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RZsumZ

Les Zcosystemes forestagvrenplus de 306 du territoire mZtropolitain franeais et oitle
Zcologique et socio-Zconomique impegtonkts sont tres vulnZrables cnangemenylobaux,
tels que IOaugmentation de la tempZrature, la diminution des prZcipitations et IQinvasion de pat
DiffZrentesstratZgies de gestion sylvicolt, aujourdOhui, envisagZes pour faire face aux
chamgements climatiques actuels et futurs afin d@asifesgbiotiques abiotiquegui affectent
les arbresCes diffZrentes approches ijocttoisir des essences dOarbres plus e sistant
containtes environnementalesypipitedes types de sols adaptZs re@hesu et nutriments et iii)
amender les sols pgarantir une certaine fertfighendant, cgsatiquesontcompliquZes *
mettre en plagmur les gestionnaires forestiers. LOutiligatimn-deyanismeZnZfiques ~ la
croisance et " la santZ des arbres pala@itonstituer un levier supplZmeptaireattZnuer
IOimpact des changements glilEsixaujourdOhui admis que les plantes interagissent avec une
multitude dmmicro-organismes, en particulier les bacti#seshampignons vivant ~ leur surface,
dans leurissus owans la rhizosphst€densemble de mésro-organismegpelde microbiote,
est donc le siege de diverses interactions al&ymhiese mutualistes aeketsbZnZfiquesux
interactiongathogenes.Ces interactionisfluent sur les processus rZgisaanutrition|e
dZveloppementla santZ des planteeux comprendre le miceotig arbres et ses interactions
est donc un objectifeeherchprioritairgui devrait aider dfiveloppement de nouveaux modes de
gestion forestiere durables.

Dans ce contexte, IQobjectif de ma these est de ctibgffendeediffZrents facteurs biotiques et
abiotiquemfluansur la structure et la composition des communaidsatganismassociZes
aux racines dOaben particulier, du Peuplier awisine modele dOZtulte approchee
barcoding molZculéi&quen-agehaut dZbit dOamplidbnsomiquess et ITRstutilisZe pour
Ztudier la dynamique de colonisation desdapieeglier par les communautZs bactZriennes et
fongiquesCette Ztudmeten Zvidence umbronologidans la colonisation des racines par les
differentes communautZs microbiennes favorisant la mise en place de la symbiose ectomycorhi:
Ensuite, en utilisant une approche expZrirdgtase couplantZcologie microbienne et
Zcophysiologie, nonsttongn Zvidence 10effet important des facteurs Zdaphiques et du climat sur
composin et la structure du microbiote racinaire du Peupliez espifce particulisrement
sensiblewux effets du changement climatique bErdoding molZculatemZtabolomigaent
utilisZpourZtudielOimpact des variations du mémialsokt de [Oacide jasmoniduygohormone
impliquZe dares|rZactionde dZfense, sur la composition et la structuceobiotiracinaire du
peuplierA I0issue de ces travaux,nmettisns en Zvider{@gune corrZlation erige conditions
climatiquegex., sZcheresse hiverpag¢ lacomposition du microbteteirique ; cette derniere
affectania composition du microbiote et du mZtabolisme radpina ré¥le potentidd
|Oexpression ectopique de Qeffecteur fongiqueuMiSSRMposition deommunautZs
microbiennes, en partictdiegiqued.Oensemlue ces rZdtats suggergue le sol, le clinit
IOimmunitZ vZgZtale structurent les communautZs microbiennes racinaires et leur fonctionnemer






