 181
Healthy plants under Zn contamination .........cceeeeeeii e 183
DSEs are suspected to be involved in Fallopia metal tolerance ........cccccceeevveeevcvieeennnns 184
Secondary metabolites: Torosachrysone, a potential recruiter of DSEs? ................... 185
CONCIUSION .ttt sttt e be e e s e e s be e e smeeesabeesabeeeneeesaneeeans 186
AULhOr CONTIDULIONS ... 187
U o 11 Y= PSR 187
ACKNOWIEAGMENTS. ... uiiiieeiiiie et e et e e s e e e e sbb e e e esabaeeessbaeeesnsraeaens 187
Y NENES O .ttt e e e e e e e e e e e e b — b e e e e e e e e abbaraeeeeeeaabbaaaaaeeaaaeas 188
Chapitre 6 : DiSCUSSION ENETAIE.......ccccuiiie ettt e e e e s e e e e areeeean 191
ASPECES MECANISTIGUES ... uveiei i et e et e et e et e e e et te e e e eataeeeseateeesebaeeeeenreeeessenaaeans 191
Plant@Ss € ETIMl ..cuuiiiiiiieiie ettt ettt ettt sttt e sat e st e s b e s baeesareesabeeenns 191

Les endophytes fongiques racinaires des plantes en général, des Renouées asiatiques
LYW o T A Tol U1 1= USRS 192
Les productions de métabolites secondaires de ces endophytes .........cccccveeevcieeennnns 196
Une médiation par certains métabolites secondaires ? .......cccccceeecvivveeeeeeeicciieeeee e, 196
Ecologie des associations eNdOPRYLIGUES...........cevevevevevieeeieeeeeeeeee et 198
La transmission des eNdOPNYLES......uueiii it 198
L’association Renouées — endophytes : quel impact écologique ?.......ccccccvveeeecieeennns 200
o oI Ao ] =T aT=Te [ - 4 o] o SRR 201
(60 3Tl [T ] To] o DSOS P SR PRROPPPRRPP 203
27 o [ToT=q =T o] oY1 SR 206

11






Résumé
Résumé

En deux phrases et deux questions

Les Renouées asiatiques se développent trés bien sur les milieux contaminés aux métaux.
Quelle est donc leur stratégie ? Dans leurs racines se trouvent des champignons : sont-ils

impliqués dans la tolérance des Renouées aux métaux ?

Frangais

Depuis la révolution industrielle et les émissions de contaminants qui en découlent, les sols
sont soumis a des concentrations de plus en plus fortes en éléments traces métalliques
(ETM). Ceux-ci, non-biodégradables et toxiques a faible dose pour la majorité des
organismes, perturbent les écosystemes et posent des problémes environnementaux et
sanitaires majeurs. Pourtant, de nombreux organismes, notamment végétaux, ont pu
s’adapter a la présence d’ETM dans leurs milieux : c’est le cas des Renouées asiatiques qui
s’étendent en Europe, y compris dans les milieux contaminés aux ETM. Les Renouées sont,
comme la majorité des plantes, associées avec des microorganismes, dont certains,
notamment des champignons présents dans leurs racines, pourraient étre impliqués dans la
tolérance de cette plante aux ETM. L’objectif général de cette thése est de tester cette
hypothése, en étudiant les espéces fongiques associées aux racines des Renouées
asiatiques et leurs réles dans la tolérance de ce taxon a la pollution métallique des sols, en

conditions controlées.

Pour cela, des rhizomes de Renouées (Renouée du Japon, Renouée de Sakhaline et leur
hybride Renouée de Bohéme) ont été mis en culture sous serre, en présence ou non d’ETM
(Cd, Cr, Zn et leur mélange). La colonisation fongique des racines a été quantifiée par
microscopie et des souches ont été isolées afin de les caractériser. Les métabolites
secondaires présents dans les racines et dans certaines souches isolées ont été identifiés et
guantifiés. L’ensemble de ces données a été mis en relation avec les traits de performance

de la plante, en fonction des conditions métalliques.

Une étude bibliographique (Axe 1) inventoriant les endophytes fongiques présents dans les
racines des plantes et leurs effets sur la tolérance de leur hote aux ETM a permis de mettre
en évidence 'ubiquité (diversité d’hotes et d’environnements) des endophytes fongiques

racinaires, leur diversité taxonomique et leurs propriétés stimulatrices de la croissance de

13



Résumé

leur hote végétal. En milieu contaminé aux ETM, ces endophytes inoculés aux plantes sont
également bénéfiques a leur croissance, mais avec des effets divers sur le prélevement et le
transfert des ETM dans les tissus végétaux.

Deux expérimentations en conditions contrdlées ont été menées pour étudier I'effet des
métaux sur les Renouées d’une part, et identifier les endophytes qui lui sont associés d’autre
part (Axe 2). Ces expérimentations ont confirmé la tolérance des Renouées aux ETM, leurs
traits étant peu voire pas affectés par les contaminations. 27 endophytes appartenant aux
Dothideomycetes, Sordariomycetes et Eurotiomycetes en majorité, ont été isolés de leurs
racines. Certains d’entre eux ont été testés pour leur tolérance aux ETM et d’autres pour la
production de métabolites secondaires. Parmi ces souches, Fusarium oxysporum f. sp.
dianthi, Trichoderma sp., Diaporthe sp. et I'isolat correspondant probablement a Lachnum
sp. semblent particulierement intéressantes pour leur tolérance aux ETM et la production de
composés bénéfiques aux plantes (phytohormones, antioxydants, chélateurs et
antimicrobiens).

Enfin, I'effet des endophytes sur la tolérance de la Renouée aux ETM a été exploré, en
modifiant le contenu endophytique des plantes et par quantification microscopique de
certains endophytes fongiques racinaires (Axe 3). Certains d’entre eux, tels que les Olpidium,
sont bénéfiques aux Renouées en absence de contamination, mais d’autres tels que les
endophytes septés (DSE, Dark Septate Endophytes) stimulent la croissance en présence de
Zn. Les DSE sont plus abondants lors du stress métallique. En paralléle, I'ajout de Zn dans le
sol provoque une augmentation de la concentration en torosachrysone dans les racines, elle-
méme corrélée a la fréquence de colonisation des racines par les DSE. Ces résultats peuvent
s’inscrire dans la théorie de « 'appel a I'aide », la plante soumise a un stress sécrétant des

molécules messageres chargées de recruter des microorganismes pour l'aider a y faire face.

L’ensemble de ces études conforte I'importance des endophytes fongiques racinaires dans la
tolérance de leur plante hote aux contaminants métalliques, et a permis d’identifier des
champignons spécifiques et des molécules particulieres qui interviendraient plus
particulierement dans ce mutualisme chez Fallopia. De futures expérimentations envisagent
d’approfondir le réle de ces endophytes et molécules identifiés dans la tolérance de I'h6te
aux ETM. Ces résultats s’intégrent dans la compréhension des invasions végétales et
pourront étre utiles en phytorémédiation afin d’améliorer la croissance de plantes

extractrices de contaminants métalliques.
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Résumé

English

Since the industrial revolution and the resulting contaminant emissions, soils have been
subjected to increasingly high concentrations of trace metal elements (MTEs). These,
which are non-biodegradable and toxic at low doses for most organisms, disrupt
ecosystems and pose major environmental and health problems. However, many
organisms, especially plants, have been able to adapt to the presence of MTEs in their
environment: this is the case of Asian knotweeds, which are spreading in Europe,
including in environments contaminated with MTEs. Like the majority of plants,
knotweeds are associated with microorganisms, some of which, notably fungi present in
their roots, could be involved in the tolerance of this plant to MTEs. The general objective
of this thesis is to test this hypothesis, by studying the fungal species associated with the
roots of Asian knotweeds and their roles in the tolerance of this taxon to metallic

pollution of soils, under controlled conditions.

For this purpose, rhizomes of knotweed (Japanese knotweed, Sakhalin knotweed and
their hybrid Bohemian knotweed) were grown in greenhouses, in the presence or
absence of MTEs (Cd, Cr, Zn and their mixture). Fungal colonization of the roots was
quantified by microscopy and strains were isolated to characterize them. Secondary
metabolites present in the roots and in some isolated strains were identified and
quantified. All these data were related to plant performance traits, depending on the

metal conditions.

A bibliographical study (Axis 1) inventorying the fungal endophytes present in plant roots
and their effects on the tolerance of their host to MTEs has highlighted the ubiquity (host
and environmental diversity) of root fungal endophytes, their taxonomic diversity and
their growth stimulating properties of their plant host. In environments contaminated
with MTEs, these endophytes inoculated to plants are also beneficial to their growth, but

with various effects on the uptake and transfer of MTEs in plant tissues.

Two experiments under controlled conditions were carried out to study the effect of
metals on Knotweed on the one hand, and to identify the endophytes associated with it
on the other (Axis 2). These experiments confirmed the tolerance of Knotweeds to MTEs,

as its traits were little or not affected by contamination. 27 endophytes belonging to
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Dothideomycetes, mainly Sordariomycetes and Eurotiomycetes, were isolated from their
roots. Some of them were tested for tolerance to MTEs and others for the production of
secondary metabolites. Among these strains, Fusarium oxysporum f. sp. dianthi,
Trichoderma sp., Diaporthe sp. and the isolate probably corresponding to Lachnum sp.
seem particularly interesting for their tolerance to MTEs and the production of
compounds beneficial to plants (phytohormones, antioxidants, chelating agents and

antimicrobials).

Finally, the effect of endophytes on knotweed tolerance to MTEs was explored by
modifying the endophytic content of plants and by microscopic quantification of certain
root fungal endophytes (Axis 3). Some of them, such as Olpidium, are beneficial to
knotweeds in the absence of contamination, but others, such as Dark Septate
Endophytes (DSEs), stimulate growth in the presence of Zn. DSEs are more abundant
during metal stress. At the same time, the addition of Zn to the soil causes an increase in
the concentration of torosachrysone in the roots, which in turn correlates with the
frequency of root colonization by the DSEs. These results may be consistent with the
"plant call for support" theory, where the stressed plant secretes messenger molecules

that recruit microorganisms to help it cope.

All these studies confirm the importance of root fungal endophytes in the tolerance of
their host plant to metallic contaminants. This thesis has made it possible to identify
specific fungi and singular molecules that would intervene more particularly in this
mutualism with Fallopia. Future experiments plan to further investigate the role of these
identified endophytes and molecules in host tolerance to MTEs. These results are part of
the understanding of plant invasions and could be useful in phytoremediation in order to

improve the growth of plants that extract metallic contaminants.
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Introduction

Introduction

L'intensification des activités humaines depuis la révolution industrielle est a I'origine de
I’émission d’un grand nombre de contaminants dans I'environnement. Dans les zones
urbaines, les sols sont souvent caractérisés par des teneurs élevées en éléments traces
métalliques (ETM) tels que le plomb (Pb), le zinc (Zn), le cadmium (Cd) ou encore le
chrome (Cr), résultant d’'un mélange d’émissions industrielles, domestiques et
automobiles. Non-biodégradables, ces contaminants présentent une toxicité a faible
concentration pour une trés grande majorité d’étres vivants, conduisant a une
modification de la structure et du fonctionnement des écosystemes. Par exemple, Cd, Cr
et Zn, réduisent la germination et la croissance des plantes, tout en modifiant I'accés aux
nutriments et en provoquant une chlorose (blanchissement des feuilles par perte de

chlorophylle) (Fattahi et al., 2019; Rasafi et al., 2016; Shaikh et al., 2013; Yadav, 2010).

Pourtant, certains organismes se sont adaptés : ils ne développent pas de signes de
toxicité malgré la présence d’ETM, comme par exemple les plantes poussant sur la prairie
métallicole de Mortagne-du-Nord (France), site Natura 2000 (Lemoine and Pauwels,
2014). On retrouve parmi ces organismes, des espéces végétales envahissantes qui
permettent d’étudier les performances végétales dans les milieux contaminés aux ETM.
C'est le cas des Renouées asiatiques, formant le complexe d’espéces Fallopia
(Polygonaceae) : capables de coloniser les sols urbains contaminés (Sottysiak et Brej,
2014), les Renouées asiatiques ont ainsi rapidement colonisé I'Europe et I’Amérique du
Nord par une multiplication végétative trés performante additionnée d’une importante
reproduction sexuée issue de I’hybridation interspécifique entre les espéces parentales
F. japonica et F. sacchalinensis, a I'origine de I'espéce hybride F. x bohemica (Bailey et al.,
2009). Bien qu'’il existe un certain nombre d'études concernant les teneurs en ETM dans
les sols ou se développent ces taxons (dans I'aire naturelle ou sur I'aire d'introduction)
et/ou dans les différentes parties de la plante (Hlavati Sirka et al., 2016; Nishizono et al.,
1989; Rahmonov et al., 2019; Sottysiak et al., 2011), le mécanisme de tolérance des

Renouées aux ETM reste peu compris.

Décrites comme non-mycorhiziennes, les racines des Renouées asiatiques sont pourtant
colonisées par des champignons endophytes (Gucwa-Przepiéra et al.,, 2016). Au
microscope, les endophytes septés, ou « Dark Septate Endophytes » (DSE) et les

Olpidium (Olpidiomycota) sont les plus nombreux et aisément identifiables. Les DSE sont
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non seulement résistants aux métaux mais auraient également un réle bénéfique pour
leur plante hbte en présence de ces contaminants (Berthelot et al., 2017; He et al., 2017;

Jin et al., 2018; Yamaji et al., 2016).

Les champignons endophytes racinaires, a I'interface entre le sol et I’h6te, pourraient
accroitre la performance des plantes en milieu contaminé via la sécrétion d’hormones de
croissance végétale (Khan and Lee, 2013) ou par la synthese de molécules capables de
chélater les ETM ou de limiter leur toxicité, tels que le glutathion, des phytochélatines ou
des composés phénoliques. Les métabolites fongiques peuvent également renforcer le
systeme de défense de I’'hote ou modifier la biodisponibilité des contaminants

métalliques, leur transport et leur stockage par la plante (Domka et al., 2019b).

Ces éléments suggerent que la colonisation des racines par des champignons
endophytes aurait un role prépondérant dans la tolérance des Renouées asiatiques aux

ETM.

L’objectif général de cette thése est de tester cette hypothése, en étudiant les espéces
fongiques associées aux racines des Renouées asiatiques et leurs roles dans la

tolérance de ce taxon a la pollution métallique des sols, en conditions controlées.

Aprés une présentation du contexte, la these comportera trois axes

complémentaires suivies d’une discussion générale :

Axe 1 : Une étude bibliographique des endophytes fongiques présents dans les racines
des plantes et leurs effets sur la tolérance de leur hote aux ETM ;
Axe 2 : L'étude de I'effet des métaux sur les Renouées et les endophytes associés ;

Axe 3 : L'étude de I'effet des endophytes sur la tolérance de la Renouée aux ETM.
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Chapitre 1 : Cadre général

Origines, devenir et impacts des ETM sur les écosystemes

Des ETM d’origine principalement anthropiques

Les ETM sont présents de maniere naturelle dans les roches, a des concentrations
pouvant varier selon le type de roche et I'histoire de la région. Ces concentrations locales
naturelles constituent le fonds géochimique local, pouvant étre élevé dans des régions
volcaniques notamment. Cependant, la révolution industrielle a entrainé une explosion
de la production anthropique d’ETM, qui continue d’augmenter. Ne serait-ce qu’entre
les années 1930 et 1985, la production primaire de Zn a été multipliée par 4, celle de Cd
par 15 et celle de Cr par 18 (Senesil et al., 1999). De nombreuses activités anthropiques
sont sources d’ETM : l'industrie miniere (Ag, Cd, Cu, Hg, Ni, Pb, Zn), les industries
plastiques, métallurgiques ou électroniques (As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Sb, Tl, Zn),
I'utilisation d’énergie fossile (As, Cr, Pb, Se), les fertilisants, pesticides et fongicides (As,
Cd, Cu, Hg, Pb, Zn), le trafic routier (Cu, Pb, Zn) et bien d’autres encore (Adriano, 2001;
Nikolaeva et al., 2019).

Cette production s’accompagne d’émissions et de dispersion dans les écosystemes,
notamment via I'atmospheére. Les émissions anthropiques sont nettement supérieures
aux émissions naturelles : 88 % du Cd , 96 % du Pb et 99 % du Zn émis dans I'atmosphére

sont d’origine anthropique (Tableau 1, Valavanidis et Vlachogianni (2010)) !

Les ETM de I'atmosphére se déposent sur les sols ou, non-biodégradables, ils ont
tendance a s’accumuler. Ainsi, les sols s’enrichissent en ETM - par rapport au fonds
géochimique - dans les zones sous influence d’activités anthropiques (Figure 1.1). Les
zones urbaines et industrielles sont les plus grandes sources de contamination, ainsi que
les zones agricoles subissant I'épandage de boues d’épuration et l'utilisation de

pesticides, fongicides et fertilisants (Bourennane et al., 2010).
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Facteur d’enrichissement
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Figure 1.1 : Enrichissement des sols en Cd et Zn dans le département du Nord (France).
Ces cartes combinent mesures des concentrations en ETM (Cd et Zn) dans le sol et
modélisation. Le facteur d’enrichissement correspond & une concentration d’ETM
supérieure a celle attendue d’aprés les fonds géochimiques, et montre ainsi I'impact des
activités anthropiques. Par exemple, autour de Douai, le cadmium est plus de 30 fois plus
concentré dans les sols que dans des sites proches considérés comme non-contaminés.
Extrait de Bourennane et al. (2010).
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Problématique

Dans le sol, des ETM plus ou moins disponibles pour la plante

Les ETM interagissent avec les propriétés physico-chimiques du sol au niveau des trois
phases qui le composent : solide, liquide et gaz. La phase solide comprend des minéraux
(silicates et argiles principalement), une phase organique (humus et autres composés
organiques a I’exclusion des étres vivants ou peu dégradés), des précipités et de la biomasse,
morte ou vivante (Figure 1.2). La phase liquide, appelée « solution de sol » ou encore phase
aqueuse, est constituée d’eau, de minéraux et autres solutés. La phase gazeuse est quant a
elle en relation directe avec I'atmosphére (Adriano, 2001). Ces trois phases étant en
équilibre thermodynamique, les ETM déposés par I'atmospheére sont susceptibles de passer
d’un compartiment a un autre lors de modifications physico-chimiques. Par exemple, Cd(ll)
dans le sol peut étre trouvé sous les formes de Cd?*, CdSO4, CdCl*, et CdHCOs* sur sol
basique. Zn(ll) peut étre ionique (Zn?*) ou organique (Zn-org) (Prasad, 2004). Les ETM sont
biodisponibles, c’est-a-dire accessibles a la plante, lorsqu’ils sont présents dans la solution
du sol. La minéralisation de la biomasse, la désorption d’ETM adsorbés sur 'humus, la
présence d’argiles et d’oxydes (formant le complexe argilo-humique), ainsi que la
dissolution de précipités conduisent a I'augmentation de la biodisponibilité des ETM dans le
sol. Ces processus sont contrélés par des facteurs environnementaux tels que I'acidité du
sol (un pH bas favorise la dissolution) et la capacité d’échange de cations (c'est-a-dire la
capacité d’'un volume de sol de fixer réversiblement des ions, dont les ETM, sur son

complexe argilo humique).

Il est intéressant de constater que la plante, via I'exsudation de métabolites secondaires
dans la solution de sol, peut modifier ces facteurs et donc la solubilité des ETM. En effet, ces
composés de faible poids moléculaire sont riches en groupements chimiques (fonctions
carboxyles, cétones ou phénols notamment) ayant de fortes capacités de chélation des ETM,
des propriétés antioxydantes et de piégeage des radicaux libres, et pouvant également
servir de ressource ou de moyen de communication avec les organismes du sol. La
modification de la biodisponibilité des ETM par les exsudats racinaires peut avoir lieu de
maniere directe, via l'acidification du sol, la chélation d’ETM, ou des réactions de
précipitation ou d’oxydo-réduction. Par exemple, des composés organiques excrétés par les
racines peuvent augmenter la solubilité du Cd en formant un complexe soluble Cd-molécule

organique. De maniére indirecte, les exsudats interagissent avec les microorganismes du sol
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et modifient la croissance des racines, modulant les capacités de prélevement d’ETM par la

plante (Adriano, 2001).
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Figure 1.2 : Cycle géochimique des ETM. Modifié d’aprés Adriano, 2001.

Ainsi, les ETM émis par les activités anthropiques et déposés par I'atmosphére deviennent

partie intégrante des écosystémes, modifiant les équilibres biologiques qui les caractérisent.

Des ETM ayant un fort impact sur les écosystemes

Si les ETM semblent étre toxiques pour les plantes, c’est en réalité I'écosystéme dans sa
globalité qui est impacté, des microorganismes aux foréts entieres. En effet, il a été
démontré que les ETM étaient (au moins en partie) responsables du « nouveau déclin des
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foréts », réduisant le nombre d’arbres (Prasad, 2004). La croissance des végétaux est
inhibée, I'activité des microorganismes également (Plekhanova et al., 2019). Mais, outre le
nombre d’organismes, ce sont les fonctions de I'écosystéme qui sont dégradées : ainsi, la
présence d’ETM dans le sol inhibe la productivité primaire, la fixation d’azote, la
minéralisation de C, N, S et P, la décomposition de la litiére ainsi que la synthése et I'activité
d’enzymes des sols (Babich and Stotzky, 1985). Il en va de méme dans les milieux aquatiques,
ou respiration, productivité primaire et décomposition de la litiere végétale sont réduites
par la présence d’ETM, y compris a de trés faibles concentrations (Peters et al., 2013). Les
ETM y sont transmis le long de la chaine alimentaire, avec une accumulation importante
chez les poissons, provoquant des troubles histopathologiques et hormonaux (Mahino et
al.,, 2014). Les ETM sont également transmis le long de la chaine alimentaire en milieu
terrestre, via leur accumulation dans les plantes, herbivores et carnivores (Prasad, 2008).
Un intérét anthropocentrique nous pousse a ajouter que, bien évidemment, I'espéce
humaine n’est pas exclue de ces impacts et subit également les effets des ETM (Clemens
and Ma, 2016; Valavanidis and Vlachogianni, 2010) : la maladie potentiellement mortelle
d’ltai-Itai (littéralement « Aie — Aie ») est un exemple d’empoisonnement de la population
au Cd, a proximité d’'une mine de Zn au Japon, qui a pour effet de fragiliser les os et abimer

les reins (Kasuya et al., 1992).

En tant que productrices primaires et donc source d’énergie pour I'ensemble de la chaine
alimentaire, les plantes sont au coeur des relations écosystémiques. C'est pourquoi nous

allons nous intéresser plus particulierement a I'effet des métaux sur les plantes.

Effet des métaux sur les plantes et réponse de la plante
Symptémes métalliferes

Bon nombre de plantes ont des symptomes similaires face a I'excés d’ETM : une croissance
des racines et des parties aériennes altérée, une chlorose liée a une diminution de la
photosynthese, une réduction de la germination des graines, ainsi que la présence de tissus
abimés voire morts (Pahlsson, 1989; Rasafi et al., 2016; Shahid et al., 2019; Shaikh et al.,
2013; Yadav, 2010). Le Cd provoque également une réduction de la surface des feuilles
(comme le Pb) et de la floraison (Fattahi et al., 2019; Pahlsson, 1989; Rasafi et al., 2016). Ces

symptomes extérieurs sont le reflet de modifications internes. La balance nutritive est
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altérée : par exemple, les couleurs rouges des feuilles face a un excés de Zn refletent un
déficit en phosphore (Yadav, 2010), la concentration en fer dans les tissus peut diminuer
suite a un exces de Cd (Pahlsson, 1989), etc. Le métabolisme azoté est également perturbé
(Pahlsson, 1989). Par ailleurs, les ETM altérent la structure des enzymes et la perméabilité
membranaire (Miransari, 2011). Ainsi, le métabolisme énergétique (photosynthése) et le

métabolisme nutritif (nutriments) sont affectés par les ETM.

Les ETM, du fait de leur fort pouvoir oxydant, générent des especes réactives de I'oxygéne
(ROS) qui causent un stress oxydatif important (Yadav, 2010). Ce stress est caractéristique
de nombreux stress abiotiques tels que la salinité, des températures basses ou encore des
déficits en nutriments (Landi et al., 2020) et les réponses peuvent donc étre similaires
(Sharma et al., 2019). Un équilibre peut étre rétabli en ajustant la quantité d’antioxydants

(Hasanuzzaman et al., 2018).

Stratégies de tolérance

Malgré ces effets généralement déléteres pour les végétaux, certaines plantes subsistent
sur les milieux contaminés aux ETM, sans présenter de symptéme particulier : elles sont
appelées « métallophytes ». Face aux ETM, les plantes subsistant sur les milieux contaminés
peuvent présenter différentes stratégies : celle de maintenir une concentration métallique
interne faible en limitant I'entrée d’ETM dans ses tissus, stratégie dite de I’ « exclusion » ;
celle de laisser pénétrer les ETM dans leurs tissus (bio-indication), voire de les prélever
activement dans le sol (accumulation ou hyperaccumulation), tout en limitant leur toxicité
dans les tissus par détoxification ou stockage (Baker, 1981; van der Ent et al., 2013; Ghosh
and Singh, 2005; Goolsby and Mason, 2015; Lasat, 1999). Ces différentes stratégies
nécessitent de contréler la biodisponibilité des métaux dans le sol et leur entrée dans les
racines (exclusion ou internalisation), ainsi que leur transport au sein de la plante et leur

stockage pour les plantes accumulatrices (Valavanidis and Vlachogianni, 2010).

Les ETM dans la plante : préléevement, transport et stockage

Regardons ce que deviennent les métaux aux environs d’une plante et en son sein (Figure
1.3). Les ETM traversent différents compartiments : le sol, la racine, le xyleme, la feuille. Les
déplacements peuvent étre symplasmiques (les cytosols étant en continuité entre cellules

au sein d’un compartiment) ou apoplasmiques (via les parois cellulaires entre
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compartiments). Pour passer d’'un compartiment a un autre, des transporteurs sont
nécessaires. Or, la nature de ces transporteurs membranaires dépend de leur localisation :
de maniere simplifiée, certains transporteurs de la famille ZIP (« ZRT, IRT-like Protein » avec
ZRT : Zinc-Regulated Transporter et IRT : Iron-Regulated Transporter) sont localisés a la
surface de la racine et permettent l'internalisation des ETM ; par exemple HMA4 (Heavy
Metal ATP-ase) et les protéines YSL (Yellow Stripe-Like) permettent leur chargement dans le
xyleme et leur déchargement dans les feuilles, et MTP1 (Metal Transporter Protein 1) leur
transfert vers les vacuoles (Verbruggen et al., 2009). Il a été montré, chez deux cultivars de
Brassica napus, I'un hyperaccumulateur de Cd et l'autre non, que les génes des
transporteurs Nramp qui participent a la remobilisation des ETM depuis les vacuoles
racinaires étaient positivement régulés chez I’hyperaccumulateur (Wang et al., 2019). Chez
le peuplier (Populus trichocarpa), une forte contamination au Zn et Cd entraine une
diminution de la quantité de transporteurs racinaires HMA4 mais une augmentation de
transporteurs foliaires ZIP1, ceci limitant logiguement le transfert des ETM des racines vers
les feuilles. Des champignons mycorhiziens augmentant le transporteur MT2b réduisent
parallelement le transfert du Cd vers les parties aériennes (De Oliveira et al., 2020). Ainsi,
un fin contrdle est possible par ajustement génétique (transcription et traduction) de la
quantité de chaque transporteur. Cependant, les plantes n‘ont pas développé de
mécanisme spécifique de transport pour les éléments non-essentiels tels que le Cd. De fait,
le Cd partage les mécanismes de tolérance et d’accumulation du Zn (Verbruggen et al., 2009,
2013). Il a ainsi été montré que le transporteur du Zn ZnT1 (Zinc Transporter) présente
également une faible affinité avec le Cd (Pence et al., 2000), et que 97 % du transport du Cd
dans Arabidopsis thaliana se fait via les transporteurs du Zn HMA2 et HMA4 (Wong and
Cobbett, 2009). Ainsi, I'accumulation des différents ETM est souvent positivement corrélée
en milieu poly-contaminé (He et al., 2015). Le stockage des métaux peut se faire non-
seulement dans les vacuoles, mais également dans les parois cellulaires (Nishizono et al.,

1989).
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Figure 1.3 : Les ETM dans la plante : de la racine aux feuilles, a partir du sol et en passant
par le xyleme. On note la possibilité de transport symplasmique (passage de I'endoderme)
et apoplasmique (chargement et déchargement du xyléme). ZIP : Zinc Protein, HMA : Heavy
Metal ATPase, MTP : Metal Transporter Protein. M : ETM. Modifié d’aprés Verbruggen et al.
(2009).
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Points de régulation

Les ETM interagissent également avec des ions, des peptides et de petites molécules issues
du métabolisme secondaire de la plante (Singh et al., 2016; Yadav, 2010). Le glutathion (ou
GSH) est un tripeptide qui, une fois condensé, forme les phytochélatines. Glutathion et
phytochélatines possedent une forte affinité pour les ETM, et participent a leur
séquestration et a la défense contre le stress oxydatif (Delalande, 2010; Yadav, 2010). Les
phytochélatines forment un complexe avec les ions métalliques dans le cytosol et sont
ensuite transportées sous cette forme dans la vacuole. Ces molécules sont présentes non
seulement chez les plantes, mais aussi chez les champignons et autres organismes,
suggérant leur role important (Yadav, 2010). Les métallothionéines, particulierement riches
en cystéines dont les groupes sulfhydryles forment des liaisons avec des cations divalents,
jouent un role similaire aux phytochélatines (Singh et al., 2016). Outre ces peptides, des
acides organiques tels que le malate, le citrate et I'oxalate, des acides aminés (en particulier
la proline et I'histidine), I'a-tocophérol et des polyphénols (via leurs groupes hydroxyle et
carboxyle) chélatent les ETM. La proline, I'histidine et les phénols s’accumulent lors de
contaminations métalliques et réduisent la formation de ROS; les acides organiques
participent au transport des ETM le long du xyléme et a leur séquestration dans les vacuoles

(Singh et al., 2016).

Le transport se fait principalement de maniére active via le catabolisme d’ATP (ex: le
chargeur du xyleme a ATP HMA) ou l'utilisation du gradient de protons (Rascio and Navari-
Izzo, 2011; Zimmermann et al., 2009). La diffusion de cations peut cependant étre facilitée
par des canaux passifs transmembranaires. Cependant, le transport est dépendant de la
forme de 'ETM. En effet, le prélévement au niveau des racines peut se faire sous forme
ionique tandis que le transport dans les vacuoles est spécifique du complexe

phytochélatine-ETM (Prasad, 2004; Rascio and Navari-lzzo, 2011; Zenk, 1996).
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Figure 1.4 : Mécanismes de tolérance d’une plante aux ETM. ROS : Reactive Oxygen
Species.

Ainsi, I'accumulation d’ETM par les plantes peut étre finement régulée, au niveau génétique,
au niveau de I'activité enzymatique, ainsi qu’au niveau du métabolisme (Figure 1.4) (Sharma
et al.,, 2019). Par exemple, le Cd active la phytochélatine-synthase qui va elle-méme
catalyser la production de phytochélatines (Zenk, 1996). Enfin, si des molécules chimiques
sont produites a l'intérieur de la plante, certaines sont également excrétées, principalement
au niveau des racines, conduisant a une mobilisation ou au contraire a une

phytostabilisation des ETM dans le sol (Kabata-Pendias, 2004).
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Les métabolites secondaires

Les métabolites secondaires sont de petites molécules organiques, produites par les étres
vivants (principalement les plantes), et étant fortement impliqués dans les interactions de
la plante avec son environnement (biotique principalement mais également abiotique). Ils
sont classés en trois grandes familles principales selon leur voie de biogénése : composés
azotés (alcaloides), polyphénols, et terpénoides. Les composés appartenant a ces deux

dernieres familles sont souvent présents sous forme d’hétérosides dans la plante.

Chez les Renouées asiatiques, les polyphénols sont tres abondants et diversifiés. On y trouve
en particulier des procyanidines, des cinnamates, des anthraquinones, et des stilbenes
(Piola et al., 2013). Afin de mieux comprendre leurs réles potentiels dans la gestion des ETM

par les Renouées, nous allons détailler ces quelques classes et leurs propriétés connues.

Les grandes familles de métabolites secondaires chez Fallopia

Les dérivés cinnamiques

L’acide cinnamique est un précurseur d’'une grande partie des composés phénoliques, les
phénylpropanoides (Landi et al., 2020; p.21-bal.com/biolog). Ceux-ci comprennent les
dérivés directs de I'acide cinnamique (esters et alcools) (Figure 1.5), les coumarines, les

flavonoides et les stilbénes (p.21-bal.com/biolog; Umezawa, 2010).

Les dérivés cinnamiques sont susceptibles d’intervenir dans la réponse au stress. En effet,
certains dérivés cinnamiques comme le méthylcinnamate voient leur concentration
augmenter dans les plantes en réponse a un stress métallique, réponse qui reste
dépendante de l'identité de la plante et du métal. En effet, le Cu entraine une augmentation
du méthylcinnamate dans les tissus du basilic, mais pas le Cd ni le Pb ; et aucun effet de ces
trois ETM n’est observé chez la menthe aquatique (Kunwar et al., 2015). L’acide coumarique
appliqué sur les feuilles diminue les concentrations en Cd et Cu dans les feuilles mais aussi
dans les racines de la grande camomille, ainsi que la concentration totale en métabolites
secondaires (Hojati et al., 2016). L'inoculation d’un facteur de virulence de Fusarium,
mimant une infection par ce pathogéne, entraine la production d’acides
hydroxycinnamiques chez le blé (Doppler et al.,, 2019). Ces acides sont a l'origine de
conjugués monolignols qui renforcent les parois cellulaires et inhibent le pathogéne ; une

production accrue de flavonoides a partir de ces acides est également observée.
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Figure 1.5 : Structure chimique de I’acide cinnamique et de quelques dérivés.

Les procyanidines et leurs dérivés

Les procyanidines dérivent de la polymérisation de monoméres de catéchine ou
d’épicatéchine (Ricardo da Silva et al., 1991) (Figure 1.6). Les procyanidines sont présentes
dans les feuilles des plantes (Niederleitner et al., 1994), leurs graines (Ricardo da Silva et al.,
1991), fruits (Hammerstone et al., 2000) et racines (Bardon et al., 2016). Elles ne sont pas, a
notre connaissance, produites par des champignons. Une forte corrélation positive entre le
contenu en procyanidines et les capacités antioxydantes du chocolat a été montrée (Gu et
al., 2006). Ces propriétés antioxydantes augmentent avec le degré de polymérisation des
procyanidines (Zhao et al., 1999). La galloylation des procyanidines a un effet controversé
sur les propriétés antioxydantes, inhibant la peroxydation (Zhao et al., 1999) ou au contraire

augmentant les propriétés antioxydantes (Saito et al., 2004).

OH
HO. 0 @:
o OH

OH

OH

OH

(+)-Catéchine Procyanidine dimérique
R1-4 : groupes H ou OH

Figure 1.6 : Procyanidine dimére et I’'un de ses monomeres, la catéchine.

Les procyanidines semblent augmenter lorsque les plantes sont soumises a un stress : c’est
le cas dans les feuilles de cerisier aprés infection par un champignon pathogéene

(Niederleitner et al., 1994), alors qu’a 'inverse la mycorhization réduit les concentrations
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en procyanidines dans les racines de hétre (Beyeler and Heyser, 1997). Ainsi, ces composés
pourraient avoir un réle dans la protection de la plante face a un stress biotique ou
abiotique. Elles interagissent également avec les microorganismes, inhibant par exemple la
bactérie promotrice de croissance Azospirillum (Vallejo-Ochoa et al., 2018). Dans le sol, les
procyanidines sont connues pour inhiber la dénitrification bactérienne, ce qui augmenterait
I'azote disponible pour la plante (Bardon et al., 2014; Galland et al., 2019). Ainsi, il pourrait
y avoir un « trade-off » entre I'inhibition de la dénitrification par les procyanidines et le

recrutement d’endophytes (réduit par ces mémes molécules).
Les anthraquinones

Les anthraquinones sont trés variées (Dave and Ledwani, 2012), pouvant également étre
dimérisées (Figure 1.7). Certaines anthraquinones comme I'émodine générent des especes
réactives de I'oxygene (acronyme anglais ROS) (Dave and Ledwani, 2012; Yen et al., 2000),
mais d’autres ont au contraire des effets fixateurs de ces molécules réactives et déléteres
(Yen et al., 2000). Les activités antioxydantes et de fixation des ROS sont globalement moins

marquées que celles des flavonols (Zhang et al., 2005).