Abstract

Forestscover more than 30% of France metropolitan territory and have important ecologi
economical and societal roles. However, forests are highly vulnerable to global changes, su
increased temperature, reduced precipitation and invasion of pé##éregensilvioultural
management strategies are currently being considered to address current and future climate che
order to mitigate biotic and abiotic stress affecting trees. However, i) choosing tree species th
most resistant to environmental stresses, ii) using suitable soil types that are rich in water and nu
and iii) amending soils to ensure fertility are complicated practices to implement. The us
microorganisms beneficial to tree growth and health could then pravideesalgitidbas now

clearly recognized that plants and trees interact with a multitude of microorganisms, especially b
and fungi living on their surface, in their tissues or around their root systems. All these microorg:
called microbiome #rereforénvolved imarious interactions ranging from symbiosis to beneficial
contributing to plant nutrition, development and health or, on the contrary, harmful interactions. A
understanding totemicrobiome is therefore an important redgactire that should help in the
development of new, more adapted and respectful management methods. In this context, the ok
of my thesis is to understand the eiffeditferent biotic and abiotic factors on the structure and
composition of communities of microorganisms associated with the roots of the tree, in particuli
Poplar chosen as a mdoetrees. A metabarcodimgroach (high throughput sequencing of 16S
amplicons and ITS rRNA) was used to study the dynamics of colgulieratootobpdacterial

and fungal communities. This study revealed a succession in the colonization of the roots b
different microbial communities, thus favouring the establishment of ectomycorrhizal symbiosis.
by using an experimental appi@obining microbial ecology and tree ecophysiology, we have
highlighted the important effect of soil and climate factors on the composition and structure of tt
microbiome of black poplar, a species particularly affected by the effectsgé chinatly ctiee
combination of metabarcaidgmetabolomics approaches was then used to understand the impac
of variations in soil microbi@neé, jasmonic acjghytohormones involved in defens the
composition and structure of the root merwbipoplar. First, an effect of climatic conditions,
particularly that of winter drought, has been correlated with changes in soil microbiome compc
which in tuare responsilfie changes in microbiome composition and root metabolismnSecondly, €
effect of the host treeggarticular that of the immune system exgrission of the fungal effector
MiSSP,7 has also been observed on communities of microorganisms, in particular communitie
symbiotic fungi. Finally, All the results of my thesis strongly suggest that the soil type, climat
immunity of the host tree are key parameters in the taxonomic and functional structuring of
associated bacterial and fungal communities.
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Glossaire

CommunautZensemble de miamanismes de diffZrentes espsces vivant dans un meme habitat.
Chaque espece contribue pour sa part aux fonctions de la communautZ.

Composition identitZ demembres de la communaigtZmicro-organisme&tectZsians un
Zchantillon.

Endophyte {du greendo, C dans E payte, C vZgZtahtigro-organisme qui accomplit tout ou
partie de son cycle de vie "~ IQintZrieur dOune plante h™te.

Endosphere : ensemble des tissus internes dOune plante.

Habitat endroibe toutedes conditions sont rZunies pour quOune population dQindividus puisse viv
se dZvelopper normalement

Holobionte (du grebolo, C tout Epats, C vie E) ensemble composZ de IQorganisme vZgZtal h™te
des communautZs de micro-organismes avec lesquelles il interagit.

Indice de Shannon : indice donnant une idZe de la diversitZ spZcifique dGudirmitieu cOest
nombre de taxons microbiens dZtectZs dans ce milieu (diversitZ spZcifique) et de la rZpartitic
individus au sein de ces tafostabilitZ spZcifique).

Microbiome : somme des gZnomes desongianismes vivant dans ou sur un h™te.

Microbiote : ensemble des micro-organismes vivant dans un Zcosysteme donnZ

Niche : notion permettant dOexpliquer la co-existence d@essesaifidn meme habitat.

ProgZnie ensemble des arbres issus de gspidetfiquement rZcoltZes sur des arbres meres
caractZrisZs gZnZtiguement sur la base dOanalyses de polymorphisme de nuclZotide unique (

anglais, Single Nucleotide Polymorphism) ou de microsatellites.

Rhizospherezone du sol directement sous IQinfluence des racines, tres richgagismascet
en substances biologiques

Rhizoplan : surface des racines dOune plante.
Richesse : nombre de taxons microbiens daieatii Zchantillon.
Sol nu : zone du sol exempt de racines.

Structure :iderltitietv abondancg relative individdeenembres de la communaetZnicro-
organismes dZtectZs dans un Zchantillon
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Les forets tempZrZasivrent 31 % du territoire mZtropolitain franeais et ont un r™le Zcologique, Zconomiqu
sociZtaimportantll est maintenant clairement dZmontrZ que les racines des arbres sont massiveme
colonisZes par des communautZs complexes et tres dynamiquesrga@isnieso provenant du sol

environnan€ertainsnicreorganismes peuvent avoir un r™le bZnZfique pour IQarbre en contribuant forteme
la nutrition et ~ la santZ de leutdritie que dOautres peuvent «tre des pathogenes et donc stre nZfastes pou

IOh™te. LOensemble de cegyamésmes constitue le miceokzioinaire dardre.

LOarbrh™te et son micrebimiment une seule entitZ appédebfntE (du grelsolos CtoutE, ebios
CvieE).Ce mZtarganisme est en interaction permanente avec les autres arbres, les plamntées ss sous

champignons, les bactZries etaddmigrorganimes au sein de I0Zcosysteme complexe que forme la forst.

. La rhizosphere, I0endosphere et leurs microbiotes

1.DZfinition et caractZristiques

La rhizosphere a ZtZ dZfinie pour la premiere fois par Hiltner en 1904 comme dwnolalivehiaraent

sous IOinfluence des racines dOunHilrertel@Q4artmann et al., 20Q8).racine peut stre dieish

deux sousempartiments distincis rhizoplan qui correspond " la surface externe et IOendosphere dZfinit
comme IOensderdes tissus internes de la r&igedl). Ce sont demnedres favorabd la prolifZration

et ~ IQactivitZ de nombmdareorganismetels que les bactZries, champignons, archZes, oomycetes, virus,

protistes, algues et nZmatodes (Mendes et al., 2013).

LOE€ffet rhizospheke est dZ ~ la libZration dOexsudats racinaires dans le sol, sous forme dOune multitud
composZs tels que deiles organiques, des sucres, des acides aminZs, des protZines, des acides gras, ¢
composZs de dZfense tels que les flavonoedes et des facteurs de csoigsates hellmones (Badri &
Vivancp 2009 Turner et al., 2013). On trouve Zgalemegkttarmone une accumulation de cellules
vZgZtales mortes et de mucilage participant ~ la nutritiorodgsnisioes (Phillipot et al., 26ig8re2).

La prZsence de ces molZcules en fait donc une zone riche en composZs carbonZs eteshbrae potentiellerr
nutriments, augmentant ainsi la densitZ microbienne de IOordre de 10 ~ 1000 fois par rapport au sol 1
contact avec les racines (Riomee et al., 2015). La colonisation de la rhizosphere par diverses communautZ
de microrganismeg¢Figure 1) permet la mise en place dOimportantes fonctions de dZfense contre de
pathogenestdDapports de nutrimemgfiquéda plantdr™teAgdam et al., 2016

LOZmergence de racines latZrales peut stre ~ IQorigine de 1Qapparition de désjdtetbuntacelddaia

racine principale formant alors des points dOentrZe peangkasismede |a rhizosphere vers 10intZrieur de

la racineLes Ztudes de la composition microbienne de la rhizosphere, du rhizoplan et de 10endospher
plusieurs especes vZgZtales indiquent que ces diffZrents habitats Zcologiques contiengemisdesmicro

du sol avec des structures phyligzes distites (Bulgarelli et al., 2Qzhdberg et al., 2012).
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Figurel BLes diffZrentes niches " IQinterfacesohéiti@pres Mendes et al., 2013).

DiffZrentes parties existent au sein dOune racine : IOendosphere correspond " la partie asrne des raci
plantes et abritent champignons et bactZries endophytes tandis que le rhizoplan correspond " la surface €
des racines des plantes.

Figure2 - La rhizosphere et les manganismes associZs (@it et al., 2013).
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2. Des nichespZcifiques

LOenrichissement des communautZs-degamismes spZcifiques de la rhizosphere et de I0endosphere a ZtZ
dZcrit pour diverses plantes dont la plante herbacZénatuidepsis thalia¢@perber & Rovira, 1959
Newman, 198%rensemnl 997, Selosse et Le Tacon, 198&@rmida et al., 1998rayston et al., 1998
Bulgarelli et al., 2Q13indberg et al., 2012).