O OH OH O
0 L
Q OH
(0]
Squelette anthraquinone Torosachrysone

OH o OH

Figure 1.7 : Structure chimique des anthraquinones et dérivés.

Chez les champignons, la torosachrysone est un précurseur de pigments anthraquinoniques
(Gill and Steglich, 1987). Ce composé est induit dans les racines de F. japonica et F. x
bohemica par la présence d’une multi-contamination métallique (Michalet et al., 2017). Or,
la torosachrysone a été précédemment isolée de plantes (Kitanaka and Takido, 1984) mais

aussi de champignons (Gill and Steglich, 1987; Gill et al., 2000).
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Les stilbenes

Les stilbenes (Figure 1.8) sont une famille de composés que seules certaines plantes produisent,
a partir de I'acide cinnamique (Chong et al., 2009). Sous forme glycosylée, les stilbénes peuvent
étre stockés, transportés et/ou protégés contre la peroxidation. F. japonica est répertoriée
comme accumulatrice de stilbénes, particulierement de picéide (16 mg/g de poids sec) et de
resvératrol (1.8 mg/g de poids sec) dans ses tissus. La synthése de stilbénes est induite lors de
stress biotiques ou abiotiques, tels qu’une infection par des pathogenes fongiques ou une
contamination a I'aluminium. Globalement, les stilbénes interviennent dans trois domaines
physiologiques : la signalisation chimique inter-organismes, la réponse au stress oxydatif et la

défense constitutive ou inductible contre des pathogénes (Chong et al., 2009).

OH Ok OH
HO 9
O~ o AP
() O on O
OH
OH

Squelette stilbéne Resvératrol Piceid

Figure 1.8 : Structure chimique de stilbénes et dérivés.

Ainsi, les métabolites secondaires retrouvés chez Fallopia, principalement des polyphénols,
pourraient jouer un réle essentiel dans les stratégies de tolérance de cette plante face aux
ETM, par action directe (chélation des métaux, activité antioxydante, antiradicalaire, etc.)

ou indirecte (communication entre organismes, stimulation de réactions de défense, etc.).
Les grandes fonctions des polyphénols dans la tolérance face aux ETM

Chélation des ETM

La chélation des ETM par les polyphénols a lieu a pH physiologique (Hider et al., 2001). Un cation
métallique peut se lier via des liaisons hydrogenes a un groupe OH lié a un noyau aromatique :
ce noyau stabilise cette nouvelle liaison. Les polyphénols présentent plusieurs noyaux
aromatiques, et souvent plusieurs sites de liaison : ainsi, la quercetine peut se lier a 3 ions
métalliques simultanément. Ces liaisons multiples conduisent a la formation de complexes,
pouvant aller jusqu’a la précipitation de 'ensemble (McDonald et al., 1996; Zhang et al., 2016).

Selon leur degré d’oxydation, les polyphénols sont susceptibles de chélater différentes formes
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d’ETM. Ainsi, le catéchol se liera avec Fe(lll), tandis que sa forme oxydée, I'orthoquinone, se liera

avec Fe(ll) (Hider et al., 2001). La chélation des ETM par les polyphénols limitent leur toxicité.

Lutte contre le stress oxydatif

La formation d’espéces réactives de I'oxygene est habituelle dans les cellules, du fait notamment
de l'activité mitochondriale. Les ETM favorisent le stress oxydatif lié aux ROS : ils permettent
I'initiation de la réaction conduisant de ROS peu réactifs a des ROS tres réactifs, qui provoquent
ensuite une chaine d’oxydation de molécules biologiques (Alov et al., 2015). Outre I'action
directe de chélation des ETM, les polyphénols de faible poids moléculaire participent a la
protection contre ce stress oxydatif, pouvant fixer les ROS, piéger les radicaux libres et de par
leur action antioxydante réduire les molécules biologiques qui ont été oxydées (Alov et al., 2015;

Lu and Yeap Foo, 2000).
Messagers : un appel au secours

Les polyphénols sont au coeur des interactions plantes-microorganismes. lls peuvent en
effet jouer le role de « recruteurs » de microorganismes bénéfiques pour la plante, en
particulier lorsqu’elle est confrontée a un stress (Thijs et al., 2016). Ainsi, une sélection
spécifique de bactéries endophytes mutualistes s’opére via les exsudats racinaires (Chagas

et al., 2018; Gaiero et al., 2013; Jha et al., 2018).

Finalement, ces métabolites secondaires peuvent intervenir de trois maniéres non-
exclusives dans la tolérance des plantes aux métaux : via la chélation directe des ETM,
favorisant leur accumulation, transport et stockage ; via leur activité antioxydante et de
piégeage de radicaux libres, luttant ainsi contre le stress oxydatif induit par les ETM ; via leur
role de messager, favorisant le recrutement d’endophytes particulierement bénéfiques a la

plante lors d’un stress métallique.
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Un modeéle de plantes métallophytes : les Renouées asiatiques, un complexe

d’especes envahissant

Biogéographie des Renouées asiatiques

Figure 1.9 : Berge d’une riviere envahie par des Renouées asiatiques (Savoie, France).
©OLouise BARBERIS

« Renouées asiatiques » (ou Asian knotweeds en anglais) est un terme général comprenant
deux especes dites parentales, la Renouée du Japon (Fallopia japonica) et la Renouée de
Sakhaline (Fallopia sachalinensis), ainsi que leur hybride Fallopia x bohemica (voir Cadre 1.1
pour les autres noms). Un flux génétique étant possible par hybridation, on parle donc de

« complexe d’especes Fallopia ».
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Cadre 1.1 : Les différents noms scientifiques des Renouées asiatiques (Darbyshire 2003)

Renouée du Japon : Fallopia japonica (Houttuyn) Ronse-Decraene
Reynoutria japonica Houttuyn
Polygonum cuspidatum (Sieb. & Zucc.)
Japanese knotweed
Japanese bamboo, Mexican bamboo, fleeceflower, horse-buckwheat, Japanese
Fleeceflower, bamboo, canne, Jérusalem, jonc canadien, jonc de Saint-Joseph, renouée
japonaise, Sainte-Anne, sarrasin des Indes, renouée de Siebold, and persicaire cuspidée

Renouée de Sakhaline :  F. sachalinensis (F. Schmidt) Ronse-Decraene
R. sachalinensis (F. Schmidt) Nakai
F. sachalinensis (F. Schmidt ex Maxim.) Ronse Decraene
Giant knotweed
Elephant ear, sachaline, Sachaline knotweed, persicaire de Sachaline, renouée d’ile Sachalin

Renouée de Bohéme : F. x bohemica (Chrtek and Chrtkova) J.P. Bailey
R. bohemica Chrtek and Chrtkova
Bohemian knotweed

Les Renouées asiatiques sont des plantes herbacées géophytes rhizomateuses : elles
subsistent I’hiver uniqguement dans le sol sous forme de rhizomes pouvant atteindre 8 cm
de diametre, 20 m de long et 2-3 m de profondeur ; les tiges se développent du printemps
a I'automne, atteignant jusqu’a 3 m de hauteur (Barney et al., 2006). Le systéme rhizomal
représente environ les deux-tiers de biomasse totale de la plante en été. Son
développement végétatif via le systeme rhizomateux conduit a la formation de vastes
« patchs » denses, pouvant couvrir plusieurs centaines de metres carrés (Figure 1.9, Barney

et al., 2006).

Les trois « especes » au sein du complexe sont distinguables morphologiquement (Figure
1.10) : la base des feuilles Fallopia japonica est tronquée, les feuilles matures de Fallopia
sachalinensis sont de taille trés importante (jusqu’a plus de 30 cm de long), a base échancrée
et apex acéré (feuilles cordées), tandis que les feuilles de Fallopia x bohemica ont une taille
et une morphologie intermédiaire entre les deux espéces parentales (Barney et al., 2006).
Les panicules florales sont plus grandes que la feuille sous-tendante chez F. japonica, mais
plus petites chez F. sachalinensis. D’autres critéres, tels que la striation de la cuticule foliaire,
les stomates et les poils, permettent de différencier les trois espéces (Bailey et al., 2009). La
morphologie est par ailleurs un excellent critére de différentiation génétique (Bailey et al.,

2009).
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Figure 1.10 : Morphologie des Renouées asiatiques. Les trois planches ont la méme échelle.
On note la base des feuilles rectiligne de Fallopia japonica, les feuilles matures de taille trés
importante (jusqu’a plus de 30 cm de long) et a base échancrée de Fallopia sachalinensis,
des feuilles intermédiaires pour Fallopia x bohemica. Planches issues des herbiers du
Museum National d’Histoire Naturelle (Paris) et du Conservatoire et Jardins Botaniques de
Nancy, numérisées par Recolnat (RECOLNAT-ANR-11-INBS-0004).

Originaires d’Asie de I'Est (Japon, Chine, Corée) ou elles colonisent les sols volcaniques —
riches en ETM - (Adachi et al., 1996), les Renouées asiatiques ont été introduites en Europe
et en Amérique du Nord au cours du XIXéme siécle pour un usage ornemental et fourrager
(Barney et al., 2006; Lavoie, 2017). Seul un génotype de F. japonica est présent en Europe,
malgré une polyploidie variable, suggérant I'expansion d’un seul et méme clone de maniere
végétative a partir de son introduction au début des années 1850 (Thiébaut et al., 2020). Ce
clone est male-stérile, c’est-a-dire qu’il ne contient pas d’étamines et ne peut donc pas
produire de pollen. F. sachalinensis est importée a plusieurs reprises a partir de 1853 : elle
est bien plus variable génétiguement que F. japonica, et peut se reproduire via fleurs et
graines. Ces deux espéces se cotoyant dans les jardins botaniques, elles ont formé par
croisement (on parle d’espéces parentales) I’hybride F. x bohemica, présent en Angleterre
dés 1872 et vingt ans plus tard en France (Thiébaut et al., 2020). F. x bohemica se reproduit
lui-aussi de maniére sexuée, y compris avec les espéces parentales. On observe en effet des

graines fertiles de F. x bohemica sur des pieds de F. japonica, issues du dép6t de pollen d’un
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hybride sur la fleur femelle de F. japonica (Barney et al., 2006; Lavoie, 2017; observations
personnelles). L’hybride F. x bohemica présente donc une trés grande diversité génétique

(Pysek et al., 2003).

De parfaites « mauvaises herbes »

Si les Renouées asiatiques furent appréciées pour leurs qualités esthétiques et utilisées
comme fourrage (Thiébaut et al., 2020), elles s’étendirent le long des cours d’eau, des
routes, des voies ferrées et des zones perturbées, y compris en zones urbaines et
contaminées au ETM (Sottysiak and Brej, 2014, 2019) qu’elles accumulent dans leurs tissus
(Qianetal., 2012; Rahmonov et al., 2019). Elles devinrent rapidement incontrélables jusqu’a
étre inscrites sur la liste de I'UICN (Union for the Conservation of Nature) des 100 especes
exotiques envahissantes parmi les plus néfastes au monde (Invasive Species Specialist

Group 2016) (Lavoie, 2017).

« Néfastes », car elles ont des effets environnementaux, économiques et sociaux déléteres
(Williams et al., 2010). En effet, les patchs denses sur les berges des rivieres en rendent
I'acces difficile (Figure 1.9), empéchent le développement d’espece natives, notamment
ligneuses, qui ne peuvent plus remplir leur réle de maintien des berges en hiver ; le niveau
de petits cours d’eau adjacents se trouve abaissé et la visibilité le long des routes se trouve
réduite en été, etc. (Lavoie, 2017). Les dégats environnementaux sont importants
également : si la productivité primaire du lieu est augmentée (la biomasse des Renouées
étant nettement supérieure a celle des plantes natives environnantes), c’est au détriment
des especes natives, des macroinvertébrés (acariens, mollusques, collemboles), des
bactéries et des champignons mycorhiziens. Seuls quelques espéces d’oiseaux, des
invertébrés détritivores et les champignons (souvent saprobes) profitent de la présence des
Renouées et de leur litiere importante (Lavoie, 2017), de méme que les insectes
pollinisateurs apprécient la floraison tardive et des fourmis le nectar extrafloral (Johnson et
al.,, 2019). La phytotoxicité des plants vivants de Fallopia, de sa litiere, de ses feuilles,
d’extraits de rhizomes et de sol précédemment en contact avec des feuilles et des rhizomes
a été démontrée sur les plantes natives, bien que I'inhibition des plantes natives semble

majoritairement liée a de la compétition directe pour les ressources (Mincheva et al., 2016).

« Envahissantes », car il est extrémement difficile de prévenir leur installation, et qu’elles

peuvent survivre malgré de fortes perturbations. Les Renouées asiatiques sont capables de
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se régénérer a partir de fragments de rhizomes de moins de 0,8 g contenant seulement un
nceud (Figure 1.11) (Barney et al., 2006, observation personnelle). Leur production d’akénes
est importante (jusqu’a 127 000 sur un méme pied), pour des graines d’environ 1-2 g
(Barney et al., 2006). La présence d’ailettes sur les akenes favorise 'anémochorie (transport
par le vent) et I'hydrochorie (transport par I'eau) (Barney et al., 2006; Lamberti-Raverot et
al., 2019). Le déplacement de fragments de rhizomes par I'espéce humaine lors de chantiers
est le premier moyen d’expansion des Renouées, tandis que la dispersion des graines par
les cours d’eau facilite la colonisation des berges en aval (Barney et al., 2006; Lamberti-
Raverot et al.,, 2019; Rouifed et al., 2014). Une fois implantée, la couper une fois ou
I'arracher n’affecte pas sa survie : cela peut méme augmenter localement son expansion.
De fait, les gestionnaires souhaitant réduire significativement sa présence ont recours a des
coupes réguliéres ou I'emploi de pesticides (Barney et al., 2006; Rouifed et al., 2020). Cela

représente un co(it écologique et financier trés élevé (Williams et al., 2010).

Reproduction végétative Reproduction sexuée

Figure 1.11 : Reproduction des Renouées. A : rhizomes de F. x bohemica (Feyzin, France), B :
fragments de ces rhizomes contenant un nceud et capables de régénérer dans le sol, C:
plantule régénérée a partir d’un fragment de rhizome, avec racines adventives, D : panicules
florales de F. japonica, E : akénes et graines de F. x bohemica. F : plantule régénérée a partir
d’une graine, avec racine pivotante. ©Louise BARBERIS sauf D

Les Renouées, et en particulier la Renouée du Japon, sont donc considérées comme un
nceud gordien (Kurose et al., 2006), que les humains essaient de trancher avec du

glyphosate ou du dicamba (Barney et al., 2006). D’autres tentent des méthodes alternatives,
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testant la fauche ou I'addition de pathogénes (Kurose et al., 2006; Rouifed et al., 2020). Il
n‘en reste pas moins que les Renouées asiatiques sont un exemple de plantes tres
performantes, qui présentent également des effets positifs: elles sont melliféres,
fourragéres, ornementales, et parviennent a pousser dans des zones ou d’autres plantes n’y

parviendraient pas.
Comprendre 'invasion

Les Renouées sont donc considérées comme envahissantes dans leur nouvelle aire de

répartition : plusieurs hypotheses non-exclusives tentent d’expliquer les invasions :

- L’hypothése de la « libération de ses ennemis » (« Enemy release hypothesis »)
Cette hypothése repose sur I'idée que toute plante est régulée par des herbivores et autres
pathogenes (Keane and Crawley, 2002). Certains sont spécialistes d’une plante, d’autres,
généralistes, s’Taccommodent de plusieurs hotes. Or, une espéce qui arrive dans un nouveau
milieu ne transporte pas (en général), ses pathogenes. Ainsi, dans sa nouvelle aire
géographique, elle se trouve exempte d’ « ennemis » spécialistes, tandis que les plantes
natives restent soumises aux leurs. La plante exotique présente donc une capacité
compétitive accrue par rapport aux plantes qui I’'entourent. Cette hypothese est soutenue
dans certains cas, mais n’est pas confirmée de maniére généralisée (Colautti et al., 2004,

Heger and Jeschke, 2014; Liu and Stiling, 2006).

Les Renouées, dans leur aire d’expansion, montrent peu de prédateurs, bien que les
otiorhynques (Coléopteres), les moineaux domestiques, quelques acariens et herbivores
domestiques les consomment en Europe (Schnitzler and Miiller, 1998). A notre
connaissance, aucune maladie fongique ou bactérienne des Renouées n’a été répertoriée

jusqu’a présent.

- L’hypothése des « nouvelles armes » (« Novel weapon hypothesis »)
Les plantes peuvent interagir entre elles ou avec les microorganismes via la sécrétion dans
le sol de composés issus du métabolisme secondaire. Ces interactions chimiques peuvent
étre positives ou négatives: on parle d’allélopathie (Rice, 1984, 2013). Dans une
communauté native ou les plantes ont co-évolué, des défenses sont mises en place contre
les effets des composés allélopathiques. Mais, lorsqu’une plante exotique arrive dans un
nouvel environnement, les plantes locales font face a de nouvelles armes auxquelles elles

n’ont pas pu s’adapter (Callaway and Ridenour, 2004; Hierro and Callaway, 2003). Les armes
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en question, initialement considérées comme des armes chimiques et restreintes aux
composés allélopathiques, peuvent étre étendues aux armes biologiques représentées par
les pathogénes portés par les especes invasives (Vilcinskas, 2015). Ce scénario des
« nouvelles armes » a été démontré dans de nombreux cas (He et al., 2009; Kim and Lee,
2011; Ni et al.; Thorpe et al., 2009) bien qu’il ne puisse étre généralisé (Oduor et al., 2020;
Yannelli et al., 2020). Ainsi, certaines especes invasives telles qu’Eupatorium rugosum,
Ambrosia artemisiifolia var. elatior et Rudbeckia bicolor présentent en moyenne plus de
composés phénoliques in situ que les natives, ainsi qu’'un composé commun a toutes les
invasives (le scopolétol), et non-présent chez les natives (Kim and Lee, 2011). Les extraits de
ces invasives ont des effets inhibiteurs de germination et de croissance sur trois plantes
testées (Rumex acetocella, Oenothera odorata et Plantago asiatica) presque deux fois
supérieurs a ceux des natives.

Les Renouées ont des teneurs et une diversité en polyphénols élevée (Michalet et al., 2017;
Nawrot-Hadzik et al., 2018, 2019; Piola et al., 2013), et des effets allélopathiques avérés
(Dommanget et al., 2014; Murrell et al., 2011; Serniak, 2016). L’effet inhibiteur de Fallopia
X bohemica sur des plantes natives est supprimé lorsque les polyphénols sont neutralisés
par du charbon actif (Murrell et al.,, 2011); des lessivats de F. x japonica inhibent la
croissance de boutures de plantes natives (Dommanget et al.,, 2014); et le resvératrol,
I’émodine et la (-)-épicatéchine (trois composés majeurs des racines et rhizomes de Fallopia)
limitent la croissance racinaire (mais pas la germination ni la croissance aérienne) de plantes
natives (Serniak, 2016). Outre ces trois composés, plus de 150 autres ont été détectés dans
les rhizomes du complexe d’espéces Fallopia. Ces composés appartiennent aux stilbénes,
procyanidines, flavanols, anthraquinones, carbohydrates, dérivés cinnamiques,
phénylpropanoides, lignanes et naphtoquinones (Nawrot-Hadzik et al., 2019). L’hybride F. x
bohemica est le mieux « armé », possédant des métabolites non retrouvés dans les deux
espéces parentales (Piola et al., 2013). Les métabolites secondaires de la Renouée du Japon
ont des effets marqués sur les plantes, mais également sur la faune du sol, modifiant les
équilibres de la chaine alimentaire (Abgrall et al.,, 2018). Quelques études montrent
cependant un effet négatif des Renouées indépendant de leur métabolisme secondaire,

suggérant un effet compétitif direct (Mincheva et al., 2016; Parepa et al., 2012).

- L’hypothése des « mutualismes augmentés » (« Enhanced mutualism hypothesis »)
Les plantes sont, la plupart du temps, associées a des microorganismes qui leurs sont

bénéfiques. Ainsi, au moins 85 % des espéces sont mycorhizées ; les champignons racinaires
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avec lesquels elles vivent en symbiose leur facilitant entre autres I'accés aux nutriments
(Brundrett and Tedersoo, 2018). D’autres bactéries et champignons endophytes peuvent
étre bénéfiques a leur hote. L’hypothese des « mutualismes augmentés » stipule qu’une
plante exotique envahissante pourra s’associer avec de nouveaux mutualistes dans son aire
d’expansion, ayant un effet bénéfique fort (Sun and He, 2010). Quelques études soutiennent

cette hypothese (Callaway et al., 2011; Sun and He, 2010).

Les Renouées asiatiques, comme les autres especes de la famille des Polygonaceae, sont
reconnues comme étant non-mycorhiziennes; pourtant des champignons, appelés
endophytes fongiques, colonisent les racines de Renouées sans symptome apparent de
maladie (Gucwa-Przepidra et al., 2016) (Figure 1.12, observations personnelles). Certains
d’entre eux, notamment les Dark Septates Endophytes (DSE) présentent des fonctions
mutualistes chez d’autres plantes (Jumpponen and Trappe, 1998), particulierement en
milieu contaminé aux ETM (Domka et al.,, 2019b). Mieux connaitre leurs réles dans les
racines des Renouées est donc nécessaire : y sont-ils mutualistes ? Si oui, I'hypothése des

mutualismes augmentés est pertinente pour les Renouées asiatiques.

Les Dark Septate Endophytes Les endophytes de type Les autres structures fongigues
(DSE) Olpidium

Hyphe mélanisée Microsclérote Chlamydospores Zoospores Hyphe ramifiée Conidies et

Non-mélanisé (haut) non-mélanisée chainette de
et mélanisé (bas) conidies

Figure 1.12 : Endophytes fongiques présents dans les racines des Renouées asiatiques.
Observation au microscope optique aprés coloration au bleu de méthyle. © Louise BARBERIS
& Sophie POUSSINEAU.
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Ces trois hypothéses font intervenir des microorganismes ou peuvent se décliner au niveau
des microorganismes du sol (Reinhart and Callaway, 2006). En effet, outre les herbivores,
une plante exotique peut étre libérée de pathogeénes bactériens ou fongiques (« libération
de ses ennemis »). De méme, les nouvelles armes peuvent inhiber les mutualistes
microbiens plutét que les plantes (Callaway et al., 2008) : cette hypotheése est alors connue

sous le nom des « mutualismes dégradés » (Pinzone et al., 2018).

Les Renouées asiatiques sont donc les “mauvaises herbes idéales”, possédant une forte
compétitivité, des capacités d’hybridation interspécifique, une dispersion (par voie sexuée
et végétative) importante, des armes chimiques et une capacité d’adaptation élevée (Gillies

et al., 2016). Ainsi que de potentiels mutualistes.

Les caractéristiques des Renouées — performance, tolérance aux ETM (détaillée dans I'axe
2), allélopathie, champignons endophytes — en font un excellent modéle pour tester le réle

des endophytes fongiques dans la tolérance de la plante aux ETM.
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Problématique - Rappel

Ces éléments suggéerent que la colonisation des racines par des champignons endophytes

aurait un role prépondérant dans la tolérance des Renouées asiatiques aux ETM.

L'objectif général de cette thése est de tester cette hypothése, en étudiant et en
identifiant les espéces fongiques associées aux racines des Renouées asiatiques (F.
japonica, F. sacchalinensis et F. x bohemica) et leurs roles dans la tolérance de ce taxon a

la pollution métallique des sols, en conditions controlées.
La thése comporte trois axes complémentaires suivies d’une discussion générale :

Axe 1 : Une étude bibliographique des endophytes fongiques présents dans les racines des
plantes et leurs effets sur la tolérance de leur h6te aux ETM ;

Axe 2 : L'étude de I'effet des métaux sur les Renouées et les endophytes associés ;

Axe 3: L’étude de I'effet des endophytes sur la tolérance de la Renouée de Boheme aux

ETM.

Une attention particuliére a été donnée a la croissance de la plante hote, aux concentrations
métalliques dans les tissus végétaux, a la colonisation fongique (en particulier par les
Olpidium et DSE), ainsi qu’au métabolisme secondaire racinaire des plantes et de certaines
souches de champignons isolées. L'identité et la tolérance aux ETM de ces derniéres ont

également été déterminées.
Les hypothéses principales sont les suivantes :

(1) Les Renouées ont une croissance peu altérée par la contamination métallique ;

(2) La présence de métaux induit une modification de la colonisation racinaire par des
endophytes fongiques, avec en particulier une augmentation des DSE (théorie du
« Plant call for support ») ;

(3) Les plantes présentent de meilleurs traits de croissance et/ou tolérent mieux le
stress métallique lorsqu’elles sont intensément colonisées par certains
champignons ;

(4) La présence de métaux induit un changement métabolique au niveau des racines,

en lien avec la performance de la plante et/ou la colonisation fongique.
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Chapitre 2 : Matériels & méthodes

Sites de prélevements

Afin de tester les effets des ETM et des champignons endophytes sur la Renouée, nous avons
mis en culture de petits fragments de rhizomes (autour d’'un gramme) possédant un nceud
leur permettant de régénérer, et issus de plantes prélevés sur le terrain dans la région

lyonnaise (Figure 2.1).

Macon
S
@)
Amhér‘iem&n-Bugey
‘ M sol
cCM X
0 Especes parentales
-~ Lyon— @ - japonica
ol @ F. sachalinensis
© Hybride
i ; @ F. x bohemica
Bourgoin-lallieu
" . J '53int—£tienne _ Sol
i O
0 10 20 km
e —

Grenoble

Figure 2.1 : Localisation des prélévements de rhizomes et de sol prairial. Le sol prélevé (15
centimetres supérieurs), exempt de contamination aux ETM, est le support de culture des
futures expérimentations.

Pour prendre en compte la diversité du complexe d’espéces Fallopia, nous avons récolté des
rhizomes a partir de patchs correspondant a chaque espéce parentale (F. japonica et F.
sacchalinensis) et de trois patchs de F. x bohemica identifiés morphologiquement et
poussant sur trois sites distincts de la métropole du Grand Lyon, distants de plus de 6 km

(Figure 2.1) :
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- Miribel-Jonage (M, 45.8094 N; 4.9352 E), a proximité d’une forét. Le sol n’y
présente pas de contamination métallique particuliére ;

- Caluire (C, 45.8032 N; 4.8638 S), proche d’une décheterie, qui présente une
contamination au Cu (150 mg/kg) et au Pb (180 mg/kg) ;

- Feyzin (F, 45.6787 N; 4.8466 S), a proximité d’une raffinerie et d’'une autoroute,
présentant un sol contaminé au Zn (450 mg/kg).

Voir Tableau 4A.52 page 99 pour plus d’informations.

Les plantes de Caluire présentent des feuilles larges et plutoét cordiformes similaires a celles
de F. sachalinensis, tandis que celles de Feyzin et Miribel possédent des feuilles plus proches
de la forme triangulaire de celles de F. japonica. De ce fait, nous parlerons par la suite de
« morphotypes ».

Les rhizomes de F. japonica ont été collectés au Chambon-Feugerolle (J, 45.3997 N; 4.3417

S) et ceux de F. sachalinensis a Belleroche (S, 46.1723 N; 4.3930 E).

Le sol prairial, que nous souhaitions riche en microorganismes et exempt de contamination,
a été collecté sur les 15 premiers centimétres d’un terrain utilisé pour du paturage extensif

a La Cote Saint-André (45.3769 N; 5.2772 E) (Figure 2.2).

Espéces parentales Sol prairial

Belleroche : La Céte St André T—

Caluire £ ' Miribel

Figure 2.2 : Aspects des lieux de prélévement du sol prairial et des Renouées. ©Louise
BARBERIS et Florence PIOLA.
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Culture fongique

Afin d’identifier les champignons endophytes présents dans les racines des Renouées
asiatiques et de créer une banque de souches fongiques permettant ainsi leur utilisation
dans de futures expériences d’inoculation, des cultures ont été réalisées en milieu malt-agar
a partir de fragments de racines désinfectés en surface selon le protocole mis au point par

Berthelot et al. (2016).

Désinfection :
- 3 min dans de la Javel (5 %) avec une goutte de produit vaisselle
- 30 sec dans de I'eau oxygénée a 30 %

- rincage a I'eau distillée

Les racines ainsi dépourvues d’organismes fongiques ou bactériens en surface et ne
contenant donc plus que les endophytes, sont déposées en en boite de Pétri sur un milieu
stérile de composition suivante :

-1,2 % malt

-1,5 % agar

- 1 mL/L chloramphénicol (antibiotique)

- ajustement du pH a 5,5 + 0.1 avec HCl ou NaOH

- Selon les expériences, ajout de métal sous forme de sel pour une concentration

finale de Cd: 1.5 mg/L, Cr: 200 mg/L, Zn: 400 mg/L ou mix: Cd+Cr+Zn.

Figure 2.3 : Isolement d’endophytes fongiques racinaires de Fallopia x bohemica sur milieu
malt-agar. ©Elisabeth MERTZ

51



Chapitre 2 — Matériel et méthodes

Les endophytes fongiques racinaires sont ensuite cultivés a I'obscurité entre 24 et 27 °C.
Apres quelques semaines (Figure 2.3), les mycelia sont ré-inoculés sur des milieux malt-agar

frais.

Analyse métabolomique

Afin d’étudier le métabolisme secondaire des Renouées asiatiques, nous avons soumis des
extraits racinaires a une analyse chromatographique en phase liquide a ultra-haute
performance (acronyme anglais: UHPLC pour Ultra-High Performance Liquid
Chromatography) permettant de séparer les composés (Figure 2.4). Les composés une fois
séparés sont identifiés grace a leur spectre UV (obtenu par un détecteur de type DAD - Diode
Array Detector) et leur spectre de masse haute résolution obtenu via un spectrometre de
masse de type QTOF (Quadrupole Time Of Flight). Une fois ionisés dans la source les ions
majeurs sont sélectionnés au niveau de la chambre de collision afin de subir une
fragmentation spécifique dont les résidus sont également analysés par spectrométrie de
masse, permettant d’obtenir le spectre MS/MS et donnant ainsi des indications sur les

groupements présents dans les composés (Figure 2.4).

Echantillon Composés séparés Composés ionisés Composés fragmentés
UHPLC ESI Sélection »
—— . lonisation par électrospray .+ Fragmentation =y
Temps de rétention .— .
DAD QTOF QroF QTOF
QTOoF QToF
Spectre de masse (MSMS
Spectre UV Spectre de masse (MS) p ] ( )
(Ratio m/z) (Ratio m/z)

Figure 2.4 : Principe de la séparation et de la caractérisation des métabolites secondaires
par UHPLC-DAD ESI/QTOF. UHPLC : Ultra-High Performance Liquid Chromatography. DAD :
Diod Array Detector. ESI : ElectroSpray lonization. QTOF : Quadrupole Time-of-Flight.
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Pour chaque plante, environ 100 mg de racines sont collectés lors du dépotage et
immédiatement plongés dans |'azote liquide afin de stopper le métabolisme, avant d’étre
conservés a -80 °C puis lyophilisés. Chaque échantillon est ensuite broyé finement
(TissueLyserll® - Qiagen; F= 300/sec., 3 min.), puis extrait par 1 mL de MeOH-H,0 (1:1)
durant 15 minutes aux ultra-sons, de maniére a maximiser le contact entre tissus racinaires
et solvant d’extraction. La phase liquide (contenant les métabolites extraits) est conservée
(apres centrifugation a 5000 tours/min pendant 10 minutes), puis I’extraction est répétée
avec 1 mL de MeOH pur. Les phases liquides sont ensuite réunies, et 'ensemble est séché
sous vide (Speedvac® — Labenco) et stocké a -20°C jusqu’a analyse. Pour I'analyse, les

extraits sont dissouts dans du MeOH 80 % a une concentration de 10 mg/mlL.

Les échantillons sont ensuite analysés par UHPLC-DAD ESI/QTOF (Agilent 1290 infinity
couplée a un Agilent ESI/QTOF 6530, Agilent Technologies), dont les parameétres sont
précisés pour chaque expérience. Pour chaque échantillon un chromatogramme
(abondance de composés en fonction du temps de rétention) UV a 280 nm est obtenu
(permettant ainsi de cibler plus spécifiguement les composés aromatiques absorbant a
cette longueur d’onde), chaque pic représentant un composé (ou plusieurs composés co-
élués lorsque la séparation n’est pas optimale) dont l'aire représente I'abondance du
composé. A chaque pic (et donc composé) correspond un spectre UV, et lorsque détectables
un ion pseudomoléculaire en mode positif ([M+H]*), et un en mode négatif ([M-H]) ainsi

que leurs spectres MSMS respectifs correspondants.

A l'aide du logiciel MassHunter Qualitative Analysis (Agilent Technologies), les pics des
chromatogrammes UV (Figure 2.5) sont intégrés puis sont alignés selon leur temps de
rétention dans une matrice a I'aide d’un échantillon QC (Quality Control) : le QC est un
échantillon composite représentatif de |'ensemble des échantillons d’une méme
expérimentation. L'intégration et I'alignement permettent une quantification relative des
différents composés entre échantillons. Chaque composé est également identifié par
analyse de ses spectres UV, MS et MSMS et par comparaison avec la littérature, en utilisant
les bases de données SciFinder pour les composés végétaux et NPAtlas pour les composés

connus chez les microorganismes.
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Figure 2.5 : Extraits des chromatogrammes UV a 280 nm des QC des extraits racinaires
issus de trois expériences. Chaque pic représente un métabolite, la surface intégrée
correspondant a son abondance relative. Temps de rétention en abscisse, indice
d’abondance en ordonnée (en unité arbitraire).

Quantification fongique

La quantification fongique des endophytes racinaires a été réalisée au microscope optique
(grossissement x 40 et x 100). Pour cela, les racines ont été préalablement décolorées dans
du KOH 10 % a 90 °C (deux bains d’1 h environ). Ensuite, les racines ont été rincées a I'eau
distillée et trempées pendant 1 h dans de I'HCI 1 %, avant d’étre a nouveau rincées puis
colorées au bleu de méthyle pendant une nuit au minimum. Elles ont été conservées dans
du glycérol acide (glycérol 50 %, HCl 0,05 % dans de l'eau distillée) a 4°C avant les

observations microscopiques.

Trois catégories d’endophytes ont été identifiées : les Dark Septate Endophytes (ou DSE)
avec des hyphes septées et peu ramifiées souvent mélanisées et des microsclérotes ; les
Olpidium, présentant des conidies et chlamydospores non mélanisées; et les autres

endophytes qui ne correspondent a aucune de ces deux catégories (Figure 1.12).
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La méthode de quantification décrite par Trouvelot et al. (1986) qui a été développée pour
la quantification des champignons mycorhiziens arbusculaires a été adaptée pour I'étude
des champignons endophytes racinaires des Renouées. Cette méthode repose sur une
estimation visuelle du pourcentage d’infection fongique d’une racine, et ce dans 30

fragments de racines de I'ordre de 1 cm et issus d’un méme individu.

ot~

L]
0 1 2 3 4 5
0% <1% <10% <50% >50% >90%

Figure 2.6 : Méthode de Trouvelot et al. (1986) pour la quantification des mycorhizes.
Chaque fragment de racine est classé dans une des 6 catégories proposées ci-dessus, selon
la surface totale colonisée par les endophytes.

Les endophytes ont été quantifiés sur 20 fragments par plantule représentant I’'ensemble
du systeme racinaire : la surface colonisée par chaque type d’endophyte a été estimée
visuellement et attribuée a I'une des 6 catégories suivantes : pas de champignon (catégorie
0), trace (catégorie 1), < 10 % de la surface couverte par le champignon (catégorie 2), 10 —
50 % (catégorie 3), 50 — 90 % (catégorie 4), > 90 % (catégorie 5). Trois indices ont ensuite

été calculés :

Fréquence de colonisation F nombre de fragments colonisés / N

Intensité de colonisation | (95n5 +70n4 +30n3 +5n2 +nl) /N

Intensité de colonisation des fragments colonisési = | *100/F

Avec N = nombre de fragments observés; n1, n2, n3, n4 et n5 correspondant au nombre de

fragments dans les catégories 1, 2, 3, 4 et 5 respectivement.
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Pour s’assurer de la fiabilité de la quantification des endophytes, toutes les observations
microscopiques ont été faites par une seule personne, dans un ordre aléatoire et en aveugle

(sans information visible des conditions de culture de I’échantillon).