LOensemble des communautZs rhizosphZriques correspond ~ un assermiriggeisieenissus du sol
adaptZsaux conditions physibimiques associZes "~ la rhizosphere et capables de consommer des
mZabolites produits par la plaisdOexsudation racinaire (Bulgarelli et alLupdbarg et al., 2012).
Concernant les communautZs endosphZriquesgill®@@aggimble des roiganismes sous le contr™le de

la plante h™te (Bulgarelli et al., 2012).

La compogin et la structure du micehles plantes sont rZgulZes par diffZrents facteurs biotiques et
abiotiquedar exemble type de sol est uatéar dZterminant dans le contr™|e de la biomasse et de |Qactivit;
microbienne (Cao et al., 201t al., 2018)OaffinitZ de la plante ainsi que les interactionsnisre les
organismeent Zgalement un impact magg I©Ztablissement du ioikercdcinaire (Lou et al., 2014
Hassani et al., 2018).

Les rZcentes avancZes technologiques en matisre de sZqueneage nous permettent dZsormais dOZtus
profondeur la diversitZ microbienne et fongique associZs amaplaot ainsi que de @berOinfluence

de I0espece h™te et de IOorigine du sol sur les associations fongiques et bactZriennes en interaction

racines (Bonito et al., 2014).

3. RZgulation du microkeatacinaire les facteurs biotiques

En Zcologie, les factdidtiques correspondent ~ IOensemble des interactions du vivant sur le vivant dans
Zcosysteme. Le gZnotype ou IQespece de la pléappdiM&fet h™E ont un r™le in@or dans la
structuration et la compusitaxonomique et fonctiondeecommunautZs de rocganismes de la
rhizosphere et de IQOendosphere. Plus prZcisZment, il a ZtZ mis en Bgideaite ghiénotypiquas,

quantitZ et la qualitZ des exsudats racinaires ainsi que les systemes de dZfense et de pestsoiivn des plant
des facteurs clZs deulZiion du microkioacinair@Huet al., 2018Haichar et al., 2QdBoornbos et al.,

2012 Turner et al., 2013).

3. A. Les exsudats racinaires et les mZtabolites

Les plantes sont des organismes autotropHediOass organismes vivants qui nOont pas besoin dOune
source de carbone organique pour se dZvelopper. Elles ont la capacitZ de fabriquer leur propre carbone
la photosynthese. La photosynthes®essemble des rZactions permettant aux vZgZtaux (algues et plantes

mais Zgalement ~ certaines bactZries de convertir I0Znergie lumineuse en Znergie chimique utilisable
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synthese de la matiere organiQueant ce processus, les glucidds@Jsont obtenus suite ~ IQassimilation

du dioxyde de carboneJ@®sce ~ I0ensemble des rZactions produisant le pouvoir rZducteur (NADPH) et
source dOZnergie (ATP) issue de la photolyse de IOeau couplZe ~ un dZgagement dOoxygene (Ziska ¢
2006).Ces ZIZments (lumiere,,GAuU et nutriments) sont indispensables ~ la croissance désplantes.
Zchanges gazeux sont assurZs par des organes particuliers situZs sur la face sujigselee des feu
stomates. Ces dersigZgulent leur ouverttifereneture en fonction de la tempZrature, de la concentration en
CQ, du taux dOhumiditZ et de la lumiere qui joue Zgalement un r™le dZterminant dans la croissance vZgZ

rZalisation de la photosynthese.

La production primaire de sucre isaiplbetosynthese est le frueBgqsigosphate transformZ par la suite en
saccharose pour le transport et en amidon pour le lddteageal., 1998/ne partie de ces rZserves sera
utilisZe pour la production de molZcules plus complexes du miitaicdigacides aminZs, lipides, acides
organiquesE) et de composZs associZs " la formation des parois cellulaires (cellulose, ligninesE) permett
la plante de constituer sa biomasse aZrienne et racinaire. Une autre fraction de ces ssgeras de rZservi
stockZe dans les parties racinkiedier(et al., 199®n estime que 5~ 21 % du carbone assimilZ par la
photosynthese nOest pas directement utilisZ par la plante mais est achZminZ dans les racines pot
directement libZrZ dans le sol, au niveau de la rhizosphere et, donc, macrsftgamismesassociZs

sous forme de sucres solubles, acides aminZs ou de mZtaboliteqBaddnflatiganco, 20@hdri et

al., 2013Chaparro et al., 2012).