Obtention de rhizomes et akénes dépourvus d’endophytes

L'une des difficultés que nous avons rencontrées lors de |'élaboration de I'expérience
d’inoculation des endophytes sur des plantules dépourvues d’endophytes est I'obtention de
rhizomes dépourvus d’endophytes. Des expériences de désinfection en profondeur ont été
réalisées avec des protocoles variés : mise en suspension des rhizomes dans différentes
associations d’huiles essentielles a propriétés antifongiques, ou trempage dans de I'eau de
javel, ce a des concentrations variées et pendant des durées allant d’'une heure a vingt-
guatre heures. La présence d’endophytes dans les rhizomes apreés le traitement est testée
par dépo6t en milieu gélosé (Figure 2.7 gauche) —on remarque la croissance fongique dans
toutes les conditions-, et la capacité de régénération est vérifiée en perlite (Figure 2.7

droite) — régénération limitée dans les conditions les plus concentrées.

Figure 2.7 : Expérience de stérilisation des rhizomes aux huiles essentielles. A gauche : test

de la présence d’endophytes aprés traitement de stérilisation. A droite : test de la capacité
de régénération des rhizomes aprés traitement. ©Louise BARBERIS
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Ces expériences confirment la présence d’endophytes dans les rhizomes. Aucun des
traitements testés n’a permis d’obtenir des rhizomes dépourvus d’endophytes et encore

capables de régénérer.
Pourrait-on utiliser les akenes pour obtenir des plants dépourvus d’endophytes ?

J'ai donc testé la présence de souches endophytiques aptes a coloniser les racines dans les
akeénes. Pour cela, j'ai stérilisé des akenes en surface (traitement rapide éthanol et eau de
javel), puis je les ai mis a germer sur gélose (milieu axénique). L’observation microscopique
des radicules apres coloration au bleu de méthyle n’a pas permis d’observer d’endophytes
sur plus de 15 akeénes. Ces observations sont toutefois a confirmer en utilisant par exemple

les outils moléculaires (méta-barcoding sur les akeénes et sur les radicules).
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Chapitre 3 : Endophytes fongiques racinaires et leurs effets sur la
tolérance de leur plante hote aux métaux (Axe 1)

Préalable

L’hypothese principale de la thése est que les endophytes fongiques racinaires pourraient

jouer un réle importance dans la tolérance des Renouées asiatiques aux métaux.

Nous savons que les symbioses mycorhiziennes sont des lieux d’échange de carbone vers le
champignon et de nutriments vers la plante et qu’elles ont un réle clairement identifié dans

la résistance des plantes aux ETM

Si la Renouée est non mycorhizée, quelques résultats présentés précédemment,
notamment la présence de métabolites secondaires communs aux plantes et champignons
et la présence de champignons dans les racines des Renouées, ont conduit a la recherche
de données sur les endophytes fongiques racinaires non mycorhiziens, afin de répondre aux
questions suivantes : quelle est leur nature ? Avec quelles familles de plantes sont-ils
associés ? Quels sont leurs réles vis-a-vis des plantes qu’ils colonisent et en particulier,

jouent-ils un réle dans la tolérance des plantes aux ETM ?

Pour répondre a ces questions, une synthése des données bibliographiques a été réalisée :
d’abord, un inventaire de tous les endophytes fongiques qui ont été recensés dans des
racines a été dressé afin d’établir I'identité et la diversité de ces endophytes et de leurs
associations avec des plantes. Ensuite, tous les endophytes racinaires qui ont été testés pour
leur role dans la tolérance aux métaux de leur plante hote ont été recensés, un des objectifs
étant de déceler des constantes taxonomiques dans les mécanismes d’actions des

endophytes sur la gestion des ETM.

Article sous presse

Barberis, L., Michalet, S., Piola, F., and Binet, P. (2020b). Root fungal endophytes:
identity, phylogeny and roles in plant tolerance to metal stress. Fungal Biology.
DOI: 10.1016/j.funbio.2020.11.011
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Abstract

Metal trace elements accumulate in soils mainly because of anthropic activities, leading
living organisms to develop strategies to handle metal toxicity. Plants often associate with
root endophytic fungi, including nonmycorrhizal fungi, and some of these organisms are
associated with metal tolerance. The lack of synthetic analyses of plant-endophyte-metal
tripartite systems and the scant taxonomy of these organisms led to this review aiming (1)
to inventory non-mycorrhizal root fungal endophytes described with respect to their
taxonomic diversity and (2) to determine the mutualistic roles of these plant-fungus
associations under metal stress. More than 1500 species in 100 orders (mainly Hypocreales
and Pleosporales) were reported from a wide variety of environments and hosts. Most
reported endophytes had a positive effect on their host under metal stress, but with various
effects on metal uptake or translocation and no clear taxonomic consistency. Future
research considering the functional patterns and dynamics of these associations is thus

encouraged.

Keywords: metallic trace element, fungal endophytes, taxonomy, accumulation,
mutualism, plant-fungi interactions
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Introduction

Metal accumulation in soils is a growing concern in developed and developing
countries. Fertilizers and pesticides rich in As, Pb, Cr, Cu and Zn, among others (Senesil et
al., 1999), contribute directly to the deposition of metal trace elements (MTEs) in soils. MTEs
may also be emitted to the atmosphere by road traffic (Cu, Zn, Pb) (Nikolaeva et al., 2019),
industries (Bourennane et al., 2010), or coal combustion (Cd, Cu, Ni, Pb, Zn...) and may be
deposited on soil secondarily (Senesil et al., 1999). As metal ions are not biodegradable, they
tend to accumulate and persist in soil over more than two years (Senesil et al., 1999).

As primary producers, vascular plants are essential components of the terrestrial
food chain. Thus, MTE transfer and its biological effects on plants constitute crucial
information for understanding the environmental fate of these pollutants. Contaminated
sites present toxicity for plants, leading to scarce vegetation and negatively affecting
agriculture and human health. For example, Zn and Cd are easily taken up by plants, causing
chlorosis and stunted growth and disturbing N metabolism (Pahlsson, 1989); Cr reduces
germination, yield and plant height and leads to the formation of thick roots (Shanker et al.,
2005). MTEs in general induce oxidative stress and ionic homeostasis disturbance in plants
(Yadav, 2010). However, several plant species developed metal tolerance, either to one
metal (Zn for instance (Pahlsson, 1989)) or to several metals with a common mechanism
(recapitulative figures in Domka et al. (2019); Singh et al., 2016). Metabolomics, ionomics
and proteomics have shown numerous modifications in plant metabolism in the presence
of heavy metals (Singh et al., 2016), such as phytochelatins and glutathione, which increase
metal contamination (Seth et al., 2012). Amino acids, organic acids and phenols participate
in the chelation and transport of metals, whereas glutathione and alpha-tocopherol are
involved in the scavenging of ROS and lipid peroxides. Peptides such as phytochelatins and
metallothioneins bind metal ions, and hormones such as salicylic acid or abscisic acid
participate in plant systemic responses to abiotic stress (Hu et al., 2020; Raza et al., 2020;
Saeed-Ur-Rahman et al., 2020; Singh et al., 2016). Metal ions bound to phytochelatins are
transported from the cytosol to the vacuolar compartment, thus detoxifying the cytosol and
limiting oxidative stress (Yadav, 2010; Zenk, 1996).

The plant and fungal kingdoms are strongly linked, and more than 85% of vascular
plants form symbiotic associations with mycorrhizal fungi (Brundrett and Tedersoo, 2018).

Although seven categories of mycorrhizal symbioses have been reported (Finlay, 2008), two
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types, namely, arbuscular mycorrhizal and ectomycorrhizal symbioses, have been
extensively studied for their role in plant-MTE interactions. Although the literature
concerning the role of ericoid mycorrhizal (ErM) fungi is not as extensive as that for
arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal fungi (EMF), some data are also
available for this group.

At metal-contaminated sites, AMF are found in more than 80% of plants across a
wide diversity and have been shown to promote plant growth (Wang, 2017), demonstrating
that not only are fungi tolerant to metals, but they may also help plants tolerate metals.
Therefore, the role of AMFs and EMFs on plant tolerance to metal stress has been widely
studied (e.g., Luo et al., 2014; Miransari, 2011; Shi et al., 2019; Zhan et al., 2019). AMFs
increase plant growth and alleviate metal stress, especially under high metal
concentrations. Stress alleviation may come from increased plant growth (metal dilution
effect) and/or decreased concentrations of available metals in soil (Khan, 2005; Miransari,
2011) but also from participation and improvement of plant defences (Ferrol et al., 2016).
Ectomycorrhizae are present in approximately 2% of plant species, mainly trees (Brundrett,
2009; Brundrett and Tedersoo, 2018). Some EMFs immobilize metals in soil, whereas other
EMFs promote metal uptake by the host plant. Metal transporters produced by EMFs are
important in mediating tolerance (Luo et al., 2014). Thus, in mycorrhizal plants, both AMFs
and EMFs can alleviate plant metal stress by sequestrating metal ions, improving the
nutritional and antioxidative status of the plant and stimulating the expression of genes
involved in metal accumulation in both partners (Shi et al., 2019; Yu et al., 2020). Similarly,
ErM favour plant growth under Cu and Zn contamination with lower MTE concentrations in
shoots but higher concentrations in roots, suggesting an adsorption mechanism (Bradley et
al., 1982), or with lower concentrations in roots, suggesting a filtering effect (Casarrubia et
al., 2020). The metal tolerance of fungal partners may explain in some way their host plant
metal tolerance (Bradley et al., 1982): in particular, the involvement of several fungal genes
coding for antioxidant enzymes, metal transporters, and DNA damage repair proteins are
under investigation (Daghino et al., 2016). Transporters and metallothioneins, which could
be involved in MTE sequestration in roots or MTE transport into plant tissues, have been
identified in all three types of mycorrhizae (Ruytinx et al., 2020) and seem to mitigate
oxidative stress (Zou et al., 2020), but the precise mechanism at the plant root-fungi

interface remains unknown (Becquer et al., 2019).
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In addition to mycorrhizae, other fungi associate with plant roots without forming
an exchange structure. Dark-septate endophytes (DSEs) belong to this category. Rather well
studied, they are often named “pseudomycorrhizae” (Jumpponen and Trappe, 1998)
because of their specific association with plant roots and their mutualistic effects on plants.
A meta-analysis of inoculation experiments showed that DSEs have positive or neutral
effects on plant growth (Newsham, 2011). Keeping these four groups —AMF, EMF, ErM and
DSE- aside, a high diversity of fungi is still found in plants. Some are classified as parasitic
despite harbouring non-pathogenic interactions with some plants, while others are truly
unstudied. Olpidium or Mucor are examples of less studied fungal genera defined as
“endophytes” (Zahoor et al., 2017; Zubek et al., 2016).

Some authors defined the term “endophytes” as either bacterial or fungal symbionts
within plant tissues that, during at least part of their life cycle, do not cause any visible signs
of tissue damage or adverse effects on the host (Kageyama et al., 2008; Schulz and Boyle,
2005; Wilson, 1995).

Numerous reviews on plant-fungus relationships, plant-MTE interactions and
fungus-MTE interactions exist (Figure 3.1). Some of them combine plant, fungi and heavy
metal relationships, but most of them are restricted to some plants (trees for example) or
some microorganisms (AMFs mainly, DSEs, bacteria, etc.). Only a few studies considered the
tripartite plant-endophyte-metal system at the whole ecosystem level, and even fewer used
in situ analyses. Despite the fact that the roles of fungal endophytes on plant metal
tolerance, including DSEs, were well and recently reviewed by Domka et al. (2019), the
contemporaneous bibliography did not explore the phylogeny of this large taxonomical
group that is formed by endophytic fungi. Fungal endophyte biology may be highly diverse,
and as a result, the mechanisms of metal stress alleviation may vary between these groups,
although some might be conserved between closely related species.

Consequently, the objectives of this review are (1) to report phylogenetic
relationships of fungal endophytes described to date and (2) to explore their mutualistic
function in the context of metal contamination and by way of taxonomy. As roots are
directly in contact with contaminated soil where MTE transfer occurs, we chose to inventory
root fungal endophytes exclusively. Thus, we answered the following questions: which are
the fungal endophytes presentin plant roots? Do they participate in plant tolerance to metal
contamination? Is there any evident relationship between their mutualistic function and

their taxonomy?
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Nair and Padmavathy 2014

Mandyam and Jumpponen 2005: DSE
Vergarame 2019: Trichoderma and DSE
Zhi-lin 2007: secondary metabolites
Chhabra and Dowling 2017: nutrient acquisition
Lehnert 2017: Tracheophytes
Terhonen 2019: Trees

Baath 1989: microorganisms in
general

Sathendra 2017: microorganisms
in general

Miransari 2011: AMF
Li 2012a: mainly bacteria
Luo 2014: EMF, trees
Ma et al. 2016: AMF and bacteria
Shi et al. 2019: mycorrhiza
Domka 2019: endophytes

| Plants | W | Heavy metals
Ghosh and Singh 2005

Yadav 2010
Singh 2016

Figure 3.1: Existing reviews on plant-fungi-MTE interactions. EM: Ectomycorrhiza Fungi,
AMF: Arbuscular Mycorrhizal Fungi.

This review identifies fungal endophytes described in various plant roots and
environments and places them in a global phylogeny of fungi. Then, different aspects of
metal stress alleviation by endophytes are reported in light of taxonomy. We propose future

investigations to further elucidate the roles of endophytic fungi in plant metal tolerance.

Identification and phylogenetic analysis

This first chapter presents an inventory of fungal endophytes that were identified in plant
roots (Table 3.1): this review does not include mycorrhizal fungi. A total of 144 articles
studied fungal root communities and identified them by sequencing approaches. The
complete inventory is available in the supplementary data (Table S1), with more than 1500

different species referenced. Hereafter, all orders of identified species are presented.
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Chapitre 3 — Endophytes fongiques racinaires et effets

Root endophytes were found wherever scientists searched for them by using molecular
sequencing. Indeed, from grasslands to aquatic systems, deserts, forests, bogs, dunes,
mountains and metal-polluted environments, fungi belonging to 101 orders, 40 classes and
12 divisions were retrieved and included in this review. However, many fungi are still of

undetermined order.

Fungal communities may vary according to the season, site, soil characteristics and host
plant. Root fungal communities were extremely different between the early and late
seasons in Bouteloua gracilis and Gutierrezia sarothrae (Kageyama et al., 2008), and root
culturable endophytes were strictly different between spring and summer in the
carnivorous plant Drosera rotundifolia (Quilliam and Jones, 2010). The colonization
percentage by DSEs was 6-fold higher in May (12%) than in April (2%) in Salix humboldtiana
(Becerra et al., 2009). Thus, communities of fungal endophytes are highly variable in quality
and quantity during the growing season, indicating temporal variability, which may be
related to different fungal growth velocities, different fungal phenologies or variable fungal

recruitment by the plant, depending on its growth state and environmental changes.

Endophyte communities also vary in terms of diversity and colonization levels between
geographical sites. For example, the DSE colonization percentage in Solanum nigrum varied
from 1 to 10% between four sites at three different elevations (Muthukumar and Sathya,
2017), and endophyte richness was greater in Festuca paniculata roots in unmown
grasslands than in mown grasslands, with Eurotiomycetes being specific to mown grasslands
(Mouhamadou et al., 2011). Local pedoclimatic conditions may represent abiotic filters
limiting fungal colonization and include the variation of physico-chemical parameters such
as elevation, slope orientation, climate, and soil characteristics (pH, N and K concentrations,
granulometry, etc.). For instance, in the halophyte plant /nula crithmoides, one
undetermined DSE belonging to the Pleosporales was positively correlated with the salt
gradient (Macia-Vicente et al., 2012). Nevertheless, these differences between sites may
also be explained by limited fungal dispersion or biotic filters or even by the abundance of

DSEs in soil that were not systemically recorded.
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Chapitre 3 — Endophytes fongiques racinaires et effets

Each order of fungi is found in several types of plants (e.g., Pleosporales and
Chaetosphaeriales in Orchidaceae, trees, subshrubs and shrubs, Poaceae, and forest plants,
while Pleosporales is also reported in aquatic plants, forbs, halophytes, and
hyperaccumulators) (Table 3.1, Table 3.2), indicating rather generalist plant-fungus
associations. However, fungal endophyte communities depend on the host plant. Indeed,
endophytic assemblages differ between two plant species belonging to the same genera,
for example, between the halophyte Inula crithmoides and the non-halophyte Inula viscosa
(Macia-Vicente et al.,, 2012). The frequencies of association between endophytes and
different trees (Betula papyrifera, Abies balsamea, and Picea glauca) revealed the
preferences of some fungi for a specific tree; for example, Phialocephala fortinii associates
preferentially with P. glauca and Oidodendron sp. with B. papyrifera (Kernaghan and
Patriquin, 2011). Similarly, in two grasses, Phoma herbarum and Microdochium sp. were
found only in Bouteloua gracilis, whereas Lophiostoma sp. was found only in Gutierrezia

sarothrae (Kageyama et al., 2008).

Root fungal endophytes were found among the great majority of Ascomycota (52 identified
orders, Table 3.1), followed by Basidiomycota, Chytridiomycota, Mucoromycota, and
Oomycota (32, 5, 3 and 2 orders, respectively, Table 3.2). Orders that are found in a large
number of studies (more than a quarter of studies) are Hypocreales (Sordariomycetes),
Pleosporales (Dothideomycetes), Helotiales (Leotiomycetes), Eurotiales (Eurotiomycetes)

and Xylariales (Sordariomycetes) (Figure 3.2).
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Figure 3.1: Number of references per order of fungal endophytes.

Thus, fungal root endophytes are highly diverse. We placed them on a phylogenetic tree of
Eumycetes (Figure 3.3). Similar to foliar endophytes (Higgins et al., 2007), root endophytes
are found throughout the phylogeny of Eumycetes and do not form a monophyletic group.
This suggests, similar to mycorrhizae (Fitter and Moyersoen, 1996), that the ability to live

within plant roots without harming them appeared several times in evolution.
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Figure 3.3: Endophytes in the phylogeny of Eumycetes. Root fungal occurrences are defined
as one fungus/one plant host/one environment/one reference article. Modified from Nagy
and Sz6ll6si (2017).

Among all fungal endophytes, the dark septate endophyte (DSE) morphological group is
commonly — and more than other endophytes - studied for its potential beneficial
association with plants. Several orders were reported to contain DSEs: Capnodiales,

Chaetosphaeriales, Chaetothyriales, Dothideales, Elaphomycetales, Eurotiales, Helotiales,
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Hypocreales, Leotiales, Microascales,  Onygenales, Pleosporales,  Pezizales,
Saccharomycetales, Sordariales, Taphrinales, and Xylariales (Griinig et al., 2011; Jumpponen
and Trappe, 1998; Knapp and Kovacs, 2016; Newsham, 2011). DSEs therefore constitute a
paraphyletic group (Yuan et al., 2011), defined by their similar morphology (i.e., intercellular
melanised and septate hyphae and intracellular microsclerotia). We note that the seven
orders that were the most often found from our results (Hypocreales, Pleosporales,
Helotiales, Eurotiales, Xylariales, Capnodiales and Sordariales) are known to contain DSEs

(Jumpponen and Trappe, 1998; Knapp and Kovacs, 2016; Newsham, 2011).

Root fungal endophytes are commonly found in metal-contaminated soils (Domka et al.,
2019b; Lacercat-Didier et al., 2016) and increase plant metal tolerance (Domka et al.,
2019b). The high diversity of root endophytes observed in this study suggests that their roles
in plant metal tolerance may strongly differ as well as the mechanisms of plant-fungus
tolerance to metal. Thus, in this work, the role of these organisms in plant metal tolerance

and accumulation is analysed and compared with respect to their taxonomic diversity.

Fungal endophytes and plant metal tolerance

We made an inventory of root endophytes that were experimentally tested on plants in the
context of metal contamination (Table 3.3). When described, we reported the effect of
those endophytes on plant growth, metal uptake and metal translocation from roots to
aerial parts. A complete inventory of the effects of endophytes on other plant traits in the

context of metal contamination is available in the supplementary data.
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Of the 118 plant-fungus associations for which the MTE was specified, Cd was the most
commonly studied (49), followed by Pb (24) and Zn (15) (Figure 3.4A). These contaminants
are particularly abundant in anthropized soils, especially originating from coal combustion
(Bourennane et al., 2010; Senesil et al., 1999) and agriculture for Cd (Bourennane et al.,
2010). These three elements presented enrichment factors from 10 to 30 in soils of
industrial regions, much higher than those of other trace elements (Bourennane et al.,
2010). A relatively equal number of studies examining monocontamination (35 associations)
or polycontamination (27 associations) was observed (Figure 3.4B). Nine pot experiments
directly tested field soil or wastewater contamination, in contrast to the rest of the studies
that used artificially mono- or polycontaminated soils. Metal availability for plants is related
to its speciation in soil (Kabata-Pendias, 2004), which cannot be controlled in greenhouses.
Using field soil as a substrate for experiments limits this bias and should be encouraged,

although it makes the interactions between different metals more complex.
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Chapitre 3 — Endophytes fongiques racinaires et effets
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Figure 3.4: Research on fungal endophytes in relation to plant tolerance to MTE: which
MTE and which protocol? A: number of counts for each metal; B: Number of counts for each
protocole of contamination (mono-, poly- contamination or field soil). Each count
corresponds to a line of the Table 3, i.e. one fungus * one plant host genera * one response
dynamic * one reference.

Almost all tested endophytes led to better welfare of plants in the presence of metal trace
elements (Table 3.3, Table 3.4, Figure 3.5A). Plant metal tolerance may be associated with
both metal accumulation in roots - metal uptake (Figure 3.5B) or shoots - metal
translocation (Figure 3.5C) or with a reduction in the metal concentrations of plant parts
(i.e., exclusion). This shows two strategies of metal tolerance: MTE avoidance and MTE

storage, confirming the previously reported smaller inventory of Domka et al. (2019).
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Chapitre 3 — Endophytes fongiques racinaires et effets

Metal uptake and metal translocation are not correlated (Table 3.4): fungi may increase metal
concentrations in roots but decrease metal translocation to shoots (like AMF, Miransari, 2011).
Fungi may also decrease metal uptake but increase its translocation. Finally, metal uptake and
translocation may both vary together, either increasing or decreasing in the presence of fungi.
These effects depend on fungus/plant/metal identities, with the same fungal species having
various effects according to its host plant and the contaminant. For example, Trichoderma
asperellum does not have any effect on Lactuca serriola growth (Wazny et al., 2018), whereas it
favours onion and Suaeda salsa growth in association with decreased metal uptake and
translocation (Li et al., 2019; Téllez Vargas et al., 2017). Similarly, Penicillium janthinellum
facilitates metal exclusion in Solanum lycopersicum in the presence of Cd (Khan et al., 2014) but
increases metal accumulation in the presence of Al (Khan et al., 2015). Unfortunately, data are

lacking concerning metal uptake and translocation induced by many fungal endophytes.

Plant growth, nutrition Metal uptake Metal translocation

=6

+; 50

Figure 3.5: Fungal endophyte effects in the presence of metal on plant growth (A), metal uptake
(B) and MTE translocation (C). Green: positive effect, red: negative effect, grey: neutral effect.

These strategies are not linked with taxonomy, and much variability in strategies is observed,
including within a single species. We observed that some fungi, such as Fusarium oxysporum,
commonly considered pathogens (Michielse and Rep, 2009; Poletto et al.,, 2020), may have
positive effects on plant growth in the context of metal contamination (Mostafa et al., 2019). This
fungus has also been shown to decrease some biomarkers of oxidative stress in the legume Cicer
arietinum under Cd contamination, probably acting like a filter (Laib et al., 2020).

Considering plant taxonomy, we did not observe any common strategies for trees or members of

the Poaceae. Even for a given plant species, different fungi may have different effects. Indeed,
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under Cd/Pb polycontamination, Brassica napus is always stimulated by endophytes, but the
metal uptake and translocation strategies differ; the fungal endophyte Lasiodiplodia sp. increases
metal uptake and translocation (Deng et al., 2014), whereas Fusarium sp., Mucor circinelloides and
Mucor racemosus have no effect on these parameters (Shi et al., 2017; Zhu et al., 2015).
Penicillium sp. have no effect on metal uptake but increase Cd (but not Pb) translocation to shoots
(Shietal., 2017). For Zea mays, metal uptake and translocation may be increased by some strains
of the endophyte Peyronellaea sp. (Shen et al., 2013), but metal translocation is decreased by
Exophiala pisciphila (He et al., 2017; Li et al., 2011). Thus, in the presence of metal, the different

fungi present in a given plant could have antagonistic effects.

Therefore, fungal endophytes have more than one way to improve metal tolerance in plants, and
the different strategies are not linked to taxonomy. Different mechanisms of plant protection
against MTE by fungal endophytes were reviewed in Domka et al. (2019). Here some of the
highlights: endophytic fungi can accumulate high quantities of MTE in their mycelia (48.6 mg Cr/g
dry fungal biomass, corresponding to 81% of the total Cr in media concentrated at 600 pg/mL)
(Zahoor et al., 2017). The accumulation occurs through the production of metal chelating
molecules such as glutathione (GSH), phytochelatins and metallothioneins (Domka et al., 2019b).
These small molecules bind toxic metals and lead to their detoxification and storage in the vacuole.
Endophytic fungi may also secrete chelating molecules in the rhizosphere, preventing metals from
entering the root. These molecules include citrates, organic acids, siderophores,
exopolysaccharides (EPSs), and phenolic compounds. Melanin, present in the fungal cell wall, is
reported for its ability to bind metal ions. In contrast, fungi may improve plant metal accumulation
by stimulating plant detoxification systems. Endophytes may indirectly improve plant growth in
contaminated soil in other ways, such as the production of phytohormones or the mobilization of
nutrients (Domka et al., 2019b). If the global metal content in roots or shoots is not an indicator
of plant tolerance, it is possible that subcellular locations of metal ions would be more important
for plant welfare. The DSE Exophiala pisciphila was shown to increase the subcellular
compartmentalization of Zea maize in response to Cd and to engage in the remodelling of plant
cell walls, correlating with an increase in Cd content (Shen et al., 2020).

Thus, endophytic fungi may immobilize MTE in the rhizosphere or within their mycelia. They may
also favour plant (hyper)accumulation and storage and/or favour plant health independently of

MTEs. All three strategies lead to better tolerance of host plants to MTEs.
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Perspectives on the roles of endophytic fungi in plant metal tolerance

Ecology and evolution of plant-endophyte associations

This review, including major inventories of root fungal endophytes and their effect on plant metal
tolerance, highlights the high taxonomic diversity of endophytes and their different effects on
metal accumulation (uptake and translocation) in plants.

We referenced endophytes identified in plants growing in all types of environments and
representing a large taxonomic diversity of Fungi. This suggests the convergent and redundant
appearance of endophytism in different times and spaces during the co-evolution of plants and
fungi. Present in plants without generating any symptom of disease, endophytes can shift their
lifestyle, being latent saprotrophs or pathogens, temporary residents, mutualists or commensal
(Suryanarayanan, 2013). Some endophytes can survive as decomposers on leaves after the death
of plant tissues, suggesting that mutualism could derive from saprophytism (Suryanarayanan,
2013). This theory relates directly to the saprotrophism, symbiosis and pathogenesis continuum
described by Veneault-Fourrey and Martin (2011) and the potential transition of some fungi from
saprotrophism to the ectomycorrhizal lifestyle (e.g., brown-rot fungi). Using a phylogenetic
approach, Delaye et al. (2013) showed that at least four changes occurred in fungi when shifting
from endophytism to necrotrophism (fungi living in dead tissues) and at least four different shifts
occur in the opposite direction. However, when shifts occurred towards biotrophic pathogenicity,
no return towards endophytism occurred. Thus, pathogenicity is an evolutionarily stable trait, but
endophytism is not (Delaye et al., 2013). According to paleobotany, endophytism (including all
living fungi in unharmed plant tissues) dates as far back as 400 MYA in terrestrial plants with
differentiated organs as well as in plants with prostrates (Krings et al., 2012). The major groups of
Fungi were already diversified, and the structures involved in plant-fungus interactions were
similar to those of today. The association of plants with fungi may have been a prerequisite for
land colonization by plants.

This wide association between plants and fungi and the evolutionary convergence and redundancy
of this association raises the question of the costs and benefits of the association for both partners.
Leaf endophytes may protect plants against fungal pathogens, herbivory and abiotic stress but
probably also interfere with photosynthesis (change the photosynthetic spectrum, consume
photosynthetates, and use CO; for respiration) (Suryanarayanan, 2013). Under extreme resource
limitation, because they utilize host photosynthates, endophytes are thought to be a cost for

plants. Indeed, the leaf endophyte Neotyphodium lolii was shown in Lolium perenne to reduce
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photosynthetic activity and the proportion of living shoots (Cheplick, 2007). However, the costs
and benefits of root endophyte associations in plants as well as the costs and benefits from the

point of view of the fungus are rarely discussed (but see Kusari et al. (2012)).

MTE avoidance or accumulation

In this review, we particularly explored the benefits of root endophytes in plant metal tolerance.
Two main strategies of plant tolerance via fungi are observed: MTE avoidance and MTE
accumulation.

We were not able to retrieve any fungal taxonomic patterns related to a given effect on plant
metal tolerance: taxonomy does not seem to be a good predictor of the diversity of mechanisms
of plant metal stress alleviation by endophytes. Furthermore, the same fungal species showed
antagonistic effects on different plants, decreasing or increasing metal accumulation. This is the
case for Piriformospora indica, which increases wheat but decreases maize metal uptake (Asilian
et al., 2019; Shahabivand et al., 2012), or Trichoderma asperellum, which has no effect on Lactuca
serriola metal uptake and translocation but shows a negative effect on onion and Suaeda salsa
metal uptake and translocation (Li et al., 2019; Téllez Vargas et al., 2017; Wazny et al., 2018). It
has been shown for AMF that fungal tolerance may vary individually, with local adaptation to
metal contamination at the intraspecific level (Colpaert et al., 2004; Jourand et al., 2010; Vallino
et al., 2011). Similarly, the endophyte Peyronellaea sp. displays various effects on metal uptake
and translocation, depending on the tested strain (Shen et al., 2013). Thus, further studies should
be developed to analyse the effects of each fungal species at the infraspecific level before
integrating them at the fungal community level to better assess their effect on plant metal
tolerance. Fundamental studies should further identify functional similarities between fungi that
share the same strategies or the conditions that determine the balance between different

strategies.

Mechanisms and evolution of metal tolerance in the plant-endophyte association

Cellular mechanisms of metal tolerance pre-exist (i.e., are present but not necessarily expressed),
including in some plants growing in uncontaminated sites. These plants are able to grow when
transferred to contaminated soil (Meyer et al., 2016). In Arabidopsis halleri, the plasma membrane
pump HMA4 (HEAVY METAL ATPASE 4) involved in metal translocation and detoxification pre-
existed before metal adaptation (Meyer et al., 2016). Metal tolerance may also be the exaptation

of another trait: “the current function of a trait may not be that for which the trait originally

85



Chapitre 3 — Endophytes fongiques racinaires et effets

evolved (the latter being adaptation)” (Boyd, 2004). Indeed, uptake and translocation of toxic
elements use the same mechanisms as those dedicated to the acquisition and transport of
micronutrients (Tangahu et al.,, 2011). Metal tolerance implies that metal chelators
(phytochelatins, metallothioneins, phenols, organic acids, etc.), as well as molecules limiting
oxidative stress, such as alpha-tocopherol, scavenges ROS and lipid peroxides (Singh et al., 2016).
Glutathione is involved in the production of phytochelatins and the reduction of oxidative stress
(zenk, 1996). Glutathione may be induced by the growth hormone salicylic acid, which is known
for regulating many physiological processes, such as local and systemic plant-pathogen resistance
and tolerance against abiotic stress (Singh et al., 2016). For both mycorrhizal and nonmycorrhizal
fungi, similar mechanisms have been described. Fungi may immobilize metal ions in soil through
the excretion of chelators, such as the glycoprotein glomalin from Glomus spp., and those on
chitin-containing cell walls, which offer many binding sites to metals (Bellion et al., 2006; Gonzalez-
Guerrero et al., 2009). DSEs constitutively produce melanin in their cell walls, and melanin is an
important antioxidant (Zhan et al., 2011). This pigment is shown to increase in the presence of Cd
(Zhan et al., 2011) and Pb (Ban et al., 2012), suggesting exaptation. In the cytosol, glutathione and
metallothioneins chelate metal ions, and efflux pumps are activated to transport metal ions out
of the cell or into vacuoles. Finally, oxidative stress induced by metals is neutralized by the
induction of superoxide dismutase and the production of antioxidant molecules (Bellion et al.,
2006; Gonzalez-Guerrero et al., 2009). Common molecules to both plant and fungal partners, such
as polyphenols (Michalet et al., 2017; Pham et al., 2017), glutathiones, metallothioneins, and
metal transporters (Gonzalez-Guerrero et al., 2009; Zenk, 1996), suggest complex interactions
between the two partners. In particular, plant defences against MTEs (glutathione, phytochelatins
and metallothioneins) were reported to be either lowered when associated with an arbuscular
fungus (Ferrol et al., 2016; Gonzalez-Guerrero et al., 2009) or increased (Ferrol et al., 2016). These
correlations between symbiotic fungi and plant defences may be either related to a direct
production of defence molecules by fungi or an induction of plant gene expression and protein
synthesis by fungi (Ferrol et al., 2016).

Basal (metabolic) oxidative stress may be amplified by environmental stresses such as salt, cold or
drought stresses (Xiong et al., 2002). Thus, metal tolerance mechanisms could derive from plant
adaptation to other abiotic stresses. In the same way, plant metal tolerance inherited from the
endophyte association may also be an exaptation of the plant-endophyte association that could

be seen as an extension of plant functional traits.
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Conclusion

A wide variety of fungal endophytes are present in plant roots worldwide and in all ecosystems
where they were investigated. They belong predominantly to Ascomycota, with some
Mucoromycotina and Basidiomycota species. These fungi participate in plant tolerance to metal
stress, improving plant growth and physiology. However, root fungal endophytes influence root
metal uptake and root-to-shoot translocation inconsistently. Plant MTE tolerance via root
endophytes may result from the beneficial interactions of this association compared to plant
investment in their own defence systems and common defensive molecules. The mutualistic
function of root fungal endophytes does not seem to be related to their taxonomy, since different

association types are observed intraspecifically.

Research perspectives

Endophyte research is often oriented to applications in phytoremediation, agricultural yield
improvement or metabolite production. Isolation of endophytes is therefore a purely technical
step for many researchers, who thus do not provide information such as plant tissue provenance
(e.g., Biswas et al., 2020). It would be of great value to share this information, which can be useful
for more fundamental research (the previously cited article and others could not have been
included in this inventory).

Current research mainly focuses on Cd, letting the effects of other anthropically emitted MTEs,
such as Cr and Ni, go largely unexplored. Although approximately half of the studies combine
several MTEs, we still do not have a clear understanding of the interactions between MTEs in situ
(Pahlsson, 1989). Studies using contaminated field soil are encouraged. In amended soils, added
metals will not be complexed as they would be in situ, leading to different availabilities for plants.
Using field soil as a substrate would help to control the bias of metal availability and gain insights
into interactions between MTEs. In addition, using field soil could help to determine the processes
of microflora recruitment and thus the stability of plant-fungi associations.

One could find here potential applications for phytoremediation: as endophytes stimulate plant
growth and, in some cases, phytoaccumulation of MTEs in aerial parts, we could argue that
carefully chosen endophytes may be inoculated into polluted soils with particular plants to
increase the degree of phytoextraction of metals (Berthelot et al., 2017; Deng and Cao, 2017).

However, endophytes will be amended to existing communities, and though some studies have
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been conducted on the competition between various fungi in vitro (Berthelot et al., 2019), we
have little idea of their competitive abilities against endogenous communities in situ. Further
studies should thus include soil collected from the field to disentangle those processes.