Les exsudats racinaires des plantesnpetre divisZs en deux clas$es composZs de faible poids
molZclaire comme les acides aminZs, les acides organiques, les sucres, les composZs phZnoliques ¢
mZtabolites secondaires et les composZs de haut poids molZculaire tels quitsspeilyesagrotZines

(Bais et al., 2008adri & Vivanco, 2008}k plantes sont capables de modifier la camgokitstructure

du microbietdu soen contact avec les racersZcrZtant des molZcules actives dans la rhizasphere.
stade deroissance et de dZveloppement de la plante a un impact sur la quantitZ et la nature des comp
carbonZs libZrZs par la pl8atari(& Vivanco, 2009 quantitZ et la qualitZ en termes desitiommes

exsudats racinaires dZpend Zgalement de 10esp-¢&retg2000Badri & Vivanco, 2009) qui influence la
composition et la structure des communami&sedeganismeslu sol suggZrant un certain degrZ de
spZcifitZ pour chaque espece vZddealpluscertainsexsudats racinair@sg. acidesrganiquesjont
Zgalemerdusceptiblede modifier [eHet les gradients redox influstainsi la composition et la steict

des communautZs microbiennes (Schmidt et al., 2011).

Les Zlements sZcrZtZs par les racines de la plante sont " Idieeigies idéeractions plamtiese
organismes. Ces interactions peuvent stre neutres, bZnZfiques ou dZIZteresgimesll&epaeeble de
cesmicreorganismesonsomme diffZrents types de compogassgar les racines. lls consomment tres
rapdement les mZtabolites primaires ce qui rend pratiquement impossible la collecte déepsusats racinai

dans le sol (OburgerJ&nes, 2018Ces micreorganismepeuvent Zgalement affecter le processus
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dOexsudation. Dans la rhizosphere des plaatgeshedmme la luzerne ou le blZ, ceitagesganismes

liberent des composZs secondaires qui stimulent IQexsudation dOacides aminZB hpkippess etaaines
2004xlors que dOautres sont capables de modifier le mfzadaglismientiere (Fernandez et al., 2012).

Bien que beaucoup de recherches concernant IOimpact des exsudats racinaires sur lesnicr@munautZs d
organismedu sol ont ZtZ menZes sur les plantes de grandes cultures, relativement peu de travaux ont
menZs darla rhizosphere des arbfgsoz et al 2016 Okication du carbone Ztant tres diffZrente entre les
plantes annuelles et les plantes " long cycle de vie commeléasspaduessus de rZgulatiocaeposZs

exsudZs via les racines devraient ¥rerdif Chez le tremlalezoncentration en composZs carbonZs non
structuraux c@edire le carborstockZ dans les parties pZrennes de IQarbre influence les taux dOexsudatior
carbone organigekainsi les communautZs de-organismes de la rhizosplikarst et al., 201Zps

plangs utilisent les composZerZtZsians le sol pour attirer les communautfigcrderganismes
bZnZfiques mais Zgalement pour se dZfendre ounteerganismesathogenes gr¥oce ~ la pradudés

mZtablites secondaires comme ldstpdiynones de dZfense.