The competitive abilities of endophytes are determined not only by direct interactions between
fungi but also by their interactions with the host plant and other microbial and biotic communities.
Indeed, plants have evolved some mechanisms to distinguish pathogens from beneficial microbes
through specific receptors, nutrient monitoring, damage sensing, and probably other ways that
remain to be explored (Plett and Martin, 2018). Some authors hypothesized that under abiotic
stresses, plants may recruit beneficial microbes through the modulation of root secondary
metabolism, leading them to better cope with these stresses, i.e., the “plant call for support
hypothesis” (Thijs et al. 2016). Future research should examine the mechanisms of the association
between plants and fungi and their dynamics: is this association occurring randomly? To what

extent do plants recruit fungi that are the most beneficial and how?
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Synthese

Cette revue bibliographique montre que les endophytes fongiques racinaires sont extrémement
variés : 1500 espéces dans 100 ordres (principalement chez les Hypocreales et les Pleosporales)
ont été référencées, se répartissant sur I'ensemble de la phylogénie des Eumycéetes. lls sont
ubiquistes, colonisant les milieux terrestres aussi bien qu’aquatiques, les foréts, prairies, déserts
et montagnes, ainsi que les milieux contaminés aux ETM. Presque tous les endophytes testés se
sont montrés bénéfiques a leur hote en présence d’ETM, bien qu’aucun mécanisme universel de
résistance aux ETM ne puisse étre mis en évidence. Dans certaines associations, les endophytes
favorisent le prélevement des ETM et leur translocation vers les parties aériennes (ex : Phomopsis
fukushi associé a la tomate), dans d’autres cas au contraire ils jouent plutot le role de filtre en
inhibant ces deux parameétres (ex: Trichoderma asperellum associé a I'oignon). Ces deux
mécanismes ne sont cependant pas automatiquement couplés et certaines associations favorisent
I"'un en inhibant I'autre (Piriformospora indica avec le blé par exemple). Aucun lien n’a pu étre
montré entre le réle des champignons dans I'une ou l'autre de ces stratégies et leur origine
taxonomique, un méme champignon pouvant avoir des effets différents sur le prélevement et la
translocation selon leur héte ou les conditions environnementales (Penicillium janthinellum filtre

le Cd mais permet I'accumulation d’Al chez Solanum lycopersicum).

En conclusion, cette premiére étude a permis de démontrer que les endophytes fongiques
peuvent expliquer, au moins en partie, la tolérance de certaines plantes aux ETM. Est-ce le cas

chez les Renouées asiatiques ?
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Chapitre 4 : Effet des métaux sur les Renouées et les endophytes
associés (Axe 2)

Avant de tester I'effet des endophytes sur la relation entre ETM et Renouées, il est nécessaire de
bien comprendre quelle est cette relation, et comment sont affectés les plantes et les endophytes
eux-mémes par les ETM. Ainsi, nous commencerons par caractériser les effets des ETM sur les
Renouées, puis caractériserons les endophytes fongiques présents dans les racines des Renouées

et leur tolérance aux ETM.

Chapitre 4A : Tolérance des Renouées aux métaux

L’objectif de cet article est de tester I'effet de mono-contaminations aux ETM (Cd, Cr et Zn) sur les
performances des Renouées asiatiques. Les performances sont mesurées par des traits de
croissance (masses des différentes parties, hauteur) et des traits physiologiques (teneur en
pigments foliaires). Ces mesures sont complétées par I'étude des variations de profils des

composés phénoliques dans les parties racinaires.

L’expérimentation sous serre, la mesure des traits de croissance et I'obtention des extraits a été
réalisée par Wilfried Chevallier lors de son stage de Master 2 — Biologie Végétale (UCBL). J'ai réalisé

pour ma part toute I"analyse des données et rédigé I'article présenté ci-apres.

Article publié
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Responses of the species complex Fallopia x bohemica to single-metal contaminations to Cd,

Cr or Zn: growth traits, metal accumulation and secondary metabolism. Environ Monit Assess
192, 673. DOI : 10.1007/s10661-020-08627-1
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Abstract

Plant responses to heavy metals and their storage constitutes a crucial step to understand the
environmental impacts of Metallic Trace Elements (MTEs).

In controlled experiments, we previously demonstrated the tolerance and resilience of Japanese
knotweed to soil artificial polymetallic contamination. Using the same experimental design, we
tested here the effect of three individual MTEs on Fallopia x bohemica performance traits.
Rhizome fragments from three different sites (considered as distinct morphotypes) were grown
in a greenhouse for one month on a prairial soil artificially contaminated with either Cd, Cr (VI) or
Zn at concentrations corresponding to relatively highly polluted soils.

Our results confirmed the high tolerance of Bohemian knotweed to metal stress, though, plant
response to MTE pollution was dependant on MTE identity. Bohemian knotweed was stimulated
by Cr (VI) (increased root and aerial masses), did not display any measurable change in
performance traits under Cd at the high dose of 10 mg.kg?, and uptook all MTEs in its rhizome,
but only Zn was transferred to its aerial parts. We also highlighted changes in root secondary
metabolism that were more accentuated with Zn, including the increase of anthraquinone,
stilbene and biphenyl derivatives. These results compared to multi-contamination experiments
previously published suggest complex interactions between metals and plant, depending

principally on metal identity and also suggest a potential role of soil microbes in the interactions.
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Introduction

Because of the intensification of anthropogenic activities such as road traffic, mining,
fertilisation or industrialisation, soils receive constantly higher concentrations of contaminants
(through their atmospheric redeposition), leading to their accumulation over time (Bourennane
et al., 2010; Senesil et al., 1999). A large part of these contaminants is represented by Metallic
Trace Elements (MTEs), also referred to as Heavy Metals (HMs), which may reach sometimes very
high concentrations in severely disturbed sites. Some of these MTEs do not have any known
biological function and present toxicity for most organisms (e.g. cadmium-Cd, chromium (VI)-Cr
(V1)), whereas some others are essential but may also become toxic when present in excess (e.g.
zinc-Zn). In addition, MTEs are accumulated through the food chain and become dangerous for
human health (Clemens and Ma, 2016; Clemens et al., 2013). Thus, high concentrations of MTEs
in soils lead to major changes at the whole ecosystem level (Babich and Stotzky, 1985; Mahino et

al., 2014; Peters et al., 2013).

In plants, as in most organisms, MTE toxicity is expressed by the alteration of enzyme
structures and plasma membrane permeability, the disturbance of ionic homeostasis and an
induction of oxidative stress (Miransari, 2011; Saleem et al., 2020; Yadav, 2010). For example, Cd,
Cr and Zn were reported to inhibit plant growth, alter nutrient balance, induce chlorosis, and
affects the germination process (Fattahi et al., 2019; Rasafi et al., 2016; Shahid et al., 2019; Shaikh
et al., 2013; Yadav, 2010). Although these toxic effects concern most plant species, some of them,
referred to as metallophytes, can grow on highly contaminated soils without showing any toxicity
symptoms. Plant tolerance to these metal contaminated soils consists in two main strategies:
excluders, which maintain a constant low concentration of MTEs in aerial parts; and accumulators,
for which MTEs are transferred to aerial parts. In the latter ones, we can distinguish indicators, for
which the concentration of MTEs in leaves is similar to that in soil; and hyperaccumulators, for
which the concentration of metals in shoots is several order of magnitude higher than in soil
(Baker, 1981; van der Ent et al., 2013; Ghosh and Singh, 2005; Goolsby and Mason, 2015; Lasat,
1999). This latter strategy implies the use of mechanisms involved in MTE transfer from soil to

belowground parts and then to aerial parts, from uptake to sequestration (Yadav, 2010).
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In this context, the Japanese knotweed species complex (Fallopia spp.) has been described
to grow occasionally on metal contaminated soils and to accumulate MTEs, though variability in
the type of MTE accumulated exists in the various reports from literature (Table S1). Fallopia
japonica (Houtt.) Ronse Decraene var. japonica (syn. Reynoutria japonica) and F. sacchalinensis (F.
Schmidt ex Maxim.) Ronse Decraene (syn. R. sacchalinensis) of the Polygonaceae family originate
both from Japan and extended all over Europe and in North America. Their interspecific hybrid F.
x bohemica possesses higher invading capabilities than its parents (Bailey et al., 2009; Pysek et al.,
2003). Because of its ability to reproduce with its parents, it presents a high genotypic variability
with different levels of ploidy (Bailey et al., 2009). Japanese knotweeds also expand through
vegetative multiplication, rhizomes being able to develop to highly regenerative propagules
growing into patches more or less developed. Japanese knotweeds and more specifically the
hybrid F. x bohemica have been found to expand well in severely disturbed urban and industrial
settings along roads and railways for example (Sottysiak and Brej, 2012, 2014), where high
concentrations of MTEs are present, leading to the hypothesis that these metal-rich soils could

specifically promote the expansion of this plant.
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Similarly, in a previous study, we assessed the effect of soil multi-metal contamination on
Japanese knotweed performance traits in controlled experiments in a greenhouse (Michalet et al.,
2017). The results showed that after three months of culture in a soil artificially polluted with Cd,
Cr, Pb and Zn at doses close to the authorized limits in sewage sludges, a delay in rhizome
regeneration was observed, but only a slight decrease in aboveground and belowground organ
masses was noted, whereas plant height was not affected compared to control plants growing in
the non-contaminated soil. We thus concluded that this plant possesses high tolerance and
resilience capacities toward polymetallic stress. Metal concentrations were also measured in plant
parts after 3 months and showed that Japanese knotweed accumulated all tested MTEs. On the
other hand, the concentration of Zn and Cr in shoots were close to that of soil level in
contaminated soils, but for Cd the bioconcentration factor measured between shoots and soil
levels reached values up to nearly 10 for some individuals. Japanese knotweed seems thus able to

discriminate MTEs and to select which ones to accumulate.

Metal accumulation in plants is dependent on metal transporters like the root xylem
loader HMAA4, responsible of Zn hyperaccumulation, and Zn and Cd tolerance in Arabidopsis halleri
(Kramer, 2010). Plant metal tolerance is ensured by other very diverse molecules, including
peptides that directly bind metal ions (e.g. metallothioneins), hormones that stimulate plant
growth and engender systemic responses to abiotic stresses, and low-molecular weight
metabolites, which may chelate metal ions and scavenge free radicals generated by reactive
oxygen species (ROS) (Singh et al.,, 2016). Those compounds are implicated in metal uptake,
translocation and sequestration, as well as in the limitation of oxidative stress. In vitro, phenols
have a high tendency to chelate MTEs thanks to their high number of hydroxyl and carboxyl groups
(Kasprzak et al., 2015). For example, coumarin deficient plant mutants present Fe deficiency
(Clemens, 2019), whereas flavonoid deficient mutants show higher sensitivity to Cd (Corso and
Torre, 2020). Furthermore, MTEs were reported to induce phenols in plants (Corso and Torre,
2020; Singh et al., 2016). In Fallopia spp., a high quantity and diversity of secondary metabolites
(procyanidins, flavonols, anthraquinones and stilbenes principally) are characterized in roots,
particularly in the hybrid (Nawrot-Hadzik et al., 2018, 2019; Piola et al., 2013). After one month of
growth under metal stress, the profiles of UV-absorbing compounds present in Fallopia root
extracts are modified (Michalet et al., 2017). Some compounds like the anthraquinone derivative

torosachrysone seemed to be overaccumulated over time.
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Secondary metabolites are also strongly involved in plant biotic interactions, from negative
ones - as inhibitors of neighbouring plant growth by allelopathic effects (Weir et al., 2004), or as
antimicrobial protecting plants from pathogenicity (Chomel et al., 2016) for example-, to positive
ones - as chemical signals involved in the establishment of mutualistic associations (Kawasaki et
al., 2012). In the “plant call for support hypothesis”, Thijs et al. assume that plants may recruit
beneficial microbes under abiotic stress through the modulation of root secondary metabolism,
which leads at the end to a better adaptation of plants toward abiotic stresses (Thijs et al., 2016).
In addition, root secondary metabolites drive rhizosphere microbial communities and regulate

also nutrient cycle (Bardon, 2014; Bardon et al., 2014; Michalet et al., 2013).

The aim of this study is thus to characterize the effects of individual MTEs (Cd, Cr, Zn) on
F. x bohemica performance traits including rhizome regeneration, growth traits, changes in root
secondary metabolism and MTE accumulation. We hypothesize that plant response to metal
stress is dependent on MTE identity, and that root secondary metabolites will be affected by
metals. In particular, we expect an increase of torosachrysone under metal stress, and more

generally an increase in antioxidant metabolites.

For this purpose, we grew rhizome fragments of F. x bohemica originating from three
different area located in the Grand Lyon metropolis during four weeks in a greenhouse on a prairial
non-polluted soil that was artificially polluted or not with Cd, Cr or Zn at concentrations above the
authorized limits in sewage sludge (Baize et al., 2007). The sites were chosen distant from at least
6 km between each other with contrasted environmental context, one being non-polluted, and

two being localised on disturbed areas considered as polluted with one or more MTEs.
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Material and methods

Plant collection

Rhizome fragments were obtained from individuals morphologically identified as F. x bohemica by
F. Piola using leaf shape and size (Bailey et al., 2009) and collected from the field at three distinct
sites localized in Grand Lyon metropolis: a non-disturbed zone close to woods in Miribel-Jonage
(M, 45.8094°N; 4.9352°E, further referred to as “Miribel”), for which soil did not present any
metallic contamination; close to a waste recycling centre with a soil contaminated with Cu (111
mg/kg) and Pb (167 mg/kg) in Caluire (C, 45.8032°N; 4.8638°E); and close to a petrol station and
motorways in a soil contaminated with Zn (455 mg/kg) in Feyzin (F, 45.6787°N; 4.8466°E). Each
individual coming from each of the three populations possesses distinct morphological traits
(Figure 4A.S1), so we will refer to them as “morphotypes”. As morphology represents the first
criteria for genotype distinction (Bailey et al., 2009), this suggests that genotypic diversity within
F. x bohemica species complex is taken into account. Soil physico-chemical characteristics of each
collecting site are presented on Table 4A.S2. Plant collection took place just before greenhouse

experiments in February 2017.
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Caluire Miribel-Jonage Feyzin

Figure 4A.51: Pictures of young plants of each morphotype after 30 days of growth in control
soil. Caluire produces rather small plants with large and round leaves; in contrast Feyzin and
Miribel produce smaller and more triangular leaves, but Miribel produces higher plants with higher
aerial and belowground biomasses.
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Table 4A.S2: Physico-chemical characteristics of the soil used in this study and soils
corresponding to each collection site. In bold: high MTE content.

Prairial soil
Parameter (used in Caluire Feyzin Miribel

greenhouse

experiment)
Sand (%) 43.0 69.6 56.0 38.4
Silt (%) 43.3 26.4 19.6 43.6
Clay (%) 13.7 17.6 10.8 18.0
PH H20 5.76 7.73 8.02 8.00
Corg (g/kg) 27.5 59.9 22.5 18.1
OM (g/kg) 47.3 104.0 39.0 31.2
C:N ratio 10 ND ND ND
CEC (cmol™.kg?) 10.50 13.00 7.93 8.95
Cd (mg/kg) <0.1 0.4 0.9 0.2
Cr (mg/kg) 23.4 49.0 34.7 59.9
Cu (mg/kg) 8.2 111.0 20.3 17.6
Ni (mg/kg) 13.7 25.7 19.3 31.7
Pb (mg/kg) 32.9 167.0 41.9 21.5
Zn (mg/kg) 42.9 188.0 455.0 64.3

Greenhouse experiment

A greenhouse experiment was conducted and occurred between February and March 2017. It
followed the protocol published by Michalet et al. (2017), with modifications: a prairial soil (< 15 -
20 cm depth) collected at La Cote Saint-André (45.3769°N; 5.2772°E) and exempt of heavy metal
pollution (soil physico-chemical characteristics are presented on Table 4A.S2), was sieved (2 mm
mesh size). It was then rehydrated to its field capacity (40% m/v) by adding either Ultra-Pure water
(UP) (control) or a solution containing either CdCl,, CrO,Cl; or ZnCl,. The concentrations were
chosen to theoretically achieve contamination in soil that were slightly over common recognized
soil pollution threshold in sewage sludge (Baize et al., 2006) and the critical toxicity level (Kramer,
2010): 10, 200 and 400 mg/kg for Cd, Cr and Zn respectively. Then 100 + 5 g of moistened soil were
placed into 0.15 L square plastic pots and washed rhizome fragments containing one node
(average fresh weight of 0.9 £ 0.05 g) of each of the 3 morphotypes of F. x bohemica collected
were planted and grown in greenhouse (13 h day 22°C/11 h night 18°C) with light intensity of

about 8-10 klux. Soil moisture was manually controlled by adding water every two-three days.
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Water was added from the bottom of the pot (in the plate), so that field capacity was relatively

maintained by capillarity throughout the whole experiment.

The experimental design was as follow: 3 morphotypes x 4 metal conditions with 7-9 plants
(biological replicates) per condition except for the morphotype Miribel. For Miribel, we were not
able to get enough budding rhizome (the patch was rather small compared to the 2 other
morphotypes), this is the reason why only 4-7 plants (replicates) were used in each condition for
this morphotype. Further a mislabelling of pots lead to an inversion between Cd and control
treatment, which explains why replicates are not strictly homogeneously distributed between

conditions for this morphotype.

Growth trait measures

After 40 days of growth, the photosynthetic height was measured with a calliper from soil surface
to the maximal height of the last leaf. Foliar pigments (chlorophyll, flavonols and their ratio) were
measured with a DUALEX SCIENTIFIC +TM (Force A) polyphenol and chlorophylimeter, on the third

leaf of each plant.

Then, plants were delicately uprooted, and the subterranean parts were washed in tap water.
Roots were then cut from rhizome and a subpart of roots was immediately dropped into liquid
nitrogen to fix secondary metabolism before lyophilisation. Root, rhizome and shoot fresh
biomasses were measured, and the resting part of roots was dried at 65°C during 24h before

weighing.

Extraction and analysis of compounds in root extracts

About 100 mg of freeze-dried fine roots were grounded (TissueLyserllI® - Qiagen; F= 300/sec., 3
min.) and sonicated with a 1 mL mixture of MeOH-H,0 (1:1) for 15 minutes. After the supernatant
was removed, the remaining powder was sonicated with 1 mL MeOH and both supernatants were
pooled and concentrated under vacuum (Speedvac® — Labenco) before being stored at -20°C and

dissolved at 10 mg/mL in MeOH 80% before analysis.

Samples were analysed by UHPLC-DAD ESI/QTOF (Agilent 1290 infinity linked with Agilent
ESI/QTOF 6530, Agilent Technologies, USA), using a Poroshell® 120 EC-18 column (2.7 um, 3.0 x
100 mm; Agilent Technologies, USA). The gradient was of 0.1% formic acid in water (A) and
acetonitrile (B) as follows: 1% of B from 0 to 1.5 min, and growing with a linear gradient to 15% of

B at 8 min; 60% of B at 14 minutes and 100% of B at 16 min for 1 min. All solvents were LC-MS
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grade (Optima). The flow rate was adjusted at 1.0 mL/min and the injection volume was 2 pL. UV
spectra were recorded between 190 and 600 nm. The ESI source was optimized as follows: positive
and negative ionization modes, scan spectra from m/z 80 to 2000, capillary voltage 3.5 kV,
fragmentor 100 V, fixed collision-induced dissociation (CID) energy at 20 eV. Nitrogen was used as

the nebulizing gas with a flow rate of 12 L/min and a temperature of 310°C at 40 psi.

Compounds were identified by analysis of their UV, HRMS and HRMS/MS spectra using

MassHunter Qualitative Analysis (Agilent Technologies, USA) and by comparison with literature.

MTE in plants and soil

Sub-samples of fine roots and shoots were lyophilized and powdered, then 100 mg were digested
at 125°C for 180 minutes in 4 mL of nitric acid (68%) and 1 mL H,0; (35%) using a Heating digester
(DK6, Velp Scientifica). Twenty-five mL of deionized water were then added before analysis by
atomic absorption spectrometry with an acetylene flame atomizer (SpectrAA 220 Z; Varian,
France). Cd, Cr and Zn contents were measured at a specific wavelength (228.8, 357.9 and 213.9
nm respectively). The HNO3/H,0, reagent was used as blank. Soil metal content was analysed at
the CRPG of Vandoeuvre-les-Nancy. Briefly, after grinding and homogenization, soil samples were
mineralized by HF, then Cr and Zn concentrations were measured by ICP-AES (NF ISO 220-36) and
Cd concentrations by ICP-MS (NF EN 1SO 17294-2).

Statistics

All statistical analyses were done with R x64 3.4.1 (R Core Team, 2017).
Vegetative traits and foliar metabolites

Plant height and aerial, rhizome and root biomasses were measured as vegetative traits. Foliar
metabolites included chlorophyll, flavonols and NBI (Nitrogen Balance Index), was calculated as
the ratio chlorophyll/flavonols. We computed ANOVAs type |l (package car (Fox et al., 2019)),
which are adapted to unbalanced data (2 to 7 repetitions/condition in our study). Morphotype,
MTE and their interaction were used as explicative variables and trait measures as dependent
variable. ANOVAs type Il are valid only if they do not find interaction, which is the case in our
study. Then ANOVA residuals were tested for normality (Shapiro-Wilk test) and homoscedasticity

(Bartlett test).
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To discriminate MTE effect, pairwise tests were computed within each morphotype for each trait.
Pairwise tests were chosen according to the Shapiro-Wilk normality test and Bartlett test of
homogeneity of variances on ANOVA residuals. When both normality and homoscedasticity were
respected, then a Student pairwise test pooling variances was performed; if only homoscedasticity
was not true, then a Student pairwise test without considering variances as equal was achieved;
otherwise, pairwise comparisons using non-parametric Wilcoxon rank sum test were done. All
pairwise tests were performed with Holm corrections of p-values. Foliar metabolites pairwise

comparisons were done by using non-parametric tests.
Root secondary metabolites profiling

To evaluate differences in metabolite profiles between treatments, peaks in UV chromatograms
recorded at A 280 nm were integrated and aligned into a matrix to perform multivariate analyses.
To eliminate contaminant incorporation in the analysis, we selected all the integrated peaks with
peak area above 2 mAU in at least one condition, giving a total number of 121 peaks. In order to
limit the variations due to differences in concentration between extracts, peak areas were
expressed relatively to the sum of all integrated peaks for each sample.

A Principal Component Analysis (PCA) (package ade4 (Dray and Dufour, 2007)) was achieved using
the scaled relative area of peaks detected in each sample as dependent variable, peak number as
active element, and morphotypes and MTEs as illustrative elements. Three axes were kept. As the
grouping of metabolites was better according to morphotypes than to MTEs, we performed a
Partial Least Squares-Discriminant Analysis (PLS-DA) (package MixOmics (Lé Cao et al., 2017)) with
MTEs as grouping factor.

We identified in priority compounds that explain the best the separation of samples according to
their MTE treatment. Chosen metabolite are coloured on the PLS-DA and correspond to
metabolites for which corrected variance is above a threshold of 0.8 (represented as a grey circle).
For each morphotype and each compound, significant differences between the concentrations
with and without MTE were tested using the same tests as for plant traits.

Constitutive production of root secondary metabolites in each morphotype was studied with a
PCA inside each control treatment. PCAs were also performed within each morphotype with MTEs

as illustrative data.
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Results

Regeneration percentage

In the control treatment, where no metal contamination was achieved, all rhizomes of the three
morphotypes regenerated (Table 4A.1). However, in the presence of MTE, both Feyzin and Miribel
morphotypes were affected (between 71% and 86% of regeneration with Cd, and between 88%
and 100% with Cr, respectively), but this was especially true for Zn where, in average, only half of
the rhizomes of these two morphotypes regenerated. In contrast, the morphotype Caluire was

not affected by any MTE treatment, since all rhizomes regenerated in all conditions, as in the

control treatment.

Table 4A.1: Percentage regeneration of F. x bohemica rhizomes exposed or not to MTE. T:
control, Cd: Cadmium, Cr: Chrome, Zn: Zinc. In brackets, number of regenerated rhizomes on the

total number of rhizomes in the condition.

Percentage
regeneration
| MTE | 100 %
T |« | o | 90 %
Caluire | 100 100 100 100 75%
N=30 (7/7y  (2/7)  (7/7)  (9/9) 60 %
Morphotype Feyzin 100 71 88 56 50 %
N=33 (7/7)  (7/9) (7/8)  (5/9)
Miribel | 100 86 100
N=22 (4/4)  (6/7)  (6/6) -
0%
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Growth traits

ANOVA showed significant effects of morphotypes and MTEs on all tested traits (p-value < 0.05)
including plant height and plant organ biomasses (Figure 4A.1, Table 4A.S3). The effect of plant
morphotype was higher than the one of metal pollution, thus pairwise tests were performed

within morphotypes.
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Figure 4A.1: Functional traits of Fallopia plantlets according to their MTE exposure. Rhizomes
from three morphotypes were grown 40 days in a greenhouse experiment, either without any
MTE, or with one of the three chosen MTE. Mean #+ SE. T: control, Cd: Cadmium, Cr: Chrome,
Zn: Zinc. Morphotypes: C: Caluire, F: Feyzin, M: Miribel. N=71. Significant results are indicated
with letters: within a morphotype, sharing a same letter indicates no significant difference.
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Table 4A.53: ANOVA on functional traits. ANalyses Of VAriances type Il were performed for
each vegetative trait, then validated or not by test of residual normality (Shapiro-Wilk) and
homoscedasticity (Bartlett). Significant ANOVA in bold, statistically validated ANOVA in italic.

P-values Functional trait
. Root Aerial Rhizomal
Height
mass mass mass
Morphotype 1.5¢* 1.3e® 9.1e1? 5.9e”
ANOVA MTE 6.5e® 1.5e* 2.5e® 8.3e3
Morphotype:MTE 0.43 0.20 0.80 0.6
Validity of Residual normality 3.8e3 0.74 3.8¢3 0.38
ANOVA | Residual homoscedasticity 1.9¢3 2.0e3 0.10 0.48

Cd and Zn did not present significant effects on plant height, but Cr increased it significantly in
Caluire and Feyzin morphotypes (+ 17 % and + 49 % respectively) (Figure 4A.1). The effect of MTE
was similar on root, rhizome and aerial biomasses: no significant effects of Cd and Zn, but with Cr,
root biomasses of Caluire and Feyzin morphotypes were doubled, aerial biomasses were
significantly increased (+59 % and + 76 % respectively) and rhizome biomasses also (+10 % and +
7 % respectively), but in the latter case this was only significant for Caluire morphotype. In all
tested traits and for each MTE treatment, Miribel followed the same tendency as the two other

morphotypes, though it did not show any significant effect compared to control treatment.
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Foliar metabolites

Under Cr the foliar chlorophyll content of all morphotypes increased (+ 19 % in average), but this
was significant only for Caluire and Feyzin morphotypes, whereas it decreased flavonol content
especially for Caluire morphotype where it is significant (- 26 %) (Figure 4A.2). No other MTE
influenced foliar metabolites, except for Cd that showed a similar effect as Cr but less amplified
for Caluire morphotype (+ 10 % of chlorophyll and - 18 % of flavonol) and to a lesser extent Zn,
that only showed a significant decrease in flavonol for Caluire morphotype (- 18 %). The Nitrogen
Balance Index (NBI), being calculated as the chlorophyll/flavonol ratio is thus increased under Cr
for all morphotypes, but again this is only significant for Caluire morphotype (+ 61 %) and the

effect of Cd follows the same tendency for this morphotype (+ 33 %), though, it is not significant.
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Figure 4A.2: Foliar metabolite concentration and nitrogen balance index (NBI) in response to
MTE. Rhizomes from three morphotypes were grown 40 days in a greenhouse experiment,
either without any MTE, or with one of the three chosen MTEs. Foliar concentrations were
measured on the third leaf of each plant. Mean * SE. T: control, Cd: Cadmium, Cr: Chromium,
Zn: Zinc. Morphotypes: C: Caluire, F: Feyzin, M: Miribel. N=71. *: 95 % confidence significant
difference (pairwise t or Wilcoxon tests). Shared letters: no significant effect within the

morphotype.

108



Chapitre 4A — Effet des ETM sur les Renouées

MTE contents in plant parts

Very little MTEs were found in plant parts of the control treatment where no artificial
contamination was achieved, and the majority of metal was concentrated in rhizome at levels
close to that of soil (Figure 4A.3 left). In plants exposed to metal contamination, all three MTEs
were measured in rhizomes, with a concentration factor of 1 to 2 compared to soil level for Zn, 3
to 6 for Cr and 10 to 25 for Cd (Figure 4A.3 right). Only Zn was accumulated in shoots, with a
transfer factor of around 1 from rhizome to shoots. We observed a tendency of rhizomes from
Feyzin to accumulate more Zn than other morphotypes and Miribel was the morphotype

accumulating the lowest concentration of metals.
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Figure 4A.3: MTE accumulation in plant parts. Rhizomes from three morphotypes were grown 40 days
in a greenhouse experiment, either without any MTE, or with one of the three chosen MTE. Cd:
Cadmium, Cr: Chrome, Zn: Zinc. Morphotypes: C: Caluire, F: Feyzin, M: Miribel. MTE concentrations
were measured on measured on pooled samples. Mean + SE. Broken lines indicate soil artificial
contamination. No data were available for Cd concentrations in rhizomes from Miribel.
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Root secondary metabolites

We detected 122 chromatographic peaks in Fallopia x bohemica root extracts. Root secondary
metabolite profiles were highly dependent on morphotype identity (Figure 4A.4A), and PCA did
not allow to evidence any effect of MTEs (Figure 4A.4B). As metabolite structure is stronger for
morphotypes than for MTEs, it is essential to characterize the constitutive differences of each
morphotype metabolism, before exploring MTE effects. A PCA on plants grown without MTEs (i.e.

control treatment) was thus conducted (Figure 4A.4C, D).

Feyzin morphotype possesses a distinct metabolism from Caluire and Miribel, visible on the
second axis of the PCA; Miribel and Caluire separate along the third axis (Figure 4A.4C). Indeed,
Feyzin roots are enriched in the compounds 1, 86, 89, 106 and 129 compared to Caluire and
Miribel, but contain lower concentrations of the compounds 41, 44, 58, 62, 88,97, and 108 (Figure
4A.4D). Caluire is richer in compounds 13, 35, 42, and 45 compared to Miribel.

As morphotype structure may hide MTE effects on metabolites, we conducted a discriminant
analysis intending to discriminate MTE treatments with the aim to identify metabolites that are
the most affected in each case (Figure 4A.5, Table 4A.2). The first axis separated Zn from Cd or
control treatments, whereas the second axis discriminated Cr treatment. Cd and control
treatments could not be distinguished (Figure4A. 5A). The correlation circle (Figure 4A.5B) shows
that MTE effect on root secondary metabolites is consistent according to their chemical family:
Zn, and to a lesser extent Cr, favours anthraquinones and stilbenes (on the left) but decreases
cinnamate derivatives (on the right). This could be further verified by looking at the individual
variations of concentrations of discriminating compounds in MTE treatments compared to control
(Figure 4A.6): overall an increase in anthraquinone and stilbene concentrations were observed
with Zn and Cr, whereas cinnamate and procyanidin derivatives relative concentrations decreased
in these conditions. These effects were significant only for Caluire morphotype for most of the

discriminating compounds.
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Figure 4A.4: Morphotypes and MTE separation according to secondary root metabolites: a
non-discriminant analysis. Principal Component Analysis (PCA) was performed with integrated
UV peaks at 280 nm as explaining variable (121 chromatographic peaks) and their relative area
(i.e. in percent of the sum of all integrated peaks detected in a given sample) in each sample as
dependent variable; MTE (A) and morphotypes (B) are illustrative data. A, B: all MTE condition
confounded; C, D: on T only. D: correlation circle corresponding to C. T: control without MTE;
Cd: Cadmium, Cr: Chrome, Zn: Zinc. Morphotypes: C: Caluire, F: Feyzin, M: Miribel. Axes 2 and
3 of the PCA without MTE are displayed because the 1% axis do not separate morphotypes.

In the presence of Cr, Miribel showed a distinct response compared to Caluire (or to a lesser extent
Feyzin): some metabolites belonging to the procyanidin and cinnamate families were increased,
sometimes significantly (compound 107 and 61, respectively a procyanidin trimer and a unknown

cinnamate derivative), whereas these compounds were rather decreased under Cr in Caluire.
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Figure 4A.5: Metabolite contribution to the separation of MTE groups: a discriminant analysis.
PLS-DA was performed on 121 integrated peaks, with MTE as grouping factor (Left). T: control, Cd:
Cadmium, Cr: Chrome, Zn: Zinc. Morphotypes: C: Caluire, F: Feyzin, M: Miribel. N=71. Axis 1: 29 %,
Axis 2: 11 %. Correlation circle (Right): inside the grey circle, compounds are considered as not
significant. White colored peaks were not identified, whereas the identified peaks were colored
according to their chemical families.

Conversely some metabolites belonging to the stilbene and biphenyl families that were increased
in Caluire under Cr treatment were decreased in Miribel (compounds 80 and 99, putatively
identified as sulphated 6-methylbiphenyl-3,3',4,5'-tetraol and dihydropiceatannol hexose malonic
acid respectively). These two latter metabolites are described for the first time in this plant and
even as natural products. Anthraquinone derivatives bearing a hexose malonic acid moiety have
already been described in this plant (Nawrot-Hadzik et al., 2019) though it is the first time to our
knowledge that stilbene derivatives are described to be composed with this moiety. For biphenyl
derivatives (compounds 27, 46 and 80), we were able to confirm their annotation since their
MSMS spectra produced common MS? ions, corresponding to the loss of CO, (at m/z 231) and to
a retro Diels-Adler seizure of ring A (at m/z 189) respectively, which are specific of this class of
compounds (Nielsen and Smedsgaard, 2003). It is interesting to notice that desmethyl altenusin
has already been identified to be produced both in vitro and in planta by an Alternaria sp. strain
isolated from the roots of Polygonum senegalense, a plant species also belonging to the

Polygonaceae family (Aly et al., 2008).
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Figure 4A.6: Relative concentrations of secondary root metabolites. Concentrations in the
control of each morphotype (A). Concentrations in the presence of MTE, relative to the control of
the concerned morphotype (B). T: control; Cd: Cadmium, Cr: Chrome, Zn: Zinc. Morphotypes: C:
Caluire, F: Feyzin, M: Miribel. N=71. The metabolite 125 is not represented because of its very low
concentration leading to disproportioned variations of concentration. *: significant difference
with the control of the morphotype.

In order to better assess the changes in metabolic patterns associated with MTE treatment
between morphotypes, we conducted PCAs inside each morphotype with MTE as illustrative data
(Figure 4A.S2). Feyzin secondary metabolism is the less affected by MTE contamination: indeed,
MTE treatments could not be separated by PCA. Conversely, Caluire and Miribel root metabolites
are distinct among MTE treatments: T is separated from Zn and Cr along the first axis, and Zn is
distinct from Cr along the second axis. The third axis distinguishes Cd from Cr in Miribel root
metabolism. Some groups of metabolites are identifiable: the group 80, 120, 150, 151, 156, 157
comprises metabolites (a biphenyl and all identified dianthrones) previously identified as favoured
by MTEs (Table 4A.2, Figure 4A.6). In details, this group is increased by both Cr and Zn in Caluire
morphotype, but only by Zn in Miribel morphotype (Figure 4A.6 and Figure 4A.S2).
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Figure 4A.S2: MTE separation according to secondary root metabolites within each
morphotype: a non-discriminant analysis. Principal Component Analysis (PCA) was performed
with integrated UV peaks at 280 nm as explaining variable (121 chromatographic peaks) and
their relative area (i.e. in percent of the sum of all integrated peaks detected in a given sample)
in each sample as dependent variable; MITE (B) are illustrative data. T: control; Cd: Cadmium,
Cr: Chrome, Zn: Zinc. Genotypes: C: Caluire, F: Feyzin, M: Miribel. Three components are
displayed for Feyzin and Miribel; only the 1°t and 3 components are displayed for Caluire, as
the 2" component was supported by only one sample. Compound graphs are displayed for
Caluire and Miribel, but not for Feyzin, MTE groups were not distinct on the PCA. A threshold
of 0.8 was used to display compounds for Miribel axes 2 and 3 (because no compound was
above a 0.9 threshold), 0.9 otherwise. Some groups of compounds are spotted by red circles,
red and purple numbers. For readability, compound numbers have been moved (but not
arrows).
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Discussion

In this study, we aimed at analysing the response of F. x bohemica exposed to single metal
contaminations in terms of performance traits involved in early vegetative propagation including
the measures of growth traits and leaf pigments, root metabolic profiles and accumulation of MTE
in plants. For that, we chose three different sites located in the Grand Lyon metropolis where
Bohemian knotweed naturally grows, and geographically distant from at least 6 km from each
other with contrasted environmental contexts and metal pollution levels. These three different
populations of individuals probably account for genetic diversity, though we were not able to
discriminate two of them by using three chloroplastic markers (rpoC1, rbcL-accD and trnH-psbA)
and one nuclear marker (ITS) (data not shown). Indeed, morphology is the first criteria of

genotyping in this species (Bailey et al., 2009).

By the different analyses achieved in this greenhouse experiment, we confirmed the high
tolerance of this plant to MTE contamination: all the three tested morphotypes were able to grow
rather well on these toxic polluted soils, though the response was contrasted according to MTE

treatments.

Under Cr exposure, the plants that grew were taller with higher root and aerial biomasses,
illustrating a growth stimulating effect of Cr on this plant. This is in contradiction with what was
described for most plant species since Cr (VI) is known to be very toxic and to cause inhibition of
plant growth, inhibition of photosynthesis and chlorophyll biosynthesis, root injury and alteration
of the germination process leading to lower biomasses yields as reviewed in Shanker et al. (2005),
Sinha et al. (2018) or in Yadav (2010). On the other hand, preliminary experiments achieved in the
same conditions and using Cr (lll) (as chloride salt, CrCls) instead of Cr (VI), did not allow to
reproduce the stimulating effects observed in this experiment (data not shown). From these
observations, we might hypothesize that the oxidant effect of Cr (VI) might be the primary cause
of the plant growth stimulation observed, rather than the effect of Cr itself. However, contrary to
Cr (1), Cr (VI) uptake is active through carriers of essential anions (Cervantes et al., 2001; Sinha et
al., 2018), which leads to the hypothesis that some specific mechanisms may occur in this plant in
the presence of Cr (VI) and not with that of Cr (lll). This needs other experiments to be further

verified. Our experiment shows a short-term induction of plant traits by Cr (VI), and needs to be
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confirmed over time for generalization. The influence of rhizosphere microbes in this process of
growth stimulation is also to be determined since for example some soil pseudomonads were
shown to alleviate Cr-stress in common wheat and even to stimulate growth in some cases

(Hasnain and Sabri, 1997).

In our study, we showed that chlorophyll increases under Cr exposure whereas leaf flavonol
decrease. Thus NBI, which is a proxy of nitrogen relief (Peteinatos et al., 2016), increases in this
condition, which corresponds to an apparent alleviation of plant nitrogen-stress. This is quite
surprising since small concentrations of Cr (VI) inhibit plant enzymes involved in nitrogen
metabolism chlorophyll biosynthesis (Shanker et al., 2005; Sinha et al., 2018). The release of
nitrogen-stress may be due to the facilitation of N uptake by roots, through the release of
secondary metabolites in the soil. Indeed, some allelopathic molecules produced by this plant, like
procyanidins, were shown to specifically inhibit bacterial denitrification enzymes (Bardon et al.,
2014, 2017), thus leading to an enhanced pool of nitrate available for the plant. This is consistent
with the fact that procyanidins were found to decrease in roots exposed to Cr (but also to Zn,
Figure 4A.6), especially in the Caluire morphotype. However, because of a better nitrogen
nutrition, we would have expected an increase in N-rich chlorophyll (indeed observed) but not
necessarily a decrease in leaf flavonols (only significant in Caluire). Further investigations are

under way to clarify this phenomenon.

In the case of Cd treatment, we were not able to evidence any difference between plant that grew
with 10 mg.kg-! of Cd from that growing in the control non-polluted soil, and this was true for
nearly every parameter measured in this study. This very high concentration, corresponding to 5
times the authorised limit for sewage sludges, which is only retrieved in very disturbed industrial
settings such as mining sites, was chosen because preliminary experiments achieved with 5 mg.kg"
! did not allow to produce any significant effect compared to control (data not shown). This is the
reason why we doubled the concentration, though the results did not change. We thus
demonstrate here the very high tolerance of this plant to Cd toxicity and further experiments
should be needed to evaluate the highest concentration of Cd this plant could tolerate. The fact
that Bohemian knotweed was able to accumulate Cd in roots at levels 10 to 25 times that of soil
is a good indicator of its very high tolerance potential. Feyzin morphotype, originating from the
most Zn-contaminated site, is the morphotype accumulating the highest concentration of Zn in its
rhizomes, suggesting that this accumulation could be linked with local adaptation and/or maternal

effects.
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The exposure to Zn gave overall a similar response to that observed with Cr, though the amplitude
was less pronounced, leading to non-significant changes in most cases. One major changing
parameter that was only observed with Zn, is that only Zn was transferred to plant aerial parts and
not the other metals which were detected in belowground parts only. This is quite surprising since
our previous study using a polymetallic stress with similar metal concentrations showed that all
these three MTEs were transferred to aerial parts at levels close to that of soil (Michalet et al.,
2017). Thus, in the presence of relatively high levels of Zn, close to the authorised limit in soil,
Bohemian knotweed seems to be able to translocate Cd and Cr in its aerial parts but not when
these two metals are present individually. This suggests that Zn would activate metal transporters,
which would then unspecifically transport other cations. Plants did not evolve specific mechanisms
to transport non-essential elements. It is known that Zn and Cd tolerance and accumulation in
plants share common genetic mechanisms (Verbruggen et al., 2009, 2013) and this could be easily
explained since both are divalent metallic cations of the same group. For example, 97 % of the Cd
root-to-shoot translocation of Arabidopsis thaliana occurs through Zn-transporters HMA2 and
HMA4 (Wong and Cobbett, 2009), and transporter ZNT1 displays a high-affinity for Zn with a low
affinity for Cd (Pence et al., 2000). The co-accumulation of Zn, Cd and Cr with Cd and Cr
translocation being activated by Zn is also consistent with previous positive correlations between
Zn and Cd accumulations (and to a lesser extent Cr and other MTEs) in water spinach (He et al.,

2015).

Root metabolites, and especially phenolics that were more particularly targeted in our study, may
have direct effects on metal contamination through their antioxidant and/or chelating properties,
but they may also have an indirect effect by favouring the recruitment of beneficial
microorganisms as stated in the “plant call for support” theory (Thijs et al., 2016). In our previous
multi-contamination experiment we found torosachrysone, an anthraquinone derivative, to be
the most overproduced metabolite in roots of Fallopia spp. exposed to Cd, Cr, Pb and Zn (Michalet
et al., 2017). In this study, torosachrysone (compound 120) was also one of the most upregulated
compounds in roots when exposed to Cr or to Zn. Torosachrysone was isolated from plants
(Kitanaka and Takido, 1984) and fungi (Gill and Steglich, 1987; Gill et al., 2000), and is a rather
original metabolite found in the roots of Fallopia. In addition, in this study we tentatively identified
some biphenyl derivatives that were influenced by metal contamination and that are described
for the first time in this plant, namely desmethyl altenusin (compound 46), its hexoside derivative
(compound 27), and its decarboxylated and sulphated derivative (compound 80). Although
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belonging to the same chemical group, their variations in roots according to metal stress is
contrasted: whereas desmethyl altenusin concentration decreased under Cr or Zn exposure, the
concentration of its decarboxylated and sulphated derivative increased, while the relative
concentration of the hexoside remained stable in all treatments. Biphenyl derivatives are
metabolites that are described in fungi, and the metabolites we putatively identified were shown
to be produced by endophytic fungi in pure culture (Aly et al., 2008; Yuan et al., 2018a). Since this
plant have been described to be colonised by non-mycorrhizal fungal endophytes such as Dark
Septate Endophytes (DSE) (Gucwa-Przepidra et al., 2016) which are known to possess metal
tolerance capacities (Berthelot et al., 2016), their influence on plant response to metal stress

should then be further examined.

Although the effects of MTE were coherent between morphotypes with similar tendencies
observed for most of the parameters studied, the amplitude of response clearly differed between
them. Indeed, Caluire morphotype showed the best abilities to cope with metal stress (no negative
effects on regeneration) and its growth was stimulated in some cases, especially with Cr, whereas
Miribel morphotype gave the lowest amplitude of response leading to non-significant changes in
most conditions and regeneration was affected, Feyzin ranging between these two morphotypes.
None of the metabolites that were identified as constitutively high in each morphotype were also
retrieved as implicated in plant response to MTE. Thus, the constitutive metabolism specific to
each morphotype does not seem to be responsible for the differences in the observed plant metal

tolerance.

Root metabolic profiles are different and respond differently to MTEs according to morphotypes.
From this, it is difficult to state whether genetic or native environment is the most responsible for
this apparent difference in the amplitude of response between morphotypes. One clue brought
by our study is that the three chosen sites differ strongly in terms of soil type and metal pollution
nature and levels: Caluire being polluted with Cu and Pb, Feyzin with Zn, and Miribel non-polluted
or moderately with Cr. Plants collected in the most polluted sites were then those that show the
highest amplitude of response with no toxic effects whereas in the case of plants collected from a
non-polluted area the lowest intensity of response was observed, a lesser amount of metal was
accumulated and regeneration was affected. We thus conclude that F. x bohemica metal tolerance

is not a totally constitutive trait (as plants native from contaminated sites grow better than other
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plants when re-exposed to MTE), and that native environment may influence plant response to
metal stress. We consider three ways by which the environment could influence plant metal
tolerance: (1) microadaptation, (2) phenotypic state of the native rhizome, and (3) native
symbionts. Microadaptation is proposed to explain the high intraspecific variation in metal
tolerance or hyperaccumulation in Thlaspi caerulens and Arabidopsis halleri (Corso et al., 2018;
Verbruggen et al.,, 2009): this is an independent adaptation to local conditions through
modifications of transcription and/or traduction, enabling to maintain stable MTE concentrations
in the cytosol and sensible organites (Krdmer, 2018). In this case, the environment would have an
effect on plant metal tolerance through epi-genetic changes. The two other considerations
assume that taking a rhizome is not only taking its genome, but also its chemical content (2) and/or
its biotical content (3). Though we could discuss the term of “offspring” for a clonal plant, those
considerations belong to the “maternal effect”, that is “nongenetic influences of maternal
phenotype or environment on offspring phenotypes” (Fox et al., 1997). Chemical content might
include growth phytohormones, metal transporters or chelators, whereas the biotical content
could encompass bacteria (Hasnain and Sabri, 1997), mycorrhizal (Hashem et al., 2019; Rasouli-
Sadaghiani et al., 2019) and non-mycorrhizal fungi (Domka et al., 2019b). In particular, the rhizome
from metal-contaminated soil could contain beneficial endophytes recruited by the maternal plant
to cope with metal stress (Thijs et al., 2016), and then be transmitted vertically to the “offspring”.

Further studies are under way to disentangle some of those processes.

Conclusion

This study brings some new elements about the response of F. x bohemica species complex to the
exposure to single MTE contamination, including the identification of root metabolites that might
play a role in the mediation of the response. In the context of Fallopia development in urban and
contaminated areas, we confirmed the high tolerance of this plant to MTE exposure: although its
regeneration from rhizome was affected for some morphotypes, it was stimulated by the presence
of Cr (VI) and that of Zn to a lesser extent, whereas high Cd pollution levels did not produce any
measurable effects. The plant uptook Cd, Cr and Zn in its belowground parts, but only Zn was
found in shoots. We identified root metabolites specifically increased in the presence of Zn and
Cr, particularly from the stilbene and the anthraquinone families, whereas cinnamate derivatives
tended to decrease. These molecules could reflect plant root interactions with rhizosphere

microbes, and their production and role should be explored in future research.
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We also observed clear differences in the amplitude of response between morphotypes, the one
originating from the most polluted area showing the highest amplitude of response, whereas the
one originating from a non-polluted area showed the lowest. Native environment may thus also
influence plant response, and this might be mediated through soil microbes, highlighting here

again the interest of analysing plant-microbes’ interactions under metal exposure.
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Synthese

Cette étude a confirmé la tolérance des Renouées aux ETM : les biomasses aériennes et racinaires
n’ont été affectées ni par Cd a une dose 5 fois supérieure (10 mg/kg) a son seuil de toxicité admis,
ni par Zn (400 mg/kg). En revanche, les biomasses des Renouées ont été augmentées par I'ajout
de Cr(VI) (200 mg/kg). En mono-contamination, seul Zn est transféré vers les parties aériennes, a

des concentrations de I'ordre de celle du sol.

Parallelement, certains métabolites secondaires, notamment des anthraquinones et des stilbénes,
sont présents en plus forte quantité dans les racines en présence d’ETM : ces molécules paraissent
donc intéressantes a étudier pour leur réle dans la tolérance des Renouées aux ETM, notamment
la torosachrysone qui avait précédemment été montrée comme la molécule la plus fortement
augmentée en présence de contaminants métalliques (Michalet et al., 2017). Au cours de cette
étude des composés identifiés comme appartenant a la classe des biphényls (Figure 4A.7), plus
précisément des dérivés de I'alténusine, ont pu étre détectés pour la premiére fois dans cette
plante. Le fait que ces composés soient synthétisés par des champignons exclusivement (Cota et
al., 2008; Johann et al., 2012; Liu et al., 2016; Xiao et al., 2014; Yuan et al., 2018a), et que la
présence d’ETM (Zn surtout et a moindre niveau Cr) semble fortement affecter leurs
concentrations dans les racines, laisse envisager un role potentiel de champignons endophytes

dans la réponse des Renouées aux ETM.

Ho o= OH HO o=\ OH HO, oH
CHj OCH3 CHj OH CHj3 OH
Squelette biphényl Alténusine Desméthylalténusine 6-methylbiphenyl-3,3’,4,5 -tetraol

Figure 4A.7 : Structure chimique de dérivés biphényls.
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Par ailleurs, cette étude a également montré le réle important de I’environnement sur 'amplitude
de la réponse au stress métallique : en effet le morphotype ayant démontré les meilleurs traits
performance en présence de métaux était celui qui poussait dans un sol fortement pollué au Cu
et au Pb (Caluire), alors que celui qui a démontré les moins bonnes performances était celui de
Miribel poussant dans un sol non pollué et moins exposé aux activités anthropiques, celui de
Feyzin poussant dans un sol contaminé au Zn ayant montré des réponses intermédiaires. Ceci
démontre donc I'effet important de I'environnement natif dans lequel les plantes poussent dans

la réponse au stress ; la part de I'influence de la génétique reste cependant a évaluer.

Maintenant que nous avons caractérisé les effets des ETM sur les Renouées, nous allons aborder
la question des endophytes fongiques présents dans les racines des Renouées et leur tolérance

aux ETM.
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Chapitre 4B : Isolement, identification, métabolisme secondaire et
évaluation de la tolérance aux ETM des endophytes fongiques
racinaires des Renouées asiatiques

Cette expérimentation a pour objectifs de :
- Connaitre les endophytes fongiques racinaires associés aux Renouées
- Etudier le métabolisme secondaire de quelques-unes des souches isolées
- Tester la capacité des endophytes a pousser sur milieu contaminé aux ETM
- Constituer une banque de souches d’endophytes fongiques, qui seront utilisables pour

de prochaines expérimentations

La stratégie mise en place est de maximiser les conditions de culture afin d’obtenir un maximum
d’endophytes racinaires différents : les trois espéces formant le complexe Fallopia sont mises en
culture sous serre dans un sol prairial, en présence de différents ETM (Cd, Cr, Zn ou leur mélange)
ou en leur absence. Une condition supplémentaire, destinée a modifier les communautés
endophytes natives et a limiter I'effet maternel lié aux endophytes déja présents dans les
rhizomes, est ajoutée : c’est I'acclimatation. Elle consiste a laisser les rhizomes dans du sol prairial
pendant plusieurs mois, permettant ainsi le recrutement d’endophytes en provenance de ce sol
riche, et la perte d’endophytes qui ne seraient plus « utiles » a la plante sortie de son contexte

environnemental.

Jai réalisé la culture de plantes a partir de laquelle toutes les autres expérimentations ont été
effectuées. Les expérimentations suivantes (tests de tolérance des endophytes aux ETM,
identification moléculaire et métabolomique) et une grande partie de la bibliographie sur les
souches isolées ont été réalisées par quatre stagiaires co-auteurs de I'article (Thomas NICOLE,

Guillaume HAMION, Thibaut GODOT et Maryléne SIMON), que je remercie vivement.

Article en préparation

Barberis, L., Bertheau, C., Piola, F., Michalet, S., Nicole, T., Hamion, G., Godot, T., Simon,
M., and Binet, P. (2020c). Root fungal endophytes in Fallopia: identification, metal tolerance
and secondary metabolites. En Préparation.
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Abstract

The Fallopia species complex (Polygonaceae) is expanding in Europe and North America,
including on metal contaminated soils. From previous experiments and literature data, we
hypothesized that root fungal endophytes participates in Fallopia tolerance to metal trace
elements (MTEs), the aim of this study was then 1) to isolate and identify root fungal endophytes,
2) to test their tolerance to metals, 3) to analyse their secondary metabolism and 4) to discuss
their potential role in plant metal tolerance.

We collected and grew five morphotypes of Fallopia (one morphotype of each parental species
and three morphotypes of their hybrid) on either Cd, Cr, Zn, their mix or no MTE in a greenhouse
experiment. Root fungal endophytes were isolated either on malt-agar medium with the metal to
which their host plant was exposed to, or without metal. Molecular sequencing with ITS was used
to identify fungi, their tolerance to metals was tested on Petri dishes with different MTE and their
metabolite profiles were analysed by UHPLC-DAD-ESI/QTOF.

We isolated 27 strains from Fallopia roots, from which 22 were identified, and belong to
Dothideales, Sordariales, and Eurotiales (Ascomycota). The endophyte Diaporthe sp. (FACd),
supposed to be Diaporthe neotheicola, presents interesting properties: tolerant to Cd in vitro (but
not to Cr or Zn), this isolate produces melanin, auxin and biphenyls including desmethylaltenusin,
a compound which was previously shown to be increased in plant roots when exposed to Zn or Cr.
This isolate seems then to possess an ecological relevance in Fallopia response to metal stress,

and this needs to be further explored.
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Introduction

Metal trace elements (MTEs), also referred to as heavy metals, are accumulating in soil since
the industrial revolution characterized by the increase of anthropogenic activities. Indeed, road
traffic (Nikolaeva et al., 2019), agriculture, industries and mining (Bourennane et al., 2010; Senesil
et al., 1999) emit metal particles, such as cadmium (Cd), chromium (Cr), zinc (Zn) and lead (Pb),
directly in soil or indirectly through redeposition from the atmosphere. As they are not
biodegradable, they may reach very high concentrations in soils. Some metal trace elements
(MTEs) such as Zn or Fe are essential for living organisms whereas other do not enter in the
composition of any biological element (Cd and Pb for example)(Yadav, 2010). However, in excess,
they all present toxicity for most organisms from plants (Prasad, 2004) to animals (Mahino et al.,
2014) and microorganisms, leading to modifications at the ecosystem level (Babich and Stotzky,
1985; Gall et al., 2015). However, some plants maintain high performance traits and extend in

these disturbed environments.

The Fallopia species complex, also known as Asian knotweeds, which comprises the two
parental species (F. japonica and F. sachalinensis) and their hybrid F. x bohemica extended in
Europe (Thiébaut et al., 2020), including in metal-contaminated urban areas (Sottysiak and Brej,
2014). At the time when no consensual and efficient solution has been developed to limit their
expansion, it is thus of major importance to understand how these plants could tolerate such
important concentrations of MTEs and further expand in highly contaminated environments. The
tolerance of knotweeds to MTEs was previously assessed in controlled conditions, either under
multicontamination (Michalet et al., 2017) or monocontamination (Barberis et al., 2020). In
multicontamination, all tested MTEs (Cd, Cr and Zn) except Pb were accumulated and transferred
to leaves, whereas in monocontaminations, Cd and Cr were not transferred and only Zn was
accumulated in leaves. In addition, Bohemian knotweed (F. x bohemica) demonstrated a high
tolerance to Cd, even at high doses (10 mg/kg). We also observed a surprising stimulating effect
of Cr (V1) on growth traits, whereas for Zn, this effect was less pronounced (Barberis et al., 2020).
Cr (VI) and Zn also induce changes in root phenolic compounds, which is not the case of Cd:
especially, torosachrysone - an anthraquinone derivative - is more abundant in roots of plants
exposed to Zn or Cr, whereas biphenyl derivatives are also significantly modulated (Barberis et al.,

2020). Interestingly, these biphenyl derivatives, which are derived from altenusin, a toxin
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described in fungi of the Alternaria genus, are exclusively known to be produced in the fungal

reign (Aly et al., 2008; Yuan et al., 2018a).

Despite the fact that Fallopia species complex is recognized as non-mycorrhizal, other fungi
colonize its roots including dark septate endophytes (DSEs) (Gucwa-Przepidra et al., 2016). These
fungi together with other non-mycorrhizal root endophytes are taxonomically (Barberis et al.,
2020b) and functionally (Rodriguez et al., 2009) diverse but far less studied than mycorrhiza,
although they are ubiquitous, abundant and seem to take part in plant-soil interactions
(Jumpponen and Trappe, 1998; Zhang et al., 2006). From field study, a positive correlation was
found between the concentration of MTEs in soil and endophyte root colonization of rosemary
(Affholder et al., 2014). The colonization of Deschampsia flexuosa by AMFs was reduced on
contaminated sites whereas DSEs were favoured in these soils (Ruotsalainen et al., 2007). Further
studies showed the high tolerance of fungal endophytes to MTEs (Domka et al., 2019b; Li et al.,
2012a, 2012b). Thus, fungal endophytes may modify plant response to MTEs (Barberis et al.,
2020b), either favouring the exclusion of metal, or their (hyper)accumulation. For example, DSEs
reduce the intake of Cd and Zn by Salix caprea, and this is correlated with a better chlorophyll
status (Likar and Regvar, 2013).

Endophytes produce secondary metabolites that may enhance plant growth directly: this is
probably the case of the root fungus Penicillium funiculosum, through its production of plant
growth promoting hormones, namely gibberellins (Khan and Lee, 2013). Glutathione,
phytochelatins, metallothionins, organic acids, siderophores, exopolysaccharides (EPSs), and
phenolic compounds are other compounds produced by fungal endophytes, which directly chelate
metal particles inside the root or outside, and may participate in the immobilization of MTEs in
the rhizosphere. Therefore, plant tolerance to MTEs may rely on fungal metabolites produced by

root endophytic fungi (Domka et al., 2019b).

In this context, we hypothesize that root fungal endophytes of the Fallopia species complex
participates in plant tolerance to MTEs, the first step to test this hypothesis being the exploration
of the capacity of Fallopia to host fungal endophytes adapted to MTEs in its roots. The aim of this
study is then 1) to isolate and identify root fungal endophytes, 2) to test their tolerance to metals,
3) to analyse their secondary metabolism and 4) to discuss their potential role in plant metal

tolerance.
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To take into account the genetic diversity of Fallopia species complex and the diversity of soil
contaminant levels on which it grows, we collected and grew five morphotypes of Fallopia (one
morphotype of each parental species and three morphotypes of their hybrid) on either Cd, Cr, Zn,
their mixture or no MTE in a greenhouse experiment. Rhizomes were either directly collected from
the field or previously acclimated for three months in a prairial, non-contaminated soil, to allow
the modification of native fungal communities, more precisely those inherited from-/adapted to-
native plant environment (i.e. related to “maternal effect”), and that are not associated with plant
vital processes. Root fungal endophytes were isolated either on malt-agar medium with the metal
to which their host plant were exposed to, or without metal. Molecular sequencing with ITS was
used to identify fungi, their tolerance to metals was tested on Petri dishes with different MTE and

their metabolite profiles were analysed by UHPLC-DAD-ESI/QTOF.

Material and methods

Plant and soil collection

To cover Fallopia complex species diversity, rhizome fragments were obtained from three
individuals morphologically identified as F. x bohemica (F. Piola, personal communication) using
leaf shape and size (Bailey et al., 2009), one individual of F. japonica and one of F. sacchalinensis.
F. x bohemica were collected at three distinct sites localized in Grand Lyon area (France) (Barberis
et al., 2020): a non-disturbed site close to woods in Miribel-Jonage (M, 45.8094°N; 4.9352°E), for
which soil did not present any metallic contamination; close to a waste recycling centre with a soil
contaminated with Cu (150 mg/kg) and Pb (180 mg/kg) in Caluire (C, 45.8032°N; 4.8638°E); and
close to a petrol station and motorways in a soil contaminated with Zn (450 mg/kg) in Feyzin (F,
45.6787°N; 4.8466°E). Distant from at least six kilometres between each other and presenting
variability in their leaf morphology, those three sites are considered as different morphotypes,
reflecting part of the hybrid variability. F. japonica was collected in Le Chambon-Feugerolle (J,
45,3997°N; 4,3417°E) and F. sachalinensis in Belleroche (S, 46,1723°N; 4,3930). To allow the
modification of fungal communities, notably through the release of environmental MTE pressure,
rhizomes collected in October 2017 were acclimated three months in a prairial non-contaminated
soil (acclimation condition, A): for that, they were washed with tap water and conserved outside
in 20 L-pots filled with sieved soil and covered. Other rhizomes were collected in January 2018,

just before greenhouse experiments (no acclimation, N).
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Prairial soil (< 15 - 20 cm depth) was collected at La Cbéte Saint-André (45.3769°N; 5.2772°E) in
September 2017 for the acclimation. This soil exempt of heavy metal contamination and the

physicochemical characteristics of this soil are presented in Barberis et al. (2020).

Greenhouse culture

A greenhouse experiment was conducted between January and February 2018. The experimental
design follows Barberis et al. (2020), with some modifications. Soil was sieved (2 mm mesh size)
and rehydrated to its field capacity (40% m/v) either with UP water or with a solution containing
either CdCl,, CrCls, ZnCl; or a mixture of these metal salts. The concentrations were chosen to
theoretically achieve contamination in soil that were slightly over common recognized soil
pollution threshold (Baize et al., 2006) for Cd, Cr and Zn: 1.5, 200 and 400 mg/kg respectively. Then
100 + 5 g of moistened soil were placed into 0.15 L plastic pots and washed rhizome fragments
containing one node (average weight of 1.2 + 0.1 g) of each of the 5 genotypes of Fallopia collected
were planted and grown in greenhouse (13 h day 22°C/11 h night 18°C) with light intensity of
about 8-10 klux. Soil moisture was manually controlled by adding tap water every two-three days,
from the bottom to limit metal leaching. Plantlets were grown for one month and their position

was randomly changed 3 times/week.

The experimental design was as follow: 5 morphotypes x 5 metal conditions x 2 acclimations x 7

replicates.

To maximize the isolation of endophytes, a second experiment was achieved with less conditions
but more samples/condition: rhizomes of F. x bohemica from Caluire, not-acclimated, were grown
on loam, with CrCls (400 mg/kg) or without. The design was thus as follow: 1 morphotype x 2 metal

conditions x 12 replicates.

Isolation of root fungal endophytes

After one month of growth, plants were carefully uprooted and two root fragments of 1 cm-
/sample were cut and conserved at 4°C in their soil.

The protocol of isolation is adapted from Berthelot et al. (2016): roots were pooled in two
groups/condition (repetitions): the first condition is isolation on agar with metal and the second
condition is isolation on agar without metal. Root fragments were then disinfected in surface: 3

min in bleach 5 % added with a drop of dishwashing liquid; 30 s in H,02 30 %, followed by rinsing
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in autoclaved distilled water. They were then deposited on malt-agar media (1.2 % malt, 1.5 %
agar, 1 mL/L chloramphenicol, pH adjusted at 5.5 + 0.1 with HCl or NaOH) in Petri dishes + metal
(Cd: 1.5 mg/L, Cr: 200 mg/L, Zn: 400 mg/L or mix: Cd+Cr+Zn), roots being put on the same metal
condition of growth, in dishes. Fungal root endophytes were cultured at 24 °C in the dark. For the
second experiment, the same protocol was used, except that plants were harvested after two
months of growth and that 6 root fragments of each sample were disinfected, 3 for isolation with
Cr (400 mg/L) and 3 for isolation with non-contaminated malt-agar gel. After a few weeks, fungi

were sub-cultured on new malt-agar dishes, keeping the same metal condition.

As we hypothesize that Fallopia tolerance to MTE may be supported by DSEs, we added in the
phylogenetic analyses four DSEs from chrono-environnement library (coded FO6, M10, KO3 and
KO4) isolated from poplar roots (data not shown), for confrontation with the other isolates.

Isolates and their plants and media of origin are presented in Table S1.

Molecular identification of fungal endophytes

Genomic DNA of the isolated Fallopia fungi and of the 4 strains from the fungal library of the
laboratory was isolated from peripheral parts of the mycelium following the fungal genomic DNA

extraction protocol described by in Annexe 4B.1.

Annexe 4B.1: DNA extraction from fungal culture.

Extraction Solution Dilution Solution
Stocks: 1 M Tris solution (pH=8.0) 1) add 3 gof BSA (e.g. Sigma or Omni — 98-99%
1) add 10 ml of 1 M Tris stock into clean purity, heat shock fractionated) into clean
(autoclaved) 100 ml vessel (autoclaved) vessel
2) add1.86 g KCl 2) top up to 100 mL with DI H20
3) add0.37 gEDTA 3) shake BSA into solution
4) add 80 ml DI H20 and shake until solutes 4) filter sterilize into sterilized 2 mL tubes for
dissolve storage

5) titrate with 1 M NaOH to pH =~ 9.5-10.0

6) top up to 100 mL with DI H20

7) filter sterilize into sterilized 2 mL tubes for
storage

Procedure

1. Pipette Extraction Solution into 8-strip tubes (or 96-well plates). For cultured mycelium 20 pL is sufficient. For

larger samples use up to 100 pL.

2. Add tissue sample to tube/well with Extraction Solution. Submerge sample and smash sample if possible (we
use pipette tips or sterilized dissecting needles). Try not to add it any agar.
Incubate at room temp for 10+ minutes then incubate for 10 minutes at 95 C.
Add an equal volume of Dilution Solution to the tubes so that the final Extraction:Dilution solution ratio is 1:1.
Samples are now ready for PCR. We typically make 1/10 and 1/100 dilutions of the raw extract.
Store DNA extractions in freezer.

kW
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Approximately 1 kb of the rDNA ITS1/5.8/1TS2 region was amplified via PCR using primers NS7 (5’-
GAGGCAATAACAGGTCTGTGATGC-3’) and ITS4 (5'-TCCTCCGCTTATTGATATGC-3’) described by
White et al. (1990). Reactions mixes contained 10-60 ng of fungal DNA, 0.5 uM of both primers,
100 puM dNTPs, 1.5 mM MgCl,, 1 unit of the Phire Green Hot Start Polymerase (Thermofisher
Scientific), in a final volume of 50 puL enzyme buffer. The conditions for thermocycling were as
follow: an initial denaturation step at 98°C for 30 s followed by 30 cycles of 98°C5 s, 53°C5s, 72°C
10 s, and a final extension at 72 °C for 1 min. PCR products were purified using the GenElute PCR
Clean-Up kit (Sigma-Aldrich) or by a gel band purification kit (Macherey-Nagel NucleoSpin) and
sequencing was performed by Genewiz Europe (Germany). Comparisons with sequences of the
GenBank and UNITE databases were performed with the search algorithm BLAST (Altschul et al.,
1990). The identifications of the endophytes were determined based on parameters such as the
percentage of query cover and similarity with 0.0 expected values (Evalues). The cut-offs used to
assign a particular precision to the identification at the species and genus rank, based on obtained
BLAST results with total or near total coverage, were as follows: (1) sequence similarity of 100%:
positive species, (2) sequence similarity of 99%: possibly this species, (3) genus rank only was
adopted when equal BLAST top score similarity values have been obtained for several species, all
from the same genus (ranging from 96 to 100%) (Hofstetter et al., 2019). The consensus sequence
for each endophyte will be submitted to GenBank to obtain their respective accession numbers

(http://www.ncbi.nlm.nih.gov/Genbank). Sequences were edited in Bioedit v7.0.5. (Hall, 1999)

and aligned using Clustal W (Thompson et al., 1994). The phylogenetic relationships among the
endophytic fungi isolated in Fallopia and in poplar root (fungi library of the laboratory) were
studied by using a maximum-likelihood (ML) approach (1000 bootstrap replicates, K2P distances)
using MEGAG6 (Tamura et al., 2013). Gaps and missing data were removed from the analysis using
the “complete deletion” option. The sequence of Morchella virginiana (JQ723113.1) was used as

out-group.
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Assessment of fungal sensitivity to metals

Nine isolated strains were tested for their sensitivity to MTEs. The sensitivity of the strains to
different metals was evaluated by investigating the fungal growth rate. Plugs (4 mm) of each strain
were cut from the edge of actively growing 2-weekold colonies and placed on malt-agar media (as
described above) and previously amended with CdCl, (Cd at 10 mg/L), CrCls (Cr at 200 mg/L), ZnCl,
(zn at 400 mg/L), those three MTEs together (condition named X), or no metal (control). Fungal
strains were incubated in the dark at 24°C during 11 days. Fungal growth diameter was measured
with a stereomicroscope (x 10 magnification) every day during 11 days.

Fungal growth rate in metal amended media was thus calculated (in mm/day) and reported to the

growth rate in control medium.

Extraction and analysis of fungal metabolites

To cover the maximum of metabolite diversity produced by endophytes, the ten isolates were
cultured in solid medium (1.2 % malt, 1.5 % agar, 1 mL/L chloramphenicol, pH adjusted at 5.5 *
0.1 with HCl or NaOH) in Petri dishes and in liquid medium (same composition as solid medium
but without agar). A plug of agar - mycelium (5 x5 mm) served as inoculum in both types of culture.
Culture lasted about one month in both media at 23°Cin the obscurity under agitation at 150 rpm.
Secondary metabolites were extracted by dichloromethane (DCM), ethylacetate (AcOEt) and
methanol (MeOH) in a 80:20 ratio with UP water, successively. For liquid cultures, 1 mL of liquid
supernatant and 100 mg of fresh mycelium were used. For solid cultures, half of the colonized
agar medium (between 1 to 4 g fresh mass) were used. For each fungal isolate, we thus have three
sources of metabolites (liquid supernatant, mycelia from liquid and solid cultures).

Samples were extracted with 1 mL of DCM (vortexed 1 min, sonicated 15 min, and centrifuged 5
min at 5000 rpm). Then, 800 L of the organic phase was transferred and dried in a speed-vacuum
(Speedvac® — Labenco). DCM extraction was repeated thrice, and extracts were pooled.

Then, extractions with AcOEt and MeOH: H,0 were achieved following the same protocol, except
for liquid supernatants that were dried in a speed-vacuum before MeOH-H,0 extraction. In order
to remove the remaining water in MeOH — H,0 extracts, a step of lyophilisation was added. 90
fungal extracts were thus obtained (10 isolates * 3 media (liquid phase, mycela in liquid culture
and in solid culture * 3 extraction solvents). Controls of each extraction were made using culture
media without fungus, leading to 6 control extracts (2 media - liquid and solid * 3 extraction

solvents).
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Dry extracts were resuspended in MeOH:H,0 (80:20) at 10 mg/mL and analysed by UHPLC-DAD
ESI/QTOF (Agilent 1290 infinity linked with Agilent ESI/QTOF 6530, Agilent Technologies, USA),
using a Poroshell® 120 EC-18 column (2.7 um, 3.0 x 100 mm; Agilent Technologies, USA), and
following the protocol of Barberis et al. (2020). The gradient ranges from 0.1% formic acid in water
(A) to acetonitrile (B) as follows: 1% of B from 0 to 1.5 min, and growing with a linear gradient to
15% of B at 8 min; 60% of B at 14 minutes and 100% of B at 16 min for 1 min. All solvents were LC-
MS grade (Optima). The flow rate was adjusted at 1.0 mL/min and the injection volume was 2 pL.
UV spectra were recorded between 190 and 600 nm. The ESI source was optimized as follows:
positive ionization in autoMS/MS mode, scan spectra from m/z 80 to 2000, capillary voltage 3.5
kV, fragmentor 100V, fixed collision-induced dissociation (CID) energy at 20 eV. Nitrogen was used
as the nebulizing gas with a flow rate of 12 L/min and a temperature of 310°C at 40 psi. Compounds
were identified by analysis of their UV, HRMS and HRMS/MS spectra using MassHunter Qualitative
Analysis version B.07.00 (Agilent Technologies, USA) and by comparison with literature using
online databases: SciFinder-n (CAS; https://www.cas.org/products/scifinder), PubChem (NCBI;
https://pubchem.ncbi.nim.nih.gov) and NP Atlas (https://www.npatlas.org/joomla).
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Results and Discussion

Isolation, molecular identification and phylogenetic analysis of root fungal endophytes from

Fallopia spp.

In total, 27 root fungal endophytes from Fallopia spp. were successfully isolated from their roots
(Table 4B.S1). This is a similar number compared to other herbaceous plants (Beena et al., 2000;
Gonzalez-Teuber et al., 2017; Herrera et al., 2010; Knapp et al., 2012; Teimoori-Boghsani et al.,
2020; Wu et al., 2012).

Table 4B.S1: Sample names, culture provenance and isolation medium. A: acclimated, N: not
acclimated; T: control without MTE, Cd: cadmium, Cr: chromium, Zn: zinc, X: mixture of Cd, Cr and
Zn. J: F. japonica, S: F. sachalinensis, B: F. x bohemica.

Fallopia Plant Fungal
Experiment Isolates species Morphotype culture Acclimation culture
MTE MTE

JACd J Cd A ?

JAT J T A X

JNX J X N X

SAT S T A (4]

SNT S T N X

SNZn S Zn N @

MACd B Miribel Cd A ?

FACd B Feyzin Cd A Cd

1 FNCd B Feyzin Cd N (4]
MAT B Miribel T A (4]

FNX B Feyzin X N (4]

MAX B Miribel X A X

MAXO0 B Miribel X A (4]

FAX B Feyzin X A (]

CAZn B Caluire Zn A @

FAZn B Feyzin Zn A 4]

FNZn B Feyzin Zn N Zn

CCr1l B Caluire Cr N Cr

CCr3 B Caluire Cr N Cr

CCra B Caluire Cr N Cr

CCr6 B Caluire Cr N Cr

5 CCr7 B Caluire Cr N Cr
CCr2 B Caluire Cr N @

CCr5 B Caluire Cr N 4]

CT3 B Caluire T N Cr

CT1 B Caluire T N @

CT2 B Caluire T N 0]

An ITS sequence (~ 1kb), comprising most of the region between the position of primers NS7 and
ITS4, was obtained for 26 and 4 root fungal endophytes from Fallopia spp. and Populus spp.
respectively. Only one isolate exhibited a poor chromatogram quality (i.e., isolate coded FNX). The
BLAST research has enabled the identification of 22 isolates (18 from Fallopia spp. and 4 from

Populus spp.) with total or near total coverage and a sequence similarity ranging from 95 to 100%.
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Eight isolates were problematic, one did not match with any database sequence (i.e., isolate coded
SNT), 2 were fungal contaminants (Basidiomycota, i.e., isolates coded FNZn and CCr6) and
removed from the dataset, as well as the 5 others (i.e., isolates coded MAT, JNX, CCr5, CT2 and
CT3) for which the assignment at the genus rank were not significant (sequence similarity < 94%).
The BLAST results allowed us to name 10 isolates at species rank (including those with sequence
similarity of 99) and 12 were identified to genus. The 4 isolates from poplar roots were identified
as members of Helotiales (Leotiomycetes) with 1 Cadophora orchidicola and 2 Cadophora sp.,
recognized as formal DSEs genus (Addy et al., 2005), and Eurotiales (1 Penicillium glandicola)
(Table 4B.1, Figure 4B.1). The 18 endophytes from Fallopia roots belong also to the phylum
Ascomycota and are distributed in 3 classes and 8 orders (Table 4B.1, Figure 4B.1). The
phylogenetic analysis revealed that most of the isolates were in the class of the Sordariomycetes,
which were further classified into 5 orders Chaetosphaeriales, Diaporthales, Hypocreales,
Ophiostomatales and Xylariales. The second class the most represented is Dothideomycetes with
2 orders, Capnodiales and Pleosporales. Here, the Dothideomycetes do not form a phylogenetic
group with Capnodiales and Pleosporales more related to the Sordariomycetes and the
Eurotiomycetes respectively, and this could be due to the low support of the groups at the class
level. Finally, in the Eurotiomycetes, only representatives of the genus Penicillium classified into
the order of the Eurotiales were isolated.

Except Ophiostomatales, the fungal orders represented in Fallopia roots are widely found in other
plant roots (Barberis et al., 2020b). Almost all isolates belong to orders (Capnodiales, Pleosporales,

Eurotiales, Hypocreales and Xylariales), which are described to contain DSEs (Knapp et al., 2015).
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Five different species of Pleosporales (Dothideomycetes) were isolated in Fallopia roots.
Pleosporales is a very large order comprising fungal strains isolated from a wide variety of
ecological niches, from saprobes to hyperparasites, including pathogens, epiphytes and
endophytes (Zhang et al., 2012). Despite the fact that several species of the Ascochyta genus cause
major damages on Fabaceae cultures (Kaiser, 1997; Nene, 1982), Ascochyta species have been
found several times in asymptomatic roots (Bayman and Otero, 2006; Kernaghan and Patriquin,
2011; Sadeghi et al., 2019), stems (Suryanarayanan et al., 2005) or leaves (Hashizume et al., 2010).
Literature is nevertheless focused on the pathogenic effects of Ascochyta species, and as far as we
know, no study have evaluated the beneficial effects of Ascochyta on plants. Epicoccum nigrum is
a generalist, epiphytic or endophytic (Favaro et al.,, 2012). It was described in plant roots in
numerous environments, including sea, mountain, and metal-contaminated areas (Bayman and
Otero, 2006; Li et al., 2016; Vaz et al., 2009), as well as in a variety of plant hosts (Furtado et al.,
2019; Li et al., 2016; Martins et al., 2016; Paul et al., 2007). E. nigrum is used in biological control
of pathogenic fungi (Cal et al., 2009; Favaro et al., 2012; Hashem and Ali, 2004; Larena and
Melgarejo, 2009) and bacteria (Madrigal et al., 1991). E. nigrum may induce root system
development (Favaro et al., 2012). Periconia macrospinosa is a common root endophyte (Ghimire
et al.,, 2011; Knapp et al., 2012; Macia-Vicente et al., 2008; Pili et al., 2016), forming typical
structures of DSEs (Mandyam et al., 2010). P. macrospinosa improves plant growth (Kageyama et
al., 2008) through the mobilisation of soil nutrients (Yakti et al., 2018), and possesses antifungal
and antibacterial properties (Kim et al., 2004). However, it has sometimes been reported as root
and leaf pathogen (Sarkar et al., 2019; Van Dyk, 2004).

Cladosporium spp. (Capnodiales, Dothideomycetes) were isolated three times in this study. The
Cladosporium genus is ubiquitous, and include fungi from diverse ecological niches, reported as
plant pathogens (Oh et al., 2018; Rivas and Thomas, 2005), fungal pathogens (Nasini et al., 2004),
or root endophytes (Barberis et al., 2020b; Bayman and Otero, 2006; Sadeghi et al., 2019; Verma
et al., 2011; Yeh and Kirschner, 2019). In particular, some are mutualists, such as Cladosporium
sphaerospermum, described as a plant growth promoting endophyte (Hamayun et al., 2009).
Some Cladosporium isolates adsorb MTEs on their surface (Pethkar et al., 2001), particularly in

their melanin (Buszman et al., 2006).

Numerous isolates identified in this study belong to the Sordariomycetes clade, which contains
phytopathogens, as well as saprobes, epiphytes, lichenised fungi, and endophytes

(Maharachchikumbura et al., 2016). Within the same genera Arthrinium, both pathogenicity and
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endophytism have been reported. Indeed, the Arthrinium genus contains two major plant
pathogens among other, namely A. sacchari and A. marii, causing important damage on wheat
(Mavragani et al., 2007), sugar cane (Ming, 1995), and olive tree cultures (Gerin et al., 2019). But
this genus also contains fungal endophytes, in particular localized in roots (Bayman and Otero,
2006; Chen et al., 2011; Furtado et al., 2019; Macia-Vicente et al., 2008; Ramos et al., 2010;
Sadnchez Marquez et al., 2010). Little is known about the genus Codinaea, but at least one plant
pathogenic species has been characterized (Dean et al., 2012; Menzies, 1973). Two isolates of
Fusarium oxysporum f. sp. dianthi have been isolated in this study. Fusarium oxysporum is often
considered as a plant pathogen (Michielse and Rep, 2009), in particular the well-known F.
oxysporum f. sp. dianthi (Lemanceau et al., 1993); nevertheless, F. oxysporum has been isolated
from numerous plant roots without causing any symptoms (Barberis et al., 2020b). Despite its
pathogen lifestyle (Manicom et al., 1990), Fusarium oxysporum f. sp. dianthi may induce resistance
against fungal phytopathogens (Kroon et al., 1991).

No less than 23 species of Trichoderma have already been reported as root endophytes (Barberis
et al., 2020b). This genus includes saprobes as well (Naar and Kecskés, 1998) and is common in
soils and plant roots (Harman et al.,, 2004). Associated to roots, Trichoderma spp. present a
morphology of DSE (Chadha et al., 2014). Some Trichoderma isolates enhance plant growth
(Contreras-Cornejo et al., 2009) and reduce nematode damage (Meyer et al., 2001). Trichoderma
fungi produces a wide range of secondary metabolites, plant growth regulators including auxin,
antibiotics, and antifungal compounds (Chadha et al., 2014). The colonization of plant roots by
Trichoderma endophytes leads to the alleviation of abiotic stress, through the increase of plant
enzymes involved in the regulation of oxidative stress (Zaidi et al., 2014). The species Trichoderma
koningii improves plant growth while reducing the severity of plant fungal disease (Duffy et al.,
1997) or bacterial disease (Hadar, 1984). This species is resistant to Cu (Nykiel-Szymanska et al.,
2018).

The Penicillium genus, from which three representatives were isolated in this study, is often
reported as root endophytes (Barberis et al., 2020b). Those endophytes are ubiquitous, in
numerous environments, and in non-phylogenetically related plant hosts (Barberis et al., 2020b).
Penicillium fungi produce a large variety of chemical compounds (Cole and Cox, 1981; Pitt, 2002).
Those compounds often possess antibacterial properties, for example in Penicillium commune
(Gao et al., 2011; Shang et al., 2012). The reduction of bacterial disease through plant growth

promotion by a Penicillium species, , has been demonstrated in Arabidopsis thaliana (Hossain et
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al., 2008). Phytohormones, such as gibberellins (Choi et al., 2005; Khan et al., 2008), and auxin
(Ikram et al., 2018) are produced by these strains, suggesting a potential direct effect on plant
growth. Indeed, the endophyte and gibberellin-producing Penicillium citrinum promotes plant
growth (Khan et al., 2008). Some Penicillium species (P. simplicissum, P. commune) tolerate and
bioaccumulate MTEs (Harimisa Andriamafana, 2018; Iskandar et al., 2011; Sharma and Malaviya,
2016). Penicillium glandicola (Bezerra et al., 2012) and Penicillium commune (Jin et al., 2013) were
previously reported as endophytes. Anyway, if some plant-pathogens are reported among the
Penicillium genus (Li et al., 2015; Valdez et al., 2006), Penicillium species are mainly described as

plant growth-promoting fungi (Radhakrishnan et al., 2014).

Fusarium oxysporum- CAZn

Fusarium oxysporum- FAZn Hypocreales

Trichoderma koningii- MAX0
Trichoderma sp. - MaX
Sporothrix sp.— CCr4 | Ophiostomatales

SORDARIOMYCETES
Arthriniumsp.— CCr1

Xylariales
Arthriniumsp.— CCr7
Codinaea sp. - JAT | Chaetosphaeriales
Diaporthe sp.- FACd | Diaporthales
Cladosporiumsp. - JACd
Cladosporiumsp- CCr2 Capnodiales

Cladosporiumsp- CT1
DOTHIDEOMYCETES

Epicoccumnigrum - SAT

= Ascochyta sp. - SNZn Pleosporales

Periconia macrospinosa- FAX

Indetermined - SNT

Penicillium simplicissimum— CCr3

Penicilliumcommune- FNCd
Eurotiales EUROTIOMYCETES
Penicillium glandicola - KO4

Penicilliumglandicola -MACd

Cadophora orchidicola-M10
SELLCadophom sp.- FOB Helotiales LEOTIOMYCETES

78L Cadophora sp.- KO3

Morchella virginiana (Outgroup)

0.1

Figure 4B.1: Phylogenetic relationships among the endophyte fungi isolated in Fallopia roots
using a maximume-likelihood approach (1000 bootstrap replicates, Kimura two-parameters).

Root endophytes from poplar roots were added (fungi library of the laboratory). Bootstrap value >
70 %.
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Metal tolerance profil of endophytes fungi from Fallopia spp.

In vitro, all isolates were tolerant to Cd, i.e. their growth rate was not affected by Cd (Figure 4B.2).
However, fungal isolates display variable pattern of tolerance for other MTEs. Only the three
Hypocreales isolates could grow on the mixture of Cd, Cr and Zn, with a 5-fold reduced speed
compared to their respective control. They could also grow on Cr and Zn too. On the opposite, SAT
(Epicoccum nigrum, Pleosporales) and FACd (Diaporthe sp., Diaporthales) did not grow at all on
any of the MTEs except Cd. SNZn (Ascochyta sp., Pleosporales) and FAX (Periconia macrospinosa,
Pleosporales) had a growth divided by three on Zn and Cr compared to the control. FNX
(undetermined) was little affected by Zn but no growth could be observed on Cr contaminated
medium.

Eight isolates (all except the unidentified FNX) on the nine tested demonstrated a similar growth

on Zn compared to Cr.

GRETM/GRcontmI
Code Fallolpia Flant Acclimation Fungal culture Class Order Species 002040608 1 1.2
species culture MTE MTE 1
SNZn S n N @ Dothideomycetes ~ Pleosporales  Ascochyta sp. ; L] >
FAX B X A @ Dothideomycetes  Pleosporales  Epicoccum nigrum i > *>
H
SAT S T A @ Dothideomycetes  Pleosporales  Periconia macrospinosa ri:‘i 2 2
FACd B Cd A Ccd Sordariomycetes Diaporthales  Digporthe sp '-T—:‘ *>
H
CAZn B n A [} Sordariomycetes Hypocreales  Fusarium oxysporum : O >
H
FAZn B Zn A @ Sordariomycetes Hypocreales Fusarium oxysporum i e >
MAX B X A X Sordariomycetes Hypocreales Trichoderma sp. i - m P
'
FNX B X N o NA NA NA e = -
'

¢Cd BZn ACr X
Figure 4B.2: MITE tolerance of fungal strains. GR: fungal growth rate. The solid line indicates the
same growth rate between the fungus grown on metal and the same fungus grown on a control
medium without metal; the broken lines indicates no growth of fungus on metal-contaminated
medium. Cd (10 mg/L), Zn (400 mg/L), Cr (200 mg/L), X (Cd + Zn + Cr at same concentrations).

Cd at the applied concentration (10 mg/L) does not seem to present a significant toxicity for
endophyte growth. Tough, this concentration corresponds to highly contaminated field soils such
as mining soils (Baize et al., 2006; Xiao et al., 2017). This is consistent with field observations that

endophytes are present in MTE highly contaminated sites (Barberis et al., 2020b; Weissenhorn et
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al., 1993), although some fungi are strongly inhibited beyond 5 mg/L Cd in vitro (Weissenhorn et
al., 1993). Plant-fungi associations are thus maintained on metal contaminated soils. However, on
poly-contaminated media, only Hypocreales were able to grow, and at a speed severely reduced
(from 3 to 6 folds). Thus, on polymetal-contaminated soils, we could expect a global reduction of
root colonization by fungi, with a limited effect on Hypocreales that are more tolerant. However,
this is not was is reported from field studies: a positive correlation was found between the
concentration of MTEs in soil and endophyte root colonization of rosemary (Affholder et al., 2014).
In addition, if the colonization of Deschampsia flexuosa by AMFs was reduced on contaminated
sites, DSEs were favoured on those soils (Ruotsalainen et al., 2007). It is important to keep in mind
that in our study, fungi were cultured in vitro and then directly in contact with MTE in agar media,
whereas in the field, MTEs may be adsorbed on soil particles that reduce their bioavailability, and

fungi are better protected inside plant roots.

Metabolites produced by endophytes fungi isolated from Fallopia spp.

33 compounds were identified from 10 fungal cultures extracts, cultivated either in solid or in
liguid medium (Table 4B.2). Detected metabolites belong to different families. Some compounds,
such as biphenyl derivatives and cyclodipeptides, are specific to an isolate (Table 4B.3). Other
compounds, such as tryptophane derivatives (phytohormones) and agaridoxin, are shared by

numerous fungi. Sphingolipids are produced by all tested endophyte isolates.

To understand the relationships between plant and endophytic fungi, it is essential to look at
secondary metabolism in all partners. These metabolites may serve as communication between
partnerss, or modify environmental conditions, including the modulation of MTE bioavailability in
soil or their transfer into plant parts. Sphingolipids, such as phytosphingosine and its derivative,
were detected in all fungal strain extracts analysed. These compounds, although being structural
components of membrane systems, are also involved in plant-microorganism communications (Ali

et al., 2018).

The production of Lachnumfuran A, a compound that has only been isolated from Lachnum
papyraceum (Shan et al., 1996), suggests that the isolate JNX belong to the Lachnum genus
(Helotiales). This is consistent with the presence of lachnumlactone A (or papyracon A/D, the
identity is not well resolved), also identified in Lachnum fungi (Nielsen and Smedsgaard, 2003).

The isolate JNX is thus further referred to as “Lachnum sp.”.
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All studied Dothideomycetes isolates (Periconia macrospinosa, Epicoccum nigrum, Pleosporales
sp. and Ascochyta sp.), the Diaporthe sp. and the Lachnum sp. isolates produce melanin
precursors. Melanin is a dark pigment, present in fungal cell walls of dark septate endophytes
(DSEs), suggesting that these isolates could be classified as DSEs. In addition to GDHB, HGA and
THN produced by all previously cited isolates, Epicoccum nigrum also produces L-Tyrosine, another
melanin precursor (Toledo et al., 2017), and pantothenic acid, which stimulates melanogenesis
(Albuquerque et al., 2014). Melanin possesses antioxidant, radical scavenging and chelating
properties that may decrease the effects of abiotic stresses, especially metal stress (Pombeiro-

Sponchiado et al., 2017).

Indole-3-acetic acid (IAA), and its derivative Indole-3-acetamide (IAM), detected in six isolates,
namely Diaporthe sp. (FACd), Fusarium oxysporum (CAZn), Epicoccum nigrum (SAT), Codinaea sp.
(JAT), Ascochyta sp. (SNZn), and Lachnum sp. (JNX), are phytohormones that promote plant

growth, and also favour the establishment of fungal endophyte in roots (Luo et al., 2016).

Penicillium commune is known for its high diversity of secondary metabolites (Nicoletti and
Trincone, 2016). Indeed, we could identify in the isolate of this genus (strain FNCd) six metabolites
not detected in the other tested endophytes. Those six compounds, penipacid, meleagrin,
roquefortine, chrysogine, glandicolin, and penilloid, are reported in multiple species within the
Penicillium genus (Nicoletti and Trincone, 2016) and are well-known for their antimicrobial
activities, though these were principally determined in animal-pathogenic strains and not in plant-

pathogenic strains.

Diaporthe sp. (strain FACd) presents a very specific metabolome: it is the only analysed strain to
produce biphenyls, and more precisely, altenusin and six other biosynthetic derivatives including
desmethylaltenusin (Table 4). Altenusin and its derivatives have been identified in Alternaria (Aly
et al., 2008) or Talaromyces (Yuan et al., 2018a) endophytic fungi and are exclusively described in
the fungal reign; incidentally altenusin and altenuene are considered as mycotoxins contaminating
food (Escriva et al., 2017). Altenusin and its derivatives were also reported to be chemotaxonomic
markers enabling to distinguish Diaporthe/Phomopsis and Valsa/Cytospora clades (Abreu et al.,
2012), which leads us to hypothesize that this strain could be Diaporthe neotheicola. However,
desmethylatenusin, its hexoside derivative, and its decarboxylated and sulfated derivative were
detected in Fallopia root extracts where their concentrations were strongly affected when plants
were exposed to Zn or Cr, indicating that they may play an important role in the regulation of

metal stress in this plant (Barberis et al., 2020). All this suggests that desmethylaltenusin detected
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in plant roots is probably produced by Diaporthe sp. fungal strains, and might be transformed in
planta (either by a shift of fungal metabolism when living inside plant roots, or by biochemical
modifications performed by plant or other associated microorganisms)... It is interesting to note
that Polygonum senegalense (belonging to same family of the Polygonaceae as Fallopia) has been
shown to be associated with a leaf fungal endophyte of the genus Alternaria able to produce the
same type of altenusin derivatives as Diaporthe sp. (namely altenusin, desmethylaltenusin,
altenuen and alternaric acid), which were also detected in P. senegalense healthy leaf extracts (Aly
et al., 2008). These compounds were shown to possess cytotoxic activities, but their ecological

role is still to be determined.

Fusarium oxysporum produces bikaverin, norbikaverin, fusaric acid, deshydrofusaric acid, four
specific compounds of the Fusarium genus. The two first demonstrated antifungal and
antiprotozoal activities (Limon et al., 2010) whereas the two other showed anti quorum-sensing

properties (Tung et al., 2017).

We were not able to detect any secondary metabolite in Trichoderma koningii extracts because of

the too low quantities of biological material obtained for this strain.
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Table 4B.3: Production of secondary metabolites by fungal root endophytes analysed and their

reported biological activities. The “/” symbol indicates different identification propositions of a

same compound.

Compound Isolate Compt?und Biological activities
family
Altenusin
Deshydroaltenusin
Alternarienonic acid Biphenyl Antifungal (Johann et al., 2012)
Hydrated altenusin FACd - Diaporthe sp. derivatives - Antioxidant (Chen et aI.,,2018; Xiao et al., 2014)
Altenuene
Djalonensone
Desmethylaltenusin
Butylparaben FACd - Diaporthe sp. Paraben 2:3?&?,2;ffﬂ?j:f;ftzgt'flg)
SAT - Epicoccum nigrum
CAZn - Fusarium oxysporum
Indole-3-acetic acid (IAA) JAT - Codinaea sp.
gzg::g;izg;;’;z zz T(;i’:it\?a?c?vaeze - Phytohormone (plant growth promotion) (Luo et al., 2018)

Indole-3-acetamide (IAM)

SAT - Epicoccum nigrum
CAZn - Fusarium oxysporum

Agaridoxin (GDHB)

FACd - Diaporthe sp.
JNX = Lachnum sp.
SAT - Epicoccum nigrum
MAT - unidentified
SNZn - Ascochyta sp.

Homogentisic acid (HGA)

FAX - Periconia macrospinosa

Phenolic acids

Melanin precursors (Pombeiro-Sponchiado et al., 2017):

- Black pigment

- Antioxidant

- Protection against abiotic stresses (metal trace elements,

1,3,6,8- temperature extremes)
Tetrahydroxynaphthalene JNX = Lachnum sp. - antimicrobial, antiviral
(THN) Naphtalene - radio/photo-protection
1,8-Dihydroxynaphtalene FAX - Periconia macrospinosa
(DHN)
Phytosphingosine - Plasma membrane structure (Ali et al., 2018)
Deshydrophytosphingosine Al isolates Sphingolipids - Cell proliferation and apoptosis (Peer et al., 2010)

trans-4-trans-8-
Sphingadienine

- Plant signal transduction during stress
- Plant — microorganism communication (Ali et al., 2018)

Bikaverin CAZn - Fusarium oxysporum Naphthoquinon | - Reddish pigment (Limon et al., 2010)
Norbikaverin es - Antifungal; antiprotozoar (Limon et al., 2010)
Chrysogine FNCd - Penicillium commune - Yellow pigment (Viggiano et al., 2018)
Roquefortine C
Glz/lnzliiaog“rr:r; - ENCd - Penicillium commune Cyclodipeptides ;f\’nztgbllg;:lcs (Koolen et al., 2012; Kopp and Rehm, 1979; Zheng et
Penilloid A

Pantothenic acid

- Melanogenesis stimulation (Albuquerque et al., 2014)

(Vitamin BS) SAT - Epicoccum nigrum Substituted - Fungal growth stimulation (Albuquerque et al., 2014)
amino acids - Precursor of coenzyme A (Raman and Rathinasabapathi, 2004)
O-Benzylserine JAT - Codinaea sp. - Growth hormone secretagogue in humans (Li et al., 2008)
- Antibiotic (Shan et al., 1996)
Lach fi A JNX —Lach . - !
achnumiuran achnum sp - Nematicid (Shan et al., 1996)
Geniposide MAT - unidentified Iridoids
Fusaric acid
zn - 1 - - i i T ., 201
Deshydrofusaric acid CAZn - Fusarium oxysporum Anti quorum sensing (Tung et al., 2017)
- Melanin precursor and melanogenesis promotor (Slominski et
. ) ) . . al., 2012)
LT AT - E A
yrosine S, picoccum nigrum mino acid - Antioxidant (Gillgin, 2007)
- Metal chelator (Gilgin, 2007)
Aromatic
Penipacid B FNCd - Penicillium commune compound/ - Cytotoxic (Dyshlovoy and Honecker, 2015; Li et al., 2013)

Phenolic acids

Lachnumlactone A /
Papyracon A / Papyracon D

JNX = Lachnum sp.

- Nematicid (Shan et al., 1996)
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From this study, a high taxonomic diversity of root fungal endophytes has been identified in
Fallopia roots. Some of them are more tolerant to MTEs than other strains, and their metabolite
production is diverse: we will further explore these properties regarding their potential role in

Fallopia metal tolerance.

Do root fungal endophytes account for Fallopia tolerance to MTEs?

Fungal endophytes are numerous and diverse in Fallopia roots. They may be of importance for
Fallopia tolerance to metals if: (1) they display poor sensitivity to MTEs (at least when associated
with plant roots), (2) they promote plant growth on metal conditions, by (i) directly modulating
metal stress, (ii) improving plant resistance against pathogens, (iii) directly increasing growth
through hormonal communication, or (iv) improving plant nutrition. These properties are

synthesized for each isolate in Table 4B.4.

The endophyte Diaporthe sp. (FACd) presents almost all properties cited above: tolerant to Cd in
vitro, this isolate produces melanin, a strong antioxidant and a metal-chelator. In addition,
Diaporthe sp. isolate produces auxin and biphenyls including desmethylaltenusin. The fact that
this compound was detected at significant levels in plant root extracts and that its concentration
is strongly affected by metal contamination (Barberis et al., 2020), confirms that this isolate may
possess an ecological relevance in Fallopia response to metal stress. However, this isolate was not
tolerant to Cr or Zn in vitro. It remains possible that its association with plant roots would protect
it against these metal stresses. The isolate JNX, hypothesized to belong to the Lachnum genus,
presents similar properties. Unfortunately, its tolerance to metals has not been assessed in this
study. This isolate is also likely to help Fallopia in metal-contaminated environments. We reviewed
the effects of fungal root endophytes on plant metal tolerance (Barberis et al., 2020b) and as far

as we know, no study was conducted with these fungi to test their effects on plant metal tolerance.
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Chapitre 4B — Endophytes des Renouées

Fusarium oxysporum f. sp. dianthi isolate is more tolerant to MTEs than Diaporthe and Lachnum
isolates, including on multicontamination, and produces phytohormones and biocids. Thus, F.
oxysporum is a good candidate for improvement of plant metal tolerance. Indeed, Fusarium
oxysporum has been shown to produce a positive effect on barley growth in Cd-contaminated soil
(Mostafa et al., 2019). With F. oxysporum f. sp. dianthi, Trichoderma sp. is the other isolate to
tolerate all tested MTEs, including in poly-contamination. Unfortunately, its metabolite content
has not been studied here. Its white color suggests that it does not contain melanin, excluding a
DSE nature. Fungi from the Trichoderma genus (T. harzianum, T. asperellum, T. pseudokoningii)
have positive effects on plant growth (Adams et al., 2007; Firdaus-e-Bareen et al., 2012; Li et al.,
2019; Téllez Vargas et al., 2017; Zhang et al., 2018). T. koningii is a DSE, known to promote plant
growth and to reduce abiotic stress. Nevertheless, its very slow growth did not allow to test its
MTE tolerance and its metabolite production. The specific effect of T. koningii on metal
contaminated environment has also not been tested (Barberis et al., 2020b). Further studies
should be conducted on this strain to precise its identification, its metabolome, its biology and

thus its potential role in plant metal tolerance.

In metal-contaminated environment, endophytes from the Penicillium genus displayed positive
effects on plant growth and nutrition, with contrasting effects on plant metal accumulation
(Barberis et al., 2020b). However, P. commune and P. glandicola were not tested previously for
their role in plant metal tolerance. P. commune is reported to promote plant growth and inhibit
plant diseases through the production of toxins; these positive effects should be confirmed in

metal-contaminated soil.

Despite being described in literature as pathogen, or neutral to plants, Ascochyta sp. isolate is
tolerant to Cd, and Cr and Zn to some extent, contains melanin and produces phytohormones.
This strain possesses characteristics that may be beneficial for plants in metal contaminated soils,
but this has still never been tested (Barberis et al., 2020b). Like Ascochyta sp., Periconia
macrospinosa is tolerant to Cd, and to some extent to Cr and Zn, and this could be related to its
production of melanin of different types (HGA and DHN) and its DSE nature (Hall, 1986; Mandyam
et al., 2010). Beneficial effects of P. macrospinosa isolate on plant growth and disease resistance
have been reported (Ginting et al., 2013; Yakti et al., 2018), it seems then legitimate to believe
that this isolate could improve Fallopia tolerance to MTEs. However, it is also described as a plant

pathogen (Sarkar et al., 2019).
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Epicoccum nigrum is an endophyte commonly used in disease biocontrol (Hashem and Ali, 2004;
Larena and Melgarejo, 2009; Mari et al., 2007). E. nigrum is tolerant to Cd only, but possesses
melanin and produces phytohormones. Like Ascochyta sp., P. macrospinosa, T. koningii,
Cladosporium sp. and Lachnum sp., the effect of E. nigrum on plant metal tolerance has not been

tested (Barberis et al., 2020b).

Although Codinea genus is described to include plant-pathogens (Dean et al., 2012; Menzies,
1973), we showed that Codinea sp. isolate is able to produce phytohormones, it could thus also

be a potent beneficial fungal strain.

We lack information on other strains isolated in this study. Arthrinium sp. may be an endophyte
(Chen et al., 2011; Furtado et al., 2019; Ramos et al., 2010) as well as a plant-pathogen (Gerin et
al., 2019; Mavragani et al., 2007); fungi of the Pleosporales order possess very various lifestyles,
which is also true for Sordariomycetes (Maharachchikumbura et al., 2016). Sporothrix sp. is rather
known as plant and animal pathogen (Rodrigues et al., 2013; Wingfield et al., 1993) but is also
reported as endophyte (Khidir et al., 2010; Kwasna et al., 2016; Toju et al., 2018). Efforts to access
to more precise identification of these isolates are necessary and further experiments should be

conducted with these isolates to better assess their potent role in plant tolerance to metal stress.

We used here culture-dependent methods to identify plant root endophytes. In order to better
assess the ecological role of root fungal endophyte communities in Fallopia in the context of metal
stress, further field- and controlled- studies shall be conducted by including the quantification of
the identified isolates in different metal contexts, and by using meta-barcoding in order to also
include unculturable fungi in the analysis. Using meta-barcoding directly on plant roots would
improve our knowledge of fungal endophyte communities in Fallopia roots and precise their role

in plant tolerance to metal stress.

152



Chapitre 4B — Endophytes des Renouées

Conclusion

To explore the hypothesis that root fungal endophytes of the Fallopia complex species participate
in plant tolerance to MTEs, we isolated, identified and characterized 27 isolates from Fallopia
roots, 8 of them were tested for their metal sensitivity in vitro, and 10 isolates were analysed for
their secondary metabolite production. Among the identified isolates, few have ever been tested
for their role in plant metal tolerance. Here, we could enlighten interesting properties associated
with these isolates relative to antioxidant, radical scavenging or metal chelating properties (due
to melanin presence), to their in vitro tolerance to MTEs, especially to Cd, and to their production
of melanin, phytohormone or toxins. Fusarium oxysporum f. sp. dianthi, Diaporthe sp., Epicoccum
nigrum and Ascochyta sp. isolates displayed all these features and are thus likely to help Fallopia
to deal with metal stress. In particular, the strain Diaporthe sp., which produces
desmethylaltenusin, a biphenyl shown to increase in plant roots exposed to Zn or Cr (Barberis et
al., 2020), seems then to possess an ecological relevance in Fallopia response to metal stress, and

this needs to be further explored.

Further experiments shall be conducted for other isolates such as Trichoderma sp. and Lachnum

sp., or the strains Codinaea sp. and Arthrinium sp. that are rather described as plant pathogens.

In addition, to complete our characterization of Fallopia root endophytes, the role of these
endophytes on plant metal tolerance has to be tested by direct inoculation to plants, either in

sterilised soil, or through bioaugmentation in living soil.

This research may find applications both in phytoremediation, by identifying beneficial fungi that
could be used in association with adapted plants to improve the decontamination of metal-
polluted soils, or in the control of Fallopia expansion, by inhibiting specifically these beneficial

fungi that improve plant growth and/or its tolerance to metal stress.
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Synthese

Au total, 27 souches ont été isolées des racines des Renouées asiatiques. Ces souches présentent
des propriétés intéressantes vis-a-vis de I'exposition aux ETM, telles que leur tolérance aux ETM
(notamment au Cd), la production de composés chélateurs/antioxydants et de phytohormones.
Les souches Diaporthe sp., Fusarium oxysporum f. sp. dianthi, Cladosporium sp., Epicoccum nigrum
et Ascochyta sp., du fait de leur tolérance aux ETM et de leur production de composés bénéfiques
pour leur hote (phytohormone) ou protecteur face au stress (mélanine), sont les plus susceptibles
d’étre bénéfiques a leur hoéte en présence d’ETM. Par ailleurs, la souche Diaporthe sp. a été
identifiée comme productrice de dérivés de I'alténusine (dont la desméthylalténusine, composé
commun identifié dans les deux types d’extraits, racinaires et fongiques), ce qui suggere (i) que
cette souche pourrait jouer un réle important dans la tolérance de la plante aux ETM et (ii) qu’une
transformation in planta de ce composé semble se produire étant donné que dans les racines sont
également retrouvés le dérivé glysosylé de la desméthylalténusine, et son dérivé décarboxylé et
sulfaté (Article Chapitre 4A). Le r6le de ces métabolites dans I'éventuelle prise en charge des ETM

ou de leurs effets reste a démontrer.

Par ailleurs, les traits de croissance ont été mesurés dans les différentes conditions (Figure 4B.1).
Malheureusement, la multiplication des conditions (50) a limité le nombre de réplicats par
condition et donc la puissance statistique et I’analyse des données. De plus des problémes liés a
la régulation de la température et de I’"hygrométrie dans la serre n"ont pas permis d’avoir une
croissance des plantes optimale et satisfaisante, ces données n’ont donc pas été valorisées par la
suite. Nous nous contenterons d’observer que sans acclimatation, la régénération est meilleure
sur Cd (bleu) que sur Zn (p < 0.05). Qualitativement nous observons que le morphotype Feyzin en
présence de Zn régénére mieux apres acclimatation que sans acclimatation, ses masses aérienne
et racinaire étant également augmentées par I'acclimatation. Cela nous laisse penser a un effet
des endophytes et de I'environnement natif que nous souhaitons explorer : c’est pourquoi nous
choisissons pour la suite des expérimentations de nous concentrer sur ce morphotype Feyzin, et
de se focaliser sur le zinc comme contaminant, étant donné que ce morphotype pousse sur un sol

contaminé a ce métal.
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Figure 4B.1 : Traits de croissance des plantes. C : Caluire, F : Feyzin, M : Miribel (F. x bohemica), J
: F. japonica, S : F. sachalinensis.

Nous avons confirmé ici d’'un coté, la tolérance des Renouées aux ETM, et de I'autre identifié les
endophytes associés a leurs racines et caractérisé la réponse in vitro de certains d’entre eux aux
ETM, ainsi que leur production de métabolites secondaires pouvant améliorer la réponse de la
plante au stress. Dans quelle mesure ces endophytes tolérants aux ETM ont-ils une importance

écologique dans la tolérance des Renouées aux ETM ?
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Chapitre 5 : Relation entre endophytes fongiques racinaires et
tolérance de la Renouée aux ETM (Axe 3)

Préalable

Avec le morphotype de Feyzin soumis a une contamination au Zn, nous cherchons a estimer le
taux d’infection par des champignons endophytes dans les racines et a mettre ceci en relation
avec les traits de croissance (masses aérienne et racinaire), les modifications de profil des
polyphénols racinaires et les concentrations métalliques dans les différentes parties de la plante.
Afin de faire varier la diversité et I'abondance en endophytes initialement présents dans les
fragments de rhizome indépendamment du traitement métallique et de s’affranchir et de la

pression exercée par le zinc dans I’environnement natif, nous réitérons I'usage de I'acclimatation.

Jai réalisé l'intégralité des expérimentations de cet article ainsi que le recueil et traitement des
données, avec l'aide de Dylan ANDEOL, excepté la quantification des endophytes qui, aprés mise
au point du protocole, a été confiée a Sophie Poussineau, technicienne au laboratoire LEHNA et
que je remercie pour le long travail qu’elle a réalisé (environ 56 heures d’observation).
L’identification des métabolites lors de cette expérimentation comme des précédentes, a été

réalisée par Serge Michalet.

Article en préparation

Barberis, L., Michalet, S., Binet, P., Poussineau, S., and Piola, F. (2020d). The small to the rescue of the
tall: the growth of Fallopia x bohemica on Zn contamination favoured by root fungal endophytes. En
Préparation.
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Abstract

With the intensification of human activities and atmospheric emissions, Zinc (Zn) tends to
accumulate in soils impacted by anthropogenic activities. To grow on these contaminated soils,
plants evolved different metal tolerance strategies, including the production of various
metabolites displaying antioxidant or metal-chelating properties reducing metal toxicity, and the
association with beneficial root endophytic fungi that may help it to cope with the stress. In this
study, we investigated the plant-fungi-metal tripartite system in bohemian knotweed with a
specific attention to root fungal colonisation, plant metal accumulation, plant growth traits, and
root secondary metabolism, hypothesizing that root fungal endophytes participate in the
tolerance of their host to Zn contamination. For that, Fallopia x bohemica rhizomes collected
from a Zn-contaminated site were grown for 30 days in a greenhouse in a meadow soil with or
without Zn. To modify native endophyte communities, we used a protocol of acclimation where
rhizomes were kept two months before the experiment in a non-polluted and sterilized meadow
soil, either reinoculated with fungi (F+) or without (F-).

Through microscopic quantifications of fungal colonisation, we showed that endophytes are

correlated with root and shoot concentrations of Zn, but this process is not involved in plant metal
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tolerance. Some endophytes, such as Olpidium, seem to be beneficial for plant growth in the
absence of Zn, whereas others, such as DSEs, are beneficial only in the presence of Zn-
contamination. DSEs are more abundant in roots exposed to Zn, leading them to be good
candidates for plant metal tolerance improvement. In parallel, we were able to evidence strong
correlations between DSE frequency of colonisation in roots and torosachrysone, a compound
being increased in roots exposed to metal stress. The precise role of this compound is still to be
elucidated, but it could be involved in fungal (including DSEs) recruitment, which could be an

illustration of the “Plant call for support” theory.

Introduction

Human activities (housing, industry, road traffic and agriculture) produce atmospheric emissions
of trace elements, such as Zinc (Zn). These emissions can be transported from short to long
distance, and Zn tends to accumulate in soils impacted by anthropogenic activities (Bourennane
et al., 2010; Valavanidis and Vlachogianni, 2010) and crosses the food chain in ecosystems (Meena
et al.,, 2017). Zn originates from lithogenic sources, but also from the use of fertilisers and
pesticides (Senesil et al., 1999), road traffic (Meena et al., 2017; Nikolaeva et al., 2019) and coal
combustion (Bourennane et al., 2010). Zn is an essential element for plants, but it turns to be toxic
at high concentrations (Rizwan et al., 2019). Indeed, Zn in excess (> 1 mg/L) provokes oxidative
stress, affects root and shoot growth, induces chlorosis and decreases photosynthesis rate
(Pahlsson, 1989; Yadav, 2010). Zn also disturbs nutrient equilibrium in plant and nitrogen

metabolism (Pahlsson, 1989).

Some plants developed metal tolerance strategies, either specific to Zn, or to a larger panel of
metal contaminants (Pahlsson, 1989). Two main strategies are used to adapt to metal stress:
either metal exclusion, or metal accumulation (Baker, 1981). The first consists in maintaining a
constant low concentration of metal in plant tissues despite high concentrations in soil; this results
from the phytostabilization of metals in soil or their active efflux outside roots. Metal
accumulation is defined by higher concentrations of MTEs in plant tissues than in soil, and this

results from their active uptake in roots and their transfer and sequestration into plant tissues.

Whether it is for exclusion or accumulation, a chemical adaptation of plants is required,
particularly to deal with the oxidative stress generated by metals; this is especially true in the

accumulating plants were homeostasis has to be maintained (Singh et al., 2016; Tangahu et al.,
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2011). For example, metal tolerance includes the production of reduced glutathione (GSH), which
reduces oxidative stress. GSH is also the precursor of phytochelatins involved in metal transport
and sequestration (Yadav, 2010). Singh et al. (2016) underlined the importance of omics studies
to understand plant metal tolerance: from ionomics to proteomics and metabolomics, a wide
variety of ions, peptides and small molecules such as polyphenols take part in limiting metal
toxicity. Polyphenol synthesis in particular is reported to increase with the presence of metals
(Singh et al., 2016). Polyphenols are strong antioxidant, their numerous hydroxyl and carboxyl
groups make them good metal chelators, and their highly oxygenated and conjugated structures
allow them to scavenge free radicals. Individual phenols could have also specific roles in plant
metal tolerance. For example, in Pteris vittata, increased concentrations of 3-caffeoylquinic acid
and A-type procyanidin dimer are observed in roots of plants that grew on a metal-contaminated
soil in a mining site, whereas concentrations of acetylated caffeoylquinic acid are decreased (Pham

et al., 2017).

Chemical responses to Zn, and more widely to other metal trace elements (MTEs) may admittedly
come from plants, but also from fungi via mutualistic interactions. It is suggested that the root
fungus Penicillium funiculosum enhances plant tolerance to metal through the fungal production
of gibberellins, which are plant growth promoting hormones (Khan and Lee, 2013). Other
metabolites produced by endophytes, such as glutathione, phytochelatins, metallothioneins,
directly chelate metal ions inside the root. Outside the root, metal-binding metabolites, such as
citrates, organic acids, siderophores, exopolysaccharides (EPSs), and phenolic compounds may
also be exuded by endophytes, hence leading to the immobilization of metals in the rhizosphere
and to the modulation of their bio-availability (Domka et al.,, 2019b). Indirectly, secondary
metabolites produced by endophytes may also improve plant tolerance through the activation of
plant defence systems. In the other way, plants may also modulate their root secondary
metabolism in order to attract and recruit beneficial microorganisms that could help it to cope

with the stress; this is the “plant call for support” hypothesis (Thijs et al., 2016).

Plants often associate with fungi leading to beneficial interactions through mycorrhizal or non-
mycorrhizal associations. Non-mycorrhizal fungal endophytes are facultative symbionts, which
lack specialized exchange interface (Brundrett, 2009) but promote plant growth (Hiruma et al.,
2018). Fungal endophytes are encountered all over the world in a wide variety of plant hosts and
environments (Barberis et al., 2020b). On metal-enriched soil, the presence of both mycorrhizal

(Pawlowska et al., 1997; Weissenhorn et al., 1993) and non-mycorrhizal (Barberis et al., 2020b;
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Domka et al., 2019b) endophytic fungi is reported in plant roots. Most of the time in the context
of metal stress, including Zn stress, fungal root endophytes are beneficial for plants by stimulating
their growth and/or by limiting metal toxicity, however, the mechanisms of plant fungal-
associations in the context of metal contamination remains unclear, as fungal endophytes either
promote plant metal accumulation and translocation, or on the contrary are involved in their

exclusion (Barberis et al., 2020b).

Root fungal associations depend on five factors: fungal species pool, dispersal, abiotic habitat
filters, host-imposed habitat filters, and microbial species interactions (Saunders et al., 2010).
Abiotic habitat filters include MTE concentrations in soil. For example, Dark Septate Endophytes
(DSEs) are more abundant in metal-rich soils than in non-contaminated ones (Liu et al., 2017).
Host-imposed habitat filters are also related to abiotic habitat filters since plant physiology and
biochemistry depend on physicochemical changes in the environment. When conditions change,
then plant-endophyte associations must adapt or acclimate, either by plant-driven recruitment of
adapted endophytes, or by the adaptation of already present endophytes. Changing soil metal
concentrations, for example by exposing plants grown on a metal-contaminated soil to a non-
contaminated soil might then modulate plant-endophyte associations and this can be used as an
experimental mean of modification of plant native endophytic associations; this experimental

procedure being further called “acclimation”.

In this context, we used the invasive bohemian knotweed Fallopia x bohemica as model plant
to investigate the plant-fungi-metal tripartite system. Indeed, F. x bohemica is able to grow on
highly metal-contaminated soils (Sottysiak and Brej, 2014), accumulates MTEs in leaves
(Rahmonov et al., 2014) and regenerates easily with rhizomes (Bailey et al., 2009; Pysek et al.,
2003). F. x bohemica roots are colonised by fungal endophytes including DSEs but they are not
mycorrhized (Gucwa-Przepidra et al., 2016). Among root fungal endophytes, DSE and Olpidium are
easily identifiable in Fallopia roots (personal observations). F. x bohemica biomass was neither
affected by Zn mono-contamination (400 mg/kg of soil), nor by other metals such as chromium -
Cr and cadmium - Cd (Barberis et al., 2020). Bohemian knotweeds are known to contain a high
diversity of polyphenols in their roots, including procyanidins, anthraquinones, stilbenes, cinnamic
acids (Piola et al., 2013), or biphenyls (Barberis et al., 2020). Stilbene, anthraquinone and some
biphenyl concentrations were reported to increase in roots of knotweeds exposed to Zn (Barberis
et al.,, 2020). Torosachrysone, an anthraquinone derivative and one of the most increased

metabolite in roots exposed to metals (Barberis et al., 2020; Michalet et al., 2017), is encountered
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in both plants and fungi (Gill et al., 2000; Kitanaka and Takido, 1984), whereas biphenyl
derivatives, desmethylaltenusin and derivatives, are exclusively described in the fungal reign (Aly

et al., 2008; Yuan et al., 2018b).

We hypothesize that fungal root endophytes, especially DSEs, play a major role in the tolerance
of their host to Zn contamination. To test this hypothesis, knotweed rhizomes collected from a
Zn-contaminated site were grown for 30 days in a greenhouse in a meadow soil with or without
Zn. To modify native endophyte communities, we used a protocol of acclimation, i.e. a change of
soil conditions (biotic and abiotic), where rhizomes were conserved for two months before the
experiment in a non-polluted and sterilized meadow soil, either reinoculated with fungi (F+) or
without (F-). This acclimation phase releases Zn environmental pressure and offers a new pool of
endophytes (or not). We then expect: (1) a modification of native fungal communities during
acclimation, (2) an increase in endophytes, and particularly DSEs, in roots in the presence of Zn, (3)
a better regeneration and growth of plants with increased colonisation by fungal endophytes, (4)

a change in root metabolism under Zn contamination.
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Material and methods

Plant collection and acclimation

Rhizome fragments of F. x bohemica were collected in December 2018 (for the acclimation
experiment) and in February 2019 (corresponding to non-acclimated rhizomes) in Feyzin (France)
next to a petrol station and motorways (45.6787° N; 4.8466° E), where the soil is contaminated
with Zn (455 mg/kg). At both time of collection, plants were in dormant phase with no
photosynthetic activities. For the acclimation experiment, 80 kg of meadow soil (< 15 - 20 cm
depth) exempt of heavy metal pollution were collected at La Cbte Saint-André (45.3769° N;
5.2772° E), sieved (4.5 mm mesh size) and sterilised with gamma-rays (25 min., 50 kGy max). The
same soil was used for greenhouse experiment but without sterilisation. Soil physicochemical
characteristics of the collecting sites are presented on Table 5.51.

Table 5.51: Physicochemical characteristics of the soils corresponding to each collection site. In
bold: high MITE content.

Meadow soil (used for
Parameter acclimation and plant Feyzin
culture)

Sand (%) 43.0 56.0
Silt (%) 43.3 19.6
Clay (%) 13.7 10.8

pH H20 5.76 8.02
Corg (8/kg) 27.5 22.5
OM (g/kg) 47.3 39.0
C:N ratio 10 ND

CEC (cmol®).kg™?) 10.50 7.93
Cd (mg/kg) <0.1 0.9
Cr (mg/kg) 23.4 34.7
Cu (mg/kg) 8.2 20.3
Ni (mg/kg) 13.7 19.3
Pb (mg/kg) 32.9 41.9
Zn (mg/kg) 42.9 455.0

For the acclimation experiment, washed rhizomes were acclimated for two months in two
different soil conditions: either in the presence of soil fungi (F+), or without (F-). For that, after

|ll

sterilisation, half of the soil was reinoculated at 10 mL / kg with total “soil juice” (prepared with
100 g of fresh soil shaken in 1 L of distilled water), the other half was reinoculated with the same
“soil juice” but filtered at 10 um, in order to reintroduce soil microflora communities deprived of
fungi (Bobbitt and Betts, 1992). Two plastic pots of 100 L were filled with fine layers, alternating
soil, juice, and rhizomes. Both pots were covered and conserved outside during 6 weeks in winter:

rhizomes remained in dormant phase, without regenerating, as in the case of field plants.
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Plant culture

A greenhouse experiment was conducted between February and March 2019. It followed the
protocol published by Barberis et al. (2020), with modifications. Soil was rehydrated to its field
capacity (40% m/v) by adding either Ultra-Pure water (UP) (control: T) or a solution containing
ZnCl; to achieve 400 mg Zn / kg of soil (Z), concentration slightly higher than the recognized
pollution threshold (300 mg / kg; Baize et al. 2007) and similar to in situ rhizosphere soil level.
Rhizomes acclimated with fungi (F+) or without (F-) and not-acclimated rhizomes (N) were
washed, and fine roots removed. Then 100 + 1 g of moistened soil were placed into 0.15 L plastic
pots and fresh rhizome fragments containing one node (average weight of 0.8 £ 0.1 g) of F. x
bohemica were planted and grown in greenhouse (10 h day/14 h night, temperatures from 16°C
to 29°C). Soil moisture was manually controlled by adding tap water every two-three days. Water
was added from the bottom of the pot (in the plate), so that field capacity was relatively

maintained by capillarity throughout the whole experiment.

The experimental design was as follow: 3 acclimation conditions (N, F+ and F-) * 2 metal conditions

(Tand Z) * 15 biological replicates per condition.

Plant growth traits

After 30 days of growth, plants were delicately uprooted, and the subterranean parts washed with
tap water. Root, rhizome and shoot fresh biomasses were measured, and 20 root fragments of 1
cm length, randomly distributed across the whole plant root system, were dropped in ethanol 70
% for fungal colonisation quantification. The resting part of roots was immediately dropped into
liquid nitrogen for secondary metabolism analysis. Rhizome and shoots were dried at 65°C during

24h before weighing and were further used to analyse their metal content.

Extraction and analysis of compounds in root extracts

Fine roots were freeze-fried. To get enough root material for metabolite analysis, we randomly
kept 5 samples/condition that contain more than 10 mg dry root. A pool of 12 samples (2 per

conditions) constituted the quality control (QC).

The extraction protocol follows Barberis et al. (2020): dry roots were grounded (TissuelLyserll® -
Qiagen; F=300/sec., 3 min.) and sonicated with a 1 mL mixture of MeOH-H,0 (1:1) for 15 minutes.

After the supernatant was removed, the remaining powder was sonicated with 1 mL MeOH and
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both supernatants were pooled and concentrated under vacuum (Speedvac® - Labenco) before
being stored at -20°C, and dissolved at 10 mg/mL in MeOH 80% before analysis. Samples were
analysed by UHPLC-DAD-ESI/QTOF (Agilent 1290 infinity linked with Agilent ESI/QTOF 6530,
Agilent Technologies, USA), using a Poroshell® 120 EC-18 column (2.7 um, 3.0 x 100 mm; Agilent
Technologies, USA). The gradient between 0.1% formic acid in water (A) and acetonitrile (B) was
as follows: 1% of B from 0 to 1.5 min, and growing with a linear gradient to 15% of B at 8 min; 60%
of B at 14 minutes and 100% of B at 16 min for 1 min. All solvents were LC-MS grade (Optima). The
flow rate was adjusted at 1.0 mL/min and the injection volume was 2 pL. UV spectra were recorded
between 190 and 600 nm. The ESI source was optimized as follows: positive and negative
ionization in AutoMS/MS mode, scan spectra from m/z 80 to 2000, capillary voltage 3.5 kV,
fragmentor 100V, fixed collision-induced dissociation (CID) energy at 20 eV. Nitrogen was used as

the nebulizing gas with a flow rate of 12 L/min and a temperature of 310°C at 40 psi.

Compounds were identified by analysis of their UV, HRMS and HRMS/MS spectra using

MassHunter Qualitative Analysis (Agilent Technologies, USA) and by comparison with literature.

Quantification of endophytes

Roots were decolored with two successive water-baths in KOH 10 % at 90°C during 1 h and 30 min
respectively. Then, roots were rinsed with distilled water, dropped in HCI 1 % during 1 h at ambient
temperature, rinsed and stained in methyl blue (Sigma-Aldrich) at 0.05 % and let overnight at 4°C.
Stained roots were then stored at 4°C in acid glycerol (50 % glycerol, HCl 0.05 % in distilled water)
before microscopic observation. For endophyte quantification, we adapted the method of
Trouvelot et al. (1986) previously designed for mycorrhizal quantification. We distinguished three
types of endophytes: DSEs, with septate microsclerota and melanised hyphae with few
ramifications (Jumpponen and Trappe, 1998); Olpidium, under the form of chlamydospores, either
hexagonal or round (Tomlinson and Garrett, 1964); and other endophytes, group containing all
other fungal forms that could not be clearly attributed to DSEs or Olpidium. Endophytes were
guantified on 20 root fragments of 1 cm for each plant: the area covered by each type of fungi
was visually estimated for each root fragment and attributed to one of 6 possibilities : no fungi,
trace (class 1), < 10 % (class 2), 10 —50 % (class 3), 50 —90 % (class 4), > 90 % (class 5). Three indices

were then calculated:

Frequency of colonisation F = number of colonized fragments / N

Intensity of colonisation I = (95n5 + 70n4 + 30n3 +5n2 + n1) / N
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Intensity of colonisation in colonized fragmentsi=1* 100/ F

With N = number of observed fragments; n1, n2, n3, n4 and n5 corresponding to the number of
fragments in class 1, 2, 3, 4 and 5 respectively.

To ensure the reliability of endophyte quantification, all microscopic observations were done by a
single person, in a random order and blinded from culture conditions. The use of 20
fragments/plant, representative on the whole root system, in 15 plants/conditions, gives a
confident basis for comparison of the endophytic colonisation between conditions. This
microscopic quantification of fungal colonisation in all root fragments collected in this study took

around of 56 hours of observations in total.

Zn content in plant and soil

Sub-samples of dried rhizomes and shoots were powdered, then 100 mg were digested at 125°C
for 180 minutes in 4 mL of nitric acid (68%) and 1 mL H,0; (35%) using a Heating digester (DK6,
Velp Scientifica). 25 mL of deionized water were then added before analysis by atomic absorption
spectrometry with an acetylene flame atomizer (SpectrAA 220 Z; Varian, France). Zn contents were
measured at the specific wavelength of 213.9 nm. The HNO3/H,0, reagent was used as blank. Soil
metal content was analyzed at the CRPG of Vandoeuvre-les-Nancy. Briefly, after grinding and
homogenization, soil samples were mineralized by HF, then Cr and Zn concentrations were

measured by ICP-AES (NF ISO 220-36) and Cd concentrations by ICP-MS (NF EN ISO 17294-2).

Statistics

All statistical analyses were achieved by using R x64 3.4.1 (R Core Team, 2017).
Vegetative traits and foliar metabolites

The same statistical protocol was used as in Barberis et al. (2020). For regeneration, we used
pairwised comparison of proportions, considering that a rhizome regenerated when we could
measure a height of at least 0.5 cm. We computed ANOVAs type Il (package car (Fox et al., 2019)),
which are adapted to unbalanced data (7 to 15, because of the absence of regeneration of certain
plants). Acclimation, Zn and their interaction were used as explicative variables and trait
measures, endophyte indexes or metal concentrations as dependent variables. ANOVAs type Il are
valid only if they do not find interaction, which is the case in our study. Then ANOVA residuals

were tested for normality (Shapiro-Wilk test) and homoscedasticity (Bartlett test).
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To discriminate Zn effect, pairwise tests were computed within each genotype for each trait.
Pairwise tests were chosen according to Shapiro-Wilk normality test and Bartlett test of
homogeneity of variances on ANOVA residuals. When both normality and homoscedasticity were
respected, then a Student pairwise test pooling variances was performed; if only homoscedasticity
was not true, then a Student pairwise test without considering variances as equal was achieved;
otherwise, pairwise comparisons using non-parametric Wilcoxon rank sum test were done. All
pairwise tests were performed with Holm corrections of p-values. To precise the effects on
endophytes and on metal concentrations, we repeated those tests within each acclimation

condition, and within each Zn condition.

Correlations were searched with linear models between vegetative traits (aerial and root masses)
and colonisation by endophytes, as well as between Zn concentration in plant (aerial and root
parts) and colonisation by endophytes. We used p < 0.01 and r? > 0.2 as criterions for strong

significance and relevance of correlations.
Root secondary metabolites profiling

To evaluate differences in metabolite profiles between treatments, peaks in UV chromatograms
recorded at A 280 nm were integrated and aligned into a matrix (by comparison with QC) to
perform multivariate analyses. To eliminate contaminant incorporation in the analysis, we
selected all the integrated peaks with peak area above 2 mAU in at least one condition, giving a
total number of 108 peaks. In order to limit the variations due to differences in concentration
between extracts, peak areas were expressed relatively to the sum of all integrated peaks for each
sample.

Principal Component Analysis (PCA) (package ade4, Dray and Dufour, 2007) was achieved using
the scaled relative area of peaks detected in each sample as dependent variable, peak number as
active element, and acclimation and Zn as illustrative elements. Three axes were kept.

We identified in priority compounds that explain the best the separation of samples according to

their Zn treatment and to their acclimation.
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Results

Root fungal endophytes colonisation

The global intensity of root colonisation by all endophytes quantified in roots (i.e. DSEs, Olpidium
and other forms of fungi) is significantly reduced from around one third after acclimation
treatment (Figure 5.1 top left). On the other hand, in rhizome acclimated in F- soil, the global
intensity of root colonisation by endophytes was multiplied by two in the presence of Zn, whereas
in the other conditions this augmentation is not significant, though it is significant when all
conditions are included (Figure 5.1 top left). In F- soil, Zn increases significantly DSE frequency of
colonisation, and to a less extent that of Olpidium, whereas in the other conditions Zn does not
affect Olpidium or DSEs frequencies, but it rather increases the intensity of colonisation in

colonised root fragments, though this effect is not significant (Figure 5.1 right).

All endophytes 1(%) F (%) i (%)

(Olpidium + DSE + Other) it 0.08
*
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* Significant difference between T and Z
- treatments within the acclimation treatment Acclimation

Figure 5.1 : Colonisation by fungal endophytes according to acclimation and Zn treatment. |:
global intensity of colonisation; i: intensity of colonisation in colonised fragments == clustering; F:
frequency of colonisation == repartition of the colonisation. N: not acclimated, F+: acclimation with
fungi, F-: acclimation without fungi; T: control without Zn, Z: zinc (400 mg/kg). Significant
differences determined at p-value < 0.05.
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Finally, independently of acclimation condition, Olpidium and DSE global intensities of colonisation
increase with Zn treatment (x 2 and x 1.5 respectively), and the intensity of colonisation by

Olpidium in colonised fragments is also doubled with Zn.

Zn content in plant parts

Zn was not detectable in plant parts cultivated in control soils (Figure 5.2 left). In the presence of
Zn contamination, Zn was detected in both rhizomal and aerial parts of the plants (between 100
and 1300 mg/kg). Aerial parts accumulated more Zn than underground parts, especially in both

conditions of acclimation (x 1.5 in acclimated plants).
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200 Plant part
Rhizome
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O e i = = 01
Z T Z T Z  Metal treatment N F+ F-
‘ N ‘ | F+ ‘ ‘ F- | Acclimation Acclimation

Figure 5.2: Zn concentrations in plant parts and root-to-shoot transfer factor, according to
acclimation and metal treatment. Left: Zn concentrations in plant parts, Right: Root to shoot
factor of transfer on Zn contamination. N: not acclimated, F+: acclimation with fungi, F-:
acclimation without fungi, T: control without Zn, Z: zinc.

Zn root-to-shoot translocation factor is above 1 for 75 % of plants, meaning that F. x bohemica
slightly concentrates Zn in its aerial parts. This factor is significantly increased after acclimation in

F- soil compared to no acclimation (Figure 5.2 right).

Linear models did not show any significant correlation between Zn concentration in plant tissues

and root colonisation by fungal endophytes.
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Regeneration percentage

All non-acclimated rhizomes (N) regenerated, both in presence and in absence of Zn (Figure 5.3).
We observed a negative effect of acclimation with fungi (F+): only 80 % and 60 % of rhizomes
regenerated on non-contaminated and Zn-contaminated soils, respectively. This negative effect is
partially lifted with the acclimation in F- soil where around 80 % of rhizomes regenerated in both
control and Zn conditions, without significant differences with the two other acclimation
conditions. Considering all acclimation treatments, no significant effect of Zn was observed on

rhizome regeneration.
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Figure 5.3: Regeneration percentage of rhizomes. N: not acclimated, F+: acclimation with fungi,
F-: acclimation without fungi, T: control without Zn, Z: zinc (400 mg/kg). Non-sharing same letters
mark significant differences (p-value < 0.05) between acclimation treatments.
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Plant growth traits
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Figure 5.4: Plant growth traits. N: not acclimated, F+: acclimation with fungi, F-: acclimation
without fungi, T: control without Zn, Z: zinc. Significant differences are indicated at p-value < 0.05.

Both F+ and F- acclimated plants have reduced shoot (-38 %) and root (-44 %) masses (Figure 5.4).
Independently of acclimation, Zn-contamination decreases rhizome (Figure 5.4B) and root (Figure
5.4C) masses (respectively -11 % and -33 % compared to controls); in contrast, shoot mass is not
affected (Figure 5.4A).

Moreover, a negative correlation between Zn concentration in rhizomes and root mass is

observed, but only in F- soil (Table 5.1).

Table 5.1: Correlation between Zn concentration in plants and plant biomass. Red: negative
slope. N: not acclimated, V: acclimated in living soil, S: acclimated in sterilised soil reinoculated
with bacteria; T: control without Zn, Zn: zinc.

Part Plant mass Acclimation Zn p.value r2 Slope Equation
[Zn]rhizome  Root mass F- All 0.0049 0.25 -1.4 y=-1.4x+0.63
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All strong correlations (p < 0.01 and r? > 0.2) between Olpidium or DSE colonisation and plant
biomasses are shown on Table 5.2. In uncontaminated soil, shoot mass is correlated with Olpidium
frequency of colonisation, independently of the acclimation treatment (p= 0.004; r?= 0.211). No
correlation could be observed between Olpidium colonisation and plant biomasses in Zn-
contaminated soil.

DSE colonisation does not correlate with shoot mass. However, a positive correlation between
DSE intensity of colonisation and root mass is observed in Zn-contaminated soil (p= 0.003; r’=
0.25). This correlation explains even more data variability in non-acclimated rhizomes (p= 0.006;
r’= 0.45) where root mass is also strongly linked with DSE frequency of colonisation (p= 0.003; r?=

0.49).

Table 5.2: Significant correlations between root endophyte colonisation and plant mass. Green,
positive slope. N: not acclimated, F+: acclimation with fungi, F-: acclimation without fungi, T:
control without Zn, Zn: zinc. I: global intensity of colonisation; i: intensity of colonisation in
colonised fragments == clustering; F: frequency of colonisation == repartition of the colonisation.

Endophyte  Index Plantpart Acclimation Zn p.value r? Slope Equation
Olpidium F Shoot All T 0.00369 0.211 0.0027 y=0.0027 x + 0.12
DSE | Root All Zn 0.00308 0.25 0.084 y=0.084 x +0.18
DSE F Root N Zn 0.00349 0.494 0.0055 y=0.0055 x + 0.24
DSE | Root N Zn 0.00587 0.454 0.091 y=0.091x+0.24

Root secondary metabolites

We detected 108 UV-absorbing compounds in knotweed root extracts. We selected all
metabolites that presented significant variations either with acclimation or with Zn (according to
ANOVA when normality and homoscedasticity were respected, or according to pairwise Wilcox
test when ANOVA was invalid). The 27 obtained compounds, whose concentrations are highly
modified due to acclimation or Zn, are presented in Table 2, and were used to construct a principal

component analysis (PCA) presented in Figure 5.5.
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O Unknown

@ Anthraquinones

B Biphenyls

E Cinnamate derivatives

@ Procyanidin derivatives

Figure 5.5: Effect of acclimation and Zn treatments on metabolite profiles. PCA on 27 discriminant
metabolites. A-D: axis 1 (29 %) and axis 2 (22 %),; E-F: axis 2 and axis 3 (13 %). A, B, C, E: PCA plots;
D, F: correlations circles. N: not acclimated, F+: acclimation with fungi, F-: acclimation without
fungi; T: control without Zn, Z: zinc.
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Zn condition is well separated on the first two axes (Figure 5.5C) and acclimation conditions on
the third axis with a less good separation (Figure 5.5E); those three axes accounting for 64 % of
the variability.

We can distinguish two main groups of compounds impacted by Zn treatment (Figure 5.5D):
compounds that tend to decrease with Zn (compounds 3, 18, 20, 46, 48, 56, 59, 60, 72), and
compounds that increase with Zn which are different according to acclimation. Indeed,
metabolites from non-acclimated plants variate along the second axis (compounds 9, 16, 44, 61,
66, 69 and 95), whereas metabolites from plants acclimated in F- soil variate along the first axis
(compounds 49, 90, 105) (Figure 5.5B, D).

Compound 63 is more present in the non-acclimated condition, whereas compounds 93, 95 and
108 seem to be more characteristic of plants acclimated in F- soil (Figure 5E, F). Acclimation in F+

soil leads to a profile in-between the two other acclimation conditions.

Compound families do not account for regularity in the variation of metabolite profiles according

to treatments.
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Figure 5.6: Variations in metabolites concentrations. Heatmap representing the 27
discriminant metabolites selected and their variations of concentrations between the
different treatments. Zn-free control: relative concentrations within the control in each
acclimation treatment. Zn (400 mg/kg): concentrations in Zn treatment relative to their
control in the same acclimation treatment. N: not acclimated, F+: acclimation with fungi, F-
: acclimation without fungi, T: control without Zn, Z: zinc. Significant differences indicated
with p < 0.05 (pairwise test). For readability, two scales were used: scale “a” used for
compound 105, scale “b” for other compoundes.

Figure 5.6 shows the concentrations of the 27 discriminant metabolites in non-
contaminated plants (left), and their changes in concentration when Zn is added (right). The
identified metabolites are either major compounds (18, 28, 56, 66, 90) or minor (3, 16, 20,
35, 44, 46, 48, 49, 61, 63, 72, 93, 95, 105).

In the control treatment, little differences in metabolite concentrations are observed
between acclimation treatments. On the other hand, Zn treatment has a marked effect on
multiple metabolites, but as noted previously, metabolites changes do not follow the same
pattern between acclimation conditions. For example, 15 metabolites are significantly

affected by Zn treatment in non-acclimated plants, whereas only 8 were significantly
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affected in both F- and F+ acclimated plants, with only two in common to both conditions
(compounds 3 and 105).

Some compounds are particularly increased with Zn contamination, such as the biphenyl 49,
the anthraquinone 90, the cinnamate derivatives 93 and 95, the procyanidin derivative 61,
and the unknown compounds 9, 16 and 105. On the other hand, compounds such as the
biphenyls 46 and 63, and the procyanidin derivatives 33, 35, 38 and 59, tend to decrease

with Zn stress.

Once more, we do not see any constancy in compound concentration changes, related to

their chemical family.

Torosachrysone (compound 90), which has already been shown to be the most increased
compound in Fallopia roots in the presence of Zn (Barberis et al., 2020), or in the presence
of multiple metals (Michalet et al. 2017), has been further studied for its potent role in
plant/endophyte response to Zn by looking at specific correlations between the different
parameters measured in this study and its variation of concentration. Torosachrysone was
neither significantly correlated with plant biomass, nor with Zn content in plant tissues (p >
0.01 orr?>0.2).

Though, in non-acclimated rhizomes, and independently of Zn treatment, a positive
correlation is observed between root concentration of torosachrysone and DSE colonisation
frequency, and this explains more than half of the variability of DSE colonisation in this
condition (Table 5.4). This positive correlation is also observed when taking all acclimation

treatments into account, but it is less significant (p= 0.0265, r’= 0.169).

Table 5.4: Correlations (p < 0.01 & r? > 0.2) between torosachrysone (compound 90)
concentrations and endophyte colonization. Green, positive slope. Z: Zn treatment. N: not
acclimated, F: frequency of colonisation.

Endophyte Metabolite Index Acclimation MTE p.value r2 Slope Equation
DSE 90 F N All 0.00513 0.56 15 y=15x+3
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Discussion

The objective of this study was to assess the plant-fungus-metal tripartite system with a
specific view on plant growth, root secondary metabolism, plant metal concentrations and
root endophytic colonisation. We hypothesized that fungal endophytes play a role in the
tolerance of their host to Zn contamination. In details, we expected:

(1) a modification of root fungal colonization by acclimation treatment

(2) an increased colonization of root endophytes, and particularly DSEs, in the presence of

Zn (Plant call for support theory)

(3) a better regeneration and growth of plants with increased colonisation by fungal
endophytes

(4) a change in root phenolics under Zn contamination and correlations between

metabolites, plant growth traits and endophytes.

Root fungal colonisation: modification by acclimation and Zn

We used an acclimation protocol to modify endophyte colonisation and thus better assess
their role in plant metal tolerance. In details, we expected a decrease in endophytes tolerant
to Zn (including DSEs) during acclimation because of the release of Zn environmental
pressure during this step. Our microscopic observation of root fungal colonisation confirms
the global deficit in root endophytes after acclimation, although this is not significant for
DSEs or Olpidium. It must be noted though, that the global intensity of colonisation remains
low, with a global level of infection of around 4 % in the most colonised plants of our
experiment (corresponding to non-acclimated plants).

This decrease of the global level of root fungal infection in acclimated plants,
independently of Zn contamination, could be associated with their poorer performance
traits compared to non-acclimated plants, i.e. reduced regeneration and lower shoot and
root growth. When (re)exposed to Zn, the global level of root fungal infection is restored in
F- acclimated plants, but this is not associated with better performance traits, only with an
elevated transfer factor of Zinc from roots to shoots.

As expected, in the presence of Zn contamination, and independently of acclimation, we
were able to confirm the increase level of root fungal infection, particularly for DSEs and
Olpidium. This is consistent with field observations, where DSEs were shown to be abundant

in metal-degraded environments (Zhang et al., 2013), and even more than in undisturbed
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soils (Liu et al.,, 2017). Moreover, a positive correlation was found between the
concentration of MTEs in soil and DSE root colonisation of rosemary (Affholder et al., 2014).
Root endophytes are diverse and their colonization patterns may be modified under metal
stress: for example, the colonisation of Deschampsia flexuosa by AMFs was reduced in

contaminated sites whereas DSEs were favoured in these soils (Ruotsalainen et al., 2007).

The increase of Olpidium and DSEs in roots of Fallopia grown in Zn contaminated soils can
be interpreted in two ways: (1) Zn stimulates root colonisation of already present plant-
associated endophytes, or (2) under Zn stress plant recruits new endophytes, in order to
cope with this stress (plant call for support hypothesis). Frequency is a proxy for the
repartition of fungal colonisation; an elevation of frequency can be interpreted as new
points of infection (i.e. the recruitment of new endophytes), whereas an elevation of the
intensity of colonisation in colonized fragments suggests the extension of already present
endophytes (i.e. growth stimulation of native endophytes). In our study, Zn increases the
frequency of colonisation of all endophytes in roots of plants acclimated in F- soil (including
DSE and Olpidium frequencies), while their intensity of colonisation in colonized fragments
remained constant. Thus, to cope with Zn after acclimation in F- soil, plants would need to
recruit more fungal endophytes than in other conditions, which could only be explained by
the absence of fungi during the acclimation period, since this effect is not observed in plants
acclimated in F+ soil. We suggest that acclimation in F- soil led to a loss of native fungal
endophytes, especially those associated with plant metal tolerance, which would then be
compensated by the recruitment of new endophytes (more particularly DSEs and Olpidium
in this case), when plants are (re)exposed to Zn contamination. These endophytes are
supposed to be beneficial for the plant and reduce Zn toxicity, though their effect on plant
growth traits does not seem to be as good as the effect of native endophytes, which
intensity of infection is increased by Zn in non-acclimated plants, and this could be
associated to better plant growth traits in this condition. In uncontaminated soils, this
recruitment would not be necessary. Zn tended to increase the global intensity of
colonisation by Olpidium in F+ acclimated plants through the increase of the intensity of
colonisation in colonized fragments, but not with an increased frequency of colonisation as
in the case of F- acclimated-plants. This suggests that during growth in greenhouse,
Olpidium endophytes developed either from native root endophytic community without

new recruitment in the case of F+ acclimated plants, but with recruitment of new Olpidium
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in the case of F- acclimated plants. However, we still lack information about the dynamics

of endophytes (Suryanarayanan, 2013) and especially Olpidium.

Healthy plants under Zn contamination

We confirmed the high regeneration potential of Fallopia x bohemica in metal polluted
soils (Bailey et al., 2009; Barberis et al., 2020; Pysek et al., 2003) since Zn did not have any
significant effect on regeneration. This is quite surprising because this precise morphotype
was the most sensitive to Zn in term of regeneration in a previous study where almost half
of the rhizome did not regenerate with Zn (same morphotype, same soil, same Zn
concentration) (Barberis et al., 2020). This may rely to the observed global extension and
vigour of this patch during the last 2-3 years, suggesting a better metal tolerance over time
of this morphotype. This good regeneration ability of rhizome under Zn contamination is
partially lost with acclimation, especially in F+ soil, where rhizome exposed to Zn
regenerated less than in control. This suggests that native communities in rhizomes are the
most beneficial for their plant hosts, interrogating co-evolution abilities of plants and
endophyte communities. This co-evolution has already been shown for bacterial
endophytes and plant hosts, phytobiomes being dynamic and shaped by plant recruitment
through root exudates (Baltrus, 2017).

We also partially confirmed the tolerance of Fallopia x bohemica to Zn (Barberis et al.,
2020), as shoot biomasses are not impacted by the contaminant. However, the height gain
observed under Zn contamination (data not shown) being not associated with increased
shoot biomass can be interpreted as etiolation. Furthermore, and contrary to previous study
(Barberis et al., 2020), Zn decreases plant belowground biomasses, which are the only plant
parts directly in contact with the contaminant.

Acclimation reduces shoot and root biomasses at the same extent in both F+ and F- soil.
Thus, this negative effect does not seem to be only related to fungi but could also be due to
abiotic factors or to bacteria. When acclimation occurred in F+ soil, no etiolation was
observed (data not shown), indicating that fungi participate in the shape of their host.

Zn was not detected in plants grown in non-contaminated soil, whereas Zn-
concentrations measured in plant parts (aerial and rhizomal) were slightly above soil
concentration in Zn-contaminated soil, confirming that F. x bohemica could be defined as a

bio-indicator species for Zn contamination. Without acclimation, Zn-levels are similar in
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rhizomes and in aerial parts, which is rather consistent with previous findings where
rhizomes seemed to accumulate slightly more Zn than shoots (Barberis et al., 2020). Aerial
parts accumulated more Zn than underground parts in both conditions of acclimation,
suggesting that native fungal communities lost during acclimation may influence metal
accumulation and transfer in their host. This effect of acclimation may also be related to

bacterial communities (Ma et al., 2016a; Singh et al., 2018).

DSEs are suspected to be involved in Fallopia metal tolerance

We expected a better regeneration and growth of plants displaying increased root
colonisation by fungal endophytes. Indeed, the frequency of colonized fragments by
Olpidium is positively correlated to shoot mass in uncontaminated soil. This suggests that
the recruitment of Olpidium in Fallopia roots would be beneficial for its host, a result quite
surprising because Olpidium is often considered as a plant pathogen (Lay et al., 2018;
Urcelay et al., 2011). Nevertheless, this pathogenicity may be related to their ability to be
viruses vector, such as the blueberry-associated mosaic virus (Shands et al., 2017) or the
lettuce big-vein virus (Tomlinson and Garrett, 1964) and lots of Olpidium are reported in
asymptomatic plants (Piszczek et al., 2019; Rozek et al., 2019; Tomlinson and Garrett, 1964;
Urcelay et al., 2011; Zubek et al., 2011). Some Olpidium may thus be commensal or
beneficial for their hosts. However, Olpidium does not seem to be beneficial for Fallopia
during Zn stress, as no correlation was found between Olpidium and plant biomasses in the
presence of Zn contamination. On the contrary, DSEs are positively correlated with plant
root biomass in Zn-contaminated soil, especially in non-acclimated plants. Thus, we
hypothesize that DSEs help F. x bohemica to tolerate Zn, protecting roots, which are directly
in contact with contamination. These hypotheses are only supported by correlations, and
must be verified through causal experiments, by plant inoculation of DSEs and Olpidium

individually for example.

We hypothesized that small chemicals (secondary metabolites) should be the intermediary

components behind those observed effects of Zn on plant growth and on endophyte

colonisation and the effects of endophyte colonisation on plant metal tolerance.
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Secondary metabolites: Torosachrysone, a potential recruiter of DSEs?

Root secondary metabolites profiles were analysed to explore their potent role in plant
metal tolerance. Three main hypotheses can be formulated: (1) metabolites are not implied
in Zn stress, (2) metabolites are secreted for their direct effect on metal tolerance, either by
plants or by fungi and (3) under metal stress, metabolites are secreted by the plant to recruit
beneficial endophytes to cope with Zn (Plant call for support theory, Thijs et al., 2016). The
first hypothesis is rejected out hand because we could easily distinguish metabolites that
are increased with Zn-contamination, and, on the contrary metabolites that are decreased.
The second hypothesis implies that some metabolites are specific to Zn contamination, in
relation to fungal colonisation if those metabolites are mainly produced by fungi, but
potentially independent of fungal colonisation if they are produced by the plant.
Torosachrysone (compound 90), an anthraquinone derivative, increased in the presence of
Zn, consistently with previous studies on mono- (Barberis et al., 2020a) and multi-
contamination (Michalet et al., 2017). This is the case in particular after acclimation in F-
soil, whereas the same tendency is observed without significance on both other conditions
of acclimation (whereas it was found significantly increased in the same morphotype, with
the same soil, at the same level of Zn contamination, and in non-acclimated conditions in
Barberis et al. (2020a)). On the other hand we were able to demonstrate that
torosachrysone concentration in roots was correlated with DSE frequency of colonization,
which means that torosachrysone could be seen as an agent of fungal recruitment: when its

concentration is increased in roots, then more DSEs infect roots.

Torosachrysone does not show any correlation with plant biomass. However, its presence
in roots is positively correlated with DSE colonisation, which is positively correlated with
plant biomass. Thus, the role of torosachrysone in the plant-fungi-MTE tripartite system

merits further exploration.

A summary of the correlations found in this study between endophytes and their plant hosts

on Zn contamination is presented in Figure 5.7.
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Figure 5.7: Synthesis of the potential roles of endophytes on plant traits in Zn-
contaminated soil. N: not acclimated, F+: acclimation with fungi, F-: acclimation without

fungi.

Conclusion

This study shows interrelations in the plant-fungi-metal tripartite system illustrated by the
study of Fallopia x bohemica submitted to Zn stress. Coupled with microscopic
quantifications of fungal colonisation, we showed that some endophytes, such as Olpidium,
are beneficial for Fallopia growth in the absence of Zn, whereas other, such as DSEs, are
beneficial only in the presence of Zn-contamination. DSEs are more abundant with metal
stress and their root colonization intensity correlate with root mass, making them a good
candidates for Fallopia metal tolerance improvement. In parallel, Zn contamination induces
the increase of some root metabolites, torosachrysone in particular, for which a correlation
with DSE frequency of colonization in roots was observed. This is consistent with the “Plant
call for support theory” (Thijs et al., 2016), the plant producing metabolites to attract
beneficial fungi to its rescue. Torosachrysone, could then be an agent of fungal recruitment.

Further studies are needed to evaluate the reality of this hypothesis.
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Synthese

Nous avons montré dans cet article que certains endophytes tels que les Olpidium sont
bénéfiques a leur hote en I'absence de Zn, alors qu’au contraire d’autres comme les DSE
sont bénéfiques en présence de Zn. La colonisation des racines par les DSE est plus
importante en milieu contaminé ce qui en fait de bons candidats pour I'amélioration de la
tolérance végétale au Zn. Par ailleurs nous avons pu confirmer I’hypothése selon laquelle
I'acclimatation était associée a un remaniement des endophytes fongiques dans les
rhizomes : en pratique, une diminution importante de la colonisation par des endophytes
fongiques a pu étre constatée pour les plantes acclimatées, et les traits de performance de
ces plantes étaient nettement inférieures aux plantes acclimatées, particulierement en
présence de zinc. En paralléle, nous avons constaté une modification du profil métabolique
racinaire avec le traitement Zn. La concentration en torosachrysone, un dérivé
anthraquinonique, est accrue suite a la contamination, et plus particulierement dans les
racines des plantes acclimatées (surtout dans le sol dépourvu de champignons). Or, la
concentration de ce composé dans les racines est positivement corrélée a la fréquence de
colonisation par les DSE, parameétre permettant de mettre en évidence I'apparition de

nouvelles infections fongiques (fréquence plus élevée = plus de points d’infections).

Tous ces résultats sont compatibles avec la théorie de « I'appel a I'aide » (Thijs et al., 2016),
a savoir que la plante, pour faire face au stress métallique, modifierait son métabolisme
racinaire et ainsi exsuder des composés messagers, telle la torosachrysone dans le cas de la
Renouée, afin de recruter des endophytes qui lui seraient bénéfiques, en I'occurrence des

DSE.

Les DSE ne favorisent pas la tolérance de leur h6te aux ETM via une « filtration » ou au
contraire une accumulation des ions métalliques dans les tissus végétaux, puisqu’aucune
correlation n’a été trouvée entre le degré de colonisation des racines et les concentrations

tissulaires en ETM.

Cet article montre les étroites relations entre ETM, plante et endophytes, bien que les

relations de causalité restent a établir.
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Chapitre 6 : Discussion générale

Aspects mécanistiques

Au cours de cette these, nous avons testé I'hypothese que la tolérance des Renouées
asiatiques aux ETM pourrait en partie reposer sur une colonisation des racines par des

champignons endophytes.
Plantes et ETM

Une étude bibliographique introductive traite du devenir des ETM dans I’environnement et
de leurs effets sur les écosystemes et plus particulierement sur les plantes (Chapitre 1) : les
ETM sont déposés depuis I'atmosphére dans le sol, ou ils seront plus ou moins mobiles et
assimilés (Figure 6.1, en noir). Sous forme soluble, ils sont biodisponibles et peuvent étre
prélevés par les plantes et les champignons, puis éventuellement transloqués vers les
parties aériennes. Le stockage des ions métalliques est possible notamment dans les
vacuoles. Les ETM sont en général dommageables aux plantes, notamment par I'induction

d’un stress oxydatif (Miransari, 2011; Saleem et al., 2020; Yadav, 2010).

Pourtant, chez les Renouées asiatiques, les ETM ont peu d’effet sur la croissance (Chapitres
4A et 5, Figure 6.1 en vert et rose). Les biomasses des parties souterraines ont été diminuées
par le Zn lors d’une seule des expériences, et le Cr(VI) a méme montré un effet stimulant sur
la croissance. Le Cd, méme a des concentrations au niveau du seuil de toxicité pour
lesquelles la plupart des organismes vivants sont fortement affectés lorsqu’ils y survivent
(Toth et al., 2016), n’a aucun effet discernable par rapport aux plantes non polluées sur la
base des différents parametres mesurés. Cela confirme la bonne tolérance de ce taxon aux
ETM, qui avait déja été suggérée a plusieurs reprises (Michalet et al., 2017; Sottysiak and

Brej, 2014).
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Les endophytes fongiques racinaires des plantes en général, des Renouées asiatiques en

particulier

Les endophytes fongiques racinaires sont variés, ubiquistes et nombreux, y compris dans
des sols contaminés aux ETM (Chapitre 3, Figure 6.1, en bleu). La majorité des endophytes
isolés et inoculés dans des conditions contrélées a des plantes soumises a un stress
métallique ont favorisé la croissance de leur hote, tout en ayant des effets positifs ou

négatifs sur le préléevement et I'accumulation d’ETM par la plante.

Dans les racines des Renouées asiatiques, les endophytes fongiques sont divers (Chapitre
4B) : 27 souches ont été isolées et identifiées. Cette diversité fongique n’est pas trés élevée
comparativement a ce qui est trouvé chez d’autres espéeces végétales avec des protocoles
d’isolement similaires aux notres (Chapitre 3). En effet, les Poacées Holcus lanatus, Panicum
virgatum, et Hordeum murinum ont révélé respectivement 59, 50 et 30 especes
d’endophytes racinaires (Ghimire et al., 2011; Murphy et al., 2015; Sanchez Marquez et al.,
2010). De nombreuses autres études ont mis en évidence entre 10 et 30 espeéces
d’endophytes dans une espéce de plante hote herbacée et ligneuse (Beena et al., 2000;
Gonzdlez-Teuber et al., 2017; Herrera et al., 2010; Knapp et al., 2012; Teimoori-Boghsani et
al., 2020; Wu et al., 2012). Il est évident que le nombre d’endophytes isolés dépend non-
seulement du nombre réel d’endophytes présents et de la proportion d’entre eux qui sont
cultivables, mais également de I'effort d’échantillonnage. En ce qui concerne les Renouées
asiatiques, les isolats identifiés appartiennent presque tous a des espéces différentes
(Chapitre 4B), ce qui laisse a penser que le nombre d’espéces endophytiques réel est bien
supérieur a 27. ll serait donc intéressant d’augmenter I'effort d’échantillonnage, et d’utiliser
des méthodes moléculaires (méta-barcoding) directement sur les racines afin de mieux
estimer I'ensemble de la diversité fongique en intégrant notamment les espéeces non-
cultivables. Quelques études moléculaires indépendantes des méthodes d’isolement
réalisées sur le soja (Glycine max) ont permis d’identifier entre 40 et 50 especes
d’endophytes fongiques racinaires (Fernandes et al., 2015; Yang et al., 2018a). Toutefois, les
méthodes moléculaires doivent étre couplées a des méthodes d’isolement afin de

caractériser fonctionnellement les endophytes présents.
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Figure 6.1: Schéma synthétisant I'effet des endophytes fongiques racinaires sur la
tolérance des Renouées aux ETM et intégrant les principaux résultats présentés dans ce

manuscrit.
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Parmi les endophytes de Fallopia, certains produisent de I'auxine (AlA), hormone stimulant
la croissance des plantes. Une telle production est connue chez Acremonium sp., chez le
champignon ectomycorhizien Laccaria bicolor ou encore chez la levure endophytique
Williopsis saturnus, tous trois promouvant la croissance de leur héte (Felten et al., 2009;
Han et al., 2020; Nassar et al., 2005). L'endophyte Phomopsis liquidambari, s’il n’a pas été
montré comme producteur d’auxine, régule sa concentration in planta (Li et al., 2018a).
L'inoculation de ce champignon provoque le méme effet bénéfique sur la croissance que
I'apport d’auxine dans le sol. Des endophytes de Fallopia produisent également de la
mélanine, molécule de protection contre le stress oxydant; ou des antimicrobiens,
molécules bénéfiques aux plantes grace a leur pouvoir inhibiteur de pathogéenes (Chapitre
4B, Figure 6.1, en rouge). La mélanine, dont la concentration augmente en présence d’ETM
(Ban et al., 2012), est en outre une des composantes caractéristiques des Dark Septate
Endophytes, endophytes particulierement présents et tolérants aux milieux contaminés aux
ETM (Griinig et al., 2011; Zhan et al., 2011; Zhang et al., 2013). Aucun des endophytes isolés
des racines des Renouées n’est inhibé par une monocontamination au Cd, bien qu'ils le
soient partiellement ou totalement par Cr(lll) et Zn. Cette sensibilité variable selon la nature
des ETM est cohérente avec de précédentes études (Zhang et al., 2008). Elle pose cependant
la question de la tolérance aux polycontaminations qui correspondent aux conditions
observées sur le terrain. Les endophytes fongiques sont malgré tout trés présents en milieu
contaminé (Chapitre 3, Zhang et al., 2013). Cependant, la sensibilité aux métaux peut étre
différente in vitro et in situ : ainsi, les souches FNX (non-déterminée) et FAX (Periconia
macrospinosa), isolées de racines de Fallopia x bohemica soumises a une
polycontamination, se sont révélées incapables de croitre in vitro dans un milieu aux mémes

concentrations métalliques (Chapitre 4B).

L'observation au microscope des racines a permis d’identifier morphologiquement la
présence de Dark Septate Endophytes (DSE) et d’Olpidium (Chapitres 4B et 5). Ces deux
types d’endophytes sont plus abondants en présence de Zn (Chapitre 5). Les Olpidium,
pourtant habituellement considérés comme pathogénes car vecteurs de maladies virales
(Shands et al., 2017), sont associés a une accumulation de Zn dans les racines de F. x
bohemica sans impact sur la croissance des plantes (Chapitre 5). Il est possible que les
Olpidium puissent, comme d’autres champignons endophytes, jouer le réle de filtre en
stockant les ETM dans leur mycélium (Domka et al., 2019b). Les DSE sont quant a eux

corrélés a une croissance plus importante des racines en présence de Zn (Chapitre 5),
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conformément a de précédentes études ol deux DSE, Acrocalymma vagum et Scytalidium
lignicola, augmentaient la hauteur aérienne (x 2), le nombre de feuilles (x 1,5) et les
longueurs et surfaces racinaires (+ 20 %) de Medicago sativa en présence de Cd (Hou et al.,
2020). Leur augmentation lors d’un stress métalligue combinée a leur effet positif sur la
croissance en présence d’ETM en font de bons candidats mutualistes pour la tolérance de
la plante aux ETM. En cela la souche Diaporthe sp. qui pourrait appartenir aux DSE
fonctionnellement et qui produit de la mélanine, de I'auxine et des dérivés biphényls

pourrait étre une bonne candidate impliquée dans cette association mutualiste.

Une prochaine expérimentation, reportée du fait de la situation sanitaire particuliere de
2020, doit permettre de déterminer comment chaque souche d’endophyte précédemment
isolée affecte les performances des Renouées asiatiques en présence de contamination
métallique. L’objectif serait donc d’inoculer des champignons sur des graines préalablement
stérilisées en surface et mises a cultiver en conditions axéniques et de comparer la
croissance, I'accumulation d’'ETM et le métabolisme secondaire de ces plants a celle de

plants non-inoculés (Figure 6.2).
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Figure 6.2 : Protocole d’expérience d’inoculation des souches fongiques sur des akénes de
Renouée de Bohéme. ©Louise BARBERIS
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Cette expérience d’inoculation nous permettra de déterminer si une ou plusieurs souches
particuliéres interviennent dans la tolérance de la Renouée de Bohéme aux ETM. Si c’est le
cas, elles pourraient étre a la base de futures expérimentations permettant Ia

compréhension de leurs mécanismes d’action.

Les productions de métabolites secondaires de ces endophytes

Les champignons endophytes, comme les plantes, produisent et sécrétent des composés
phénoliques et autres molécules organiques, qui peuvent participer a la chélation d’'ETM

dans le sol ou les tissus et donc favoriser la tolérance aux ETM (Domka et al., 2019b).

Certains métabolites secondaires, dont la concentration racinaire est augmentée en présence
de Zn (desméthylaténusine glycosylée, et son analogue génine sulfaté et décarboxylé), ou
diminuée (desméthylalténusine) (Chapitres 4A et 5, Figure 6.1 en rose et vert) sont également
décrits chez les champignons. Chacune des souches isolées des racines des Renouées posséde
un patron de production de métabolites différent (Chapitre 4B). Il serait intéressant
d’approfondir cette étude métabolomique des souches, notamment en étudiant les
modifications du métabolisme secondaire fongique induites par le stress métallique et en
comparant des extraits fongiques avec les extraits racinaires par une approche de type
réseau moléculaire : cela nous permettrait d’identifier des molécules structurellement
proches entre les deux types d’organismes. Une meilleure connaissance des métabolites
fongiques retrouvés dans les extraits racinaires, sous forme intacte ou sous forme modifiée,
permettra de mettre en évidence les souches fongiques en interaction avec la plante et

ayant un role écologique pour elle, notamment dans la tolérance aux métaux.

Une médiation par certains métabolites secondaires ?

Nous avons deux hypothéses principales sur I'implication des métabolites secondaires dans

la tolérance des plantes en général aux ETM, des Renouées asiatiques en particulier.

D’une part, les métabolites secondaires peuvent jouer le réle de « recruteurs» de
microorganismes bénéfiques pour la plante. Les métabolites impliqués seraient donc
d’origine végétale. C'est le cas par exemple de Panax ginseng, qui recrute I'endophyte
Acremonium sp. via la production d’acide jasmonique (Han et al., 2020). De la méme
maniére, une sélection spécifique de bactéries endophytes mutualistes se déroule via les

exsudats racinaires (Chagas et al., 2018; Gaiero et al., 2013; Jha et al., 2018). Dans ce cas, on
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s’attend a une augmentation de la production de composés messagers en présence du
stress ; une augmentation artificielle de leur concentration au niveau des racines devrait
provoquer une augmentation de I'abondance de certains endophytes. L’ effet positif attendu

en présence d’endophytes devrait étre annulé dans un sol stérilisé (absence d’endophytes).

D’autre part, les métabolites secondaires peuvent avoir un role direct sur la gestion du stress
métalligue et du stress oxydatif induit par les ETM, via les processus de
mobilisation/immobilisation, de chélation, de transport et de détoxification. Dans ce cas, les
métabolites peuvent étre d’origine végétale ou fongique. L’ajout de ces métabolites doit, y

compris en I'absence d’endophytes, améliorer la croissance de la plante.

Ainsi, afin de tester le role des métabolites secondaires dans la tolérance des plantes aux
ETM, des expériences de croissance d’endophytes en présence de chaque composé
pourront étre menées in vitro dans un premier temps, en mésocosme dans un second temps
(Figure 6.3). Nous avons déja identifié quelques candidats, dont la concentration augmente
avec les ETM (notamment la torosachrysone). Pour distinguer les deux modes d’action
possibles des métabolites, il est nécessaire d’intégrer deux conditions pour les endophytes

(présence ou absence).
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Figure 6.3 : Protocole d’expérience d’inoculation de métabolites secondaires sur des
akénes de Renouée de Bohéme. ©Louise BARBERIS
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Les travaux effectués au cours de cette these démontrent donc I'importance écologique des
endophytes fongiques racinaires dans la tolérance des Renouées asiatiques au stress
métallique. Au-dela de I'aspect purement mécanistique de la tolérance aux ETM de
I"association plante-endophytes, il est utile de s’intéresser aux conditions permettant cette

association et a son impact sur les écosystemes.

Ecologie des associations endophytiques

La transmission des endophytes

Tout comme les pathogenes (Lipsitch et al., 1996), les endophytes peuvent théoriquement
étre transmis verticalement (de la plante « mére» a la plante «fille») ou bien
horizontalement (d’une plante voisine a une autre, ou bien par recrutement a partir de
I'environnement). Les deux modes de transmission peuvent étre utilisés par une méme
espéce endophytique, comme Epichloé sylvatica sur Brachypodium sylvaticum (Poaceae)
(Brem and Leuchtmann, 1999). Chez les herbacées, une transmission des endophytes via le
pollen et les graines a été clairement mise en évidence et semble répandue (Hodgson et al.,
2014). Les graines en général contiennent de nombreux endophytes variés (bactéries,
champignons, protozoaires) dont certains au moins favorisent la croissance de leur hote et
I'allegent d’un stress (Shahzad et al., 2018). Dans le cas des Renouées asiatiques, la
transmission verticale pourrait avoir lieu lors de la reproduction sexuée et/ou végétative :
les différentes expérimentations effectuées au cours de cette thése permettent d’explorer

partiellement cette transmission.

Les Renouées colonisent de nouveaux milieux entre autres par dispersion de fragments de
rhizomes qui peuvent eux-mémes régénérer et produire de nouvelles plantes. Or, comme
pour d’autres espéces (Shoemaker, 2010), les rhizomes sont colonisés par des endophytes.
En effet, nous avons été dans I'incapacité d’obtenir des rhizomes dépourvus d’endophytes
et toujours capables de régénérer : il existe donc une forte transmission verticale des

endophytes par voie végétative.

En revanche, I'observation microscopique des radicules issues de la germination d’akénes
désinfectés en surface n’a pas permis d’observer d’endophytes : il n’y aurait donc pas de

transmission verticale par la voie sexuée d’endophytes capables de coloniser des racines.
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Outre les transmissions verticales, nous avons exploré la transmission horizontale par
I'utilisation de I'acclimatation. En effet, les rhizomes provenant du terrain ont été laissés
pendant plusieurs mois dans du sol non-appauvri en champignons ou au contraire déficient
en champignons (sol stérilisé aux rayons gamma et réinoculé uniquement avec les bactéries
de la solution de sol) : le pool d’endophytes disponibles pour un recrutement par les plantes
est donc différent. Lors de cette acclimatation, il est supposé qu’un remaniement de la
colonisation racinaire endophytique est possible suite a une perte de la pression
environnementale métallique. En effet, nous avons observé que des plantules provenant du
méme morphotype, apres régénération du rhizome dans un méme sol en présence de Zn,
montrent une colonisation des racines plus intense aprés acclimatation sans champignons
comparativement a I'acclimatation en sol non-appauvri en champignons (Chapitre 5). Cela
laisse donc supposer qu’un recrutement d’endophytes a partir du sol est possible. Les
modifications des métabolites secondaires selon que I'acclimatation a eu lieu dans un sol
appauvri en champignons ou non suggerent que des processus fongiques depuis le sol sont
a I'ceuvre. Il existerait donc une transmission horizontale des endophytes. Ces hypothéses
de perte d’endophytes inutiles en I'absence de contraintes et de recrutement d’endophytes
bénéfiques, que certaines études confirment pour les champignons mycorhiziens (Martin-

Robles et al., 2018), restent a confirmer avec les champignons endophytes.

Les Renouées asiatiques peuvent donc se transmettre verticalement des endophytes par
voie végétative, ceci pouvant favoriser la régénération de plantules a partir de rhizomes.
Mais elles peuvent également recruter des endophytes en provenance du sol ou elles se
trouvent. Les mécanismes par lesquels les plantes recrutent sont principalement chimiques,
via la sécrétion de métabolites secondaires : les phytohormones sont proposées comme
actrices de ce recrutement (Manzotti, 2017) et d’autres composés phénoliques sont
probablement impliqués. Ainsi, a partir d’'un méme sol, les communautés endophytiques
effectivement recrutées dépendent de la plante hote (Pacifico et al., 2019). Un tel
recrutement spécifique, particulierement en situation de stress, pourrait favoriser les
associations avec des endophytes d’ores et déja adaptés au milieu et pouvant se révéler

plus favorables aux Renouées : c’est la théorie de « I'appel a I'aide » (Thijs et al., 2016).
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L’association Renouées —endophytes : quel impact écologique ?

Toutes ces études menent a la compréhension de la tolérance des Renouées asiatiques aux
ETM. Un des intéréts fondamentaux de cette compréhension est de mieux appréhender leur

potentiel envahissant et leur impact sur les écosystemes. Deux questions se posent :

- les Renouées sont-elles plus compétitives en présence d’ETM ? C’est-a-dire, les ETM
favorisent-ils la dominance des Renouées dans un écosysteme et donc la disparition des
espéces natives ? Actuellement, des études existent sur des plantes invasives qui, comme
les Renouées, se développent bien sur les milieu contaminés (Bajwa et al., 2016; Sottysiak
and Brej, 2014), mais il n'y a pas a notre connaissance d’articles explorant I'effet d’une

contamination du milieu sur le potentiel invasif d’'une plante.

- les endophytes fongiques améliorent-ils la compétitivité des Renouées, particulierement
en milieu contaminé ? C’'est I’hypothése que font les auteurs d’'une étude en milieu urbain
(Sottysiak and Brej, 2014). Cependant, cette augmentation de compétitivité n’est pas
évidente : il a été montré a plusieurs reprises que les AMF ne sont pas forcément favorables
aux plantes les plus compétitives dans un contexte de co-existence avec d’autres espéeces
(Calvache et al., 2017; Moora and Zobel, 1996; Veresoglou et al., 2018). Comme pour les
ETM, la démonstration d’'une compétitivité accrue grace aux endophytes fongiques est a ma

connaissance inexistante.

Des études de compétition entre Renouées et espéces natives pourront étre menées, en

présence et en I'absence d’'ETM et/ou d’endophytes, afin de répondre a ces questions.

Les Renouées asiatiques, et particulierement la Renouée du Japon et la Renouée de
Bohéme, sont considérées comme envahissantes en Europe et en Amérique du Nord.
Connaitre les conditions d’une croissance et/ou d’une compétitivité optimale de ces plantes
nous permet de mieux appréhender le potentiel de colonisation de ces espéces. Nous avons
vu dans cette étude qu’il n’est pas seulement question de climat ou de type de sol, mais
également des concentrations en ETM et des contenus qualitatifs et quantitatifs en

champignons présents dans le sol et dans les rhizomes.
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Phytoremédiation

Toutes précautions gardées du fait de la nature envahissante des Renouées asiatiques, ces
nouvelles connaissances pourraient étre appliquées en phytoremédiation : utiliser des
plantes pour dépolluer un site (phytoextraction) ou a minima stabiliser les contaminants
(phytostabilisation) pour protéger les sites alentours. Cette technique peu onéreuse
(Lewandowski et al., 2006; Wan et al., 2016) nécessite des espéces végétales peu sensibles

aux contaminants impliqués.

Ici, nous avons exploré un mécanisme de tolérance des plantes aux ETM, qu’il pourrait étre
intéressant d’appliquer sur le terrain : I'inoculation d’endophytes bénéfiques pourrait étre
envisageable pour améliorer la croissance des plantes sur ces milieux. Cette stratégie
d’inoculation est déja proposée avec des champignons mycorhiziens et de bactéries
promotrices de croissance (bactéries PGPR ou Plant Growth Promoting Rhizobacteria), dans
le but d’améliorer la croissance des plantes en milieu contaminé par des molécules
organiques ou inorganiques (Coninx et al., 2017; Gaur and Adholeya, 2004; Xun et al., 2015).
Différentes méthodes d’inoculation sont proposées, a partir d’inoculum issu d’un
écosystéme similaire ou bien un inoculum commercial a la composition connue (White et
al., 2008) : il est possible d’inoculer les graines, ou d’introduire dans le milieu des plants
« sources » inoculés qui permettront la transmission horizontale de souches fongiques aux
plantes environnantes (Koziol and Bever, 2017; White et al., 2008). Ces méthodes, déja
commercialisées pour les champignons mycorrhiziens, sont transférables a I'inoculation
d’endophytes, et méme potentiellement facilitées car les endophytes fongiques peuvent
croitre indépendamment des plantes: I'épandage d’'un mulch contenant des mycelia

pourrait étre également envisageable.

Pour la phytoextraction, le développement rapide d’une biomasse importante est
intéressant afin de maximiser les quantités de contaminants extraits. Les Renouées
asiatiques présentent ces deux caractéristiques — tolérance et biomasse importante —
nécessaires a leur emploi dans la phytoextraction. Elles ne sont certes pas
hyperaccumulatrices, mais les concentrations métalliques dans leurs tissus aériens lors
d’une poly-contamination correspondent environ aux concentrations dans le sol (Chapitre
4A, Chapitre 5) : grace a leur biomasse importante, elles pourraient extraire des quantités
significatives d’ETM d’un sol pollué au-dela des normes fixées : pour une biomasse de 13t/ha
et une accumulation de 400 mg/kg de biomasse sur un sol a 400 mg/kg, 5,2 kg de Zn seraient
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extraits chaque année, ce qui est inférieur a I'extraction par I'hyperaccumulatrice
Cardaminopsis halleri (33 kg Zn/ha) (Terry and Banuelos, 2000) mais supérieur a ce qui est
réalisé avec Salix viminalis (13,4 kg Zn/ha en 5 ans) (Hammer et al., 2003). Les extraits
pourraient étre valorisés par « phytomining » avec une extraction compléte pour ETM en
concentration suffisante (Chaney et al., 2018), ou en écocatalyse, c’est-a-dire |'utilisation
directe de produit de fermentation riche en ETM pour catalyser des réactions chimiques
(Grison, 2015). Le principal verrou actuellement a [I'utilisation de ces plantes en
phytoremédiation, outre la profondeur de sol explorée par les racines, est leur caractere
envahissant : laisser se développer une plante non-maitrisée est un cap difficile a accepter.
Pourtant, ce caractére envahissant pourrait avoir un intérét pour la réhabilitation de milieux
contaminés : d’autres especes envahissantes telles que Parthenium hysterophorus ou la
plante aquatique Eichhornia crassipes sont proposées pour la phytoremédiation, justement
du fait de leur capacité a générer beaucoup de biomasse y compris en milieu contaminé

(Bajwa et al., 2016; Rai, 2015).

Notons que les Renouées asiatiques, dont le développement est certes difficile a maitriser,
présentent de nombreux atouts : ce sont des plantes fourragéres (pour les milieux non-
contaminés), nectariféeres qui nourrissent les pollinisateurs en fin de saison, et qui ne sont
pas percues négativement dans le paysage par la population naive (Rouifed et al., 2018;
Thiébaut et al., 2020). Par ailleurs, la nature entame elle-méme son travail de régulation :
jusqgu’ici peu sujettes aux maladies en Europe, il devient de moins en moins rare d’observer
de I'herbivorie et des symptémes de maladie: les Renouées asiatiques deviennent
progressivement partie intégrante des écosystemes, permettant également Ia
revégétalisation rapide de sites dégradés. Utiliser ces plantes en phytoremédiation serait a
réfléchir d’abord dans leur milieu natif (Asie du Sud-Est) avant toute considération

d’application en Europe ou leur développement est actuellement non-maitrisé.
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Conclusion

Au cours de cette thése, nous avons testé I'hypothése que la tolérance des Renouées
asiatiques aux ETM pourrait reposer sur une colonisation des racines par des champignons

endophytes.

Une étude bibliographique (Axe 1) approfondie des endophytes fongiques racinaires
recensés dans le monde montre l'ubiquité et la tres grande diversité de ces
microorganismes, qui colonisent des plantes mycorhiziennes ou non, y compris dans des
milieux contaminés aux ETM. En présence d’ETM, les endophytes racinaires régulent
I"accumulation et la translocation des métaux dans leur plante hote, parfois en augmentant
les transferts, parfois en les diminuant, sans qu’aucune logique taxonomique n’ait pu étre
identifiée. Pourtant, et indépendamment des effets sur I"'accumulation, I'association des
plantes avec des endophytes fongiques racinaires améliore leur croissance et leur tolérance

aux ETM.

Les Renouées asiatiques sont trés tolérantes aux ETM (Axe 2) : non seulement elles
prosperent en milieu urbain et industriel contaminés, mais elles sont méme stimulées par
certains ETM tels que le chrome, et n’ont aucun probléme a pousser sur un milieu contaminé
au cadmium a des concentrations toxiques pour la plupart des organismes. Or, nous avons
détecté des endophytes fongiques dans les racines des Renouées asiatiques : deux
morphologies principales sont identifiables au microscope (les Dark Septate Endophytes et
les Olpidium) ; et 27 souches ont été isolées et cultivées a partir des trois espéces formant
le complexe Fallopia et ayant poussé sur des milieux variés en contamination métallique.
Les souches isolées sont toutes tolérantes au cadmium in vitro, mais sensibles a la poly-
contamination (certaines beaucoup moins que d’autres), la réaction face au chrome et au

zinc étant plus variée.

En modifiant les communautés endophytiques par une stratégie d’acclimatation en sol riche
ou pauvre en champignon (Axe 3), nous avons montré que la tolérance de la Renouée de
Bohéme au zinc repose sur des processus fongiques. En particulier, les DSE sont plus
abondants en présence de zinc et sont, sur ce milieu contaminé, associés a une biomasse
plus élevée du jeune plant. Cette corrélation est particulierement intéressante : le lien de
causalité reste cependant a étre démontré, via I'inoculation de souches fongiques sur des

graines en milieu axénique par exemple.
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Au cours de toutes ces expérimentations (Axes 2 et 3), les métabolites secondaires présents
dans les racines et dans les différentes souches fongiques ont été explorés. Deux familles de
métabolites racinaires sont favorisées par les ETM : les anthraquinones et les stilbénes. Au
contraire, les procyanidines et dérivés cinnamiques sont moins présents. Certains biphényls
augmentent en présence de métaux tandis que d’autres diminuent. La torosachrysone, une
anthraquinone, est positivement corrélée a la fréquence de colonisation d’endophytes : elle
pourrait étre impliquée dans le recrutement de ces endophytes qui favoriseraient par la

suite la tolérance aux ETM de la plante hote.

Finalement, ces résultats vont dans le sens de nos hypothéses de départ, bien que certains

liens de causalités restent a démontrer :

(1) Les Renouées asiatiques ont une croissance peu altérée par la contamination
métallique ;

(2) Certains endophytes sont augmentés par les ETM

(3) La croissance des plantes est favorisée par certains endophytes fongiques ;

(4) La présence de métaux induit un changement métabolique, en lien avec la

colonisation fongique.

Ces recherches participent a développer les connaissances autour des microorganismes et
de leur importance dans les processus écologiques. Les connaissances apportées sur la
relation entre les Renouées et les endophytes fongiques, son importance écologique dans
un contexte de contamination et les mécanismes moléculaires qui se cachent derriére
demandent a étre complétées et généralisées (ou non) a d’autres plantes et d’autres

contextes environnementaux.
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