3. B. Le systeme immunitaire des plantes

Les plantes possedent des barrieres naturelles physiques et chimiques prZformZes dont IQune des for
principales est dOempescher la pZnZtration de tissoscpeordanismesathogenes. Il sOagit de la cuticule

et I0Zpiderrhe pathogene doit afifersur ces barrierext les romprgourpouvoipZnZtrer ~ IQintZrieur des

tissus de la planEn plus de ces barrieres, la plante est capable de produire des molZcules toxiques pour
micreorganismesathogenes tels que des mZtabolites secqadaiesshZnoliquefavonosdelprmones
dedZfense)Les phytohormeneomme 10Zthylene, IQacidesaliey|Qacide jasmonique sont gZnZralement
impliquZes dans la rZgulation de la rZsistancatetesapks aux pathogenes et aux insectes ravageurs
(Pusztahelyi et al., 20BE5§fin, le microbiote commetesliplantes dZfotommedOensemble deire
organismegZsidant " la fois dans la rhizosphere et sur laeidgatet une relation mutuatisee cette
derniereconstitue Zgalement une bartierenZcanisme le plus importacéstaicreorganismequi ne

nuisent pas " la planiersquOelle est en bonne sant@effet de compZtitiempachdOZtablissement de

micreorganismesathogeneéBerendsen et al., 2012)



Figure 3DReprZsentation schZmatiqu®idenunitZ dZclenchZe par les Patrons MolZculaires AssociZs auy
Micreorganismes (MAMPS, MTI, dOapres Jones & Dangl, 2006). Durant la premisre phase, le syst
immunitairdes plantes dZtecte les PAMP iaisolr%.ce aux rZcepteurs PRReftent en place la
rZsistance basale (PTI, PANMgered Immunity). Durant la seconde phase, les agents pathogenes libsrent
des effecteurs pour contrer la rZsistance basale et |Gnsetiation du pathogene EHe&p T riggered
Susceptibility). Durant la troisisme phase, un desseféectewrge) est reconnu par la protZine R qui
dZclenche lalsestance sisdique (ETI, Effediaggered Immunity). Enfin, durantikedehase, les agents
pathoge'nes ayant perdu |Qeffecteur rbugetuetlement gagaOautres effecteurs (en bleu) sont

s! lectionhs. Chez la plante, ldlsetion va favoriser de nouvediesalle Yees R, capables de rectreai

ces nouveawtfecteurs! sultant en une relsistance spe(dfdaqpess Jones & Dangl, 2006).
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LOensemble de ces barrisres est efficace contre I0invasiogadesméspathogenes mais une partie de

ces derniers est capable de contrer cette pigmei«de dZfense et dOinitier la colonisation de la plante h™te.
Les plantes peuvent alors rZpondre via des mZcanismes de dZfense induits. Elles possedent des systerr
surveillance et de dZtections leur permettant de reconnaitre des molZculdssdaistofgeaismes

quQils soient bZnZfiques ou, au contragengsati®s molZcules de dZfensstituent lesP@trons
MolZculaires AssociZs aux-bigamismes (Microbesssociated Molecular Patterns, acronyme de MAMPs

en anglai®jewman et.aR013)Ces MAMPs correspondentita@iement ~ la flagelline, lgaosaccharides

ou encoré la chitine des chagmons ou agtucanes des oomycetes et sont reconnus par la plante via des
rZcepteurs de reconnaissances des MAMPs (Pattern FRecegptitionu PRR en anglais). Cette premisre
Ztape intervenant dans les stades prZcoces de IQinfection eistrappéZZéanduite par les MAMPS
(MAMP Triggered Immunity, MTI). En 2006, les chercheurs Jones et Dangl ont proposZ ~ la commu
scientifjue un modele gZnZral des mZcanismes molZculaires impliquZs dans IOimmunitZ chez les plantes
et Dangl, 200Bigure 3).

Ce mod-le appelzi§zagE est constituZ de plusieurs Ztapes consZcutives et integre un aspect de coZvoluti
entre la plamth™te et ledcreorganismes. Il se divise en deux niveaux de reconnaissance. Le premier nivea
correspond " la reconnaissance des MAMPs qui permet le dZclenchement de la MTI. Le deuxieme ni
correspond " la reconnaissance de protZines microbiennes efipet#ess Qui jou le r™le de
suppresseurs de la MTI. Ce niveau dOimmunitZ esmappeilZ @ZdiZe par la dZtection dQeffecteur
(Effectetriggered immunity ou ETI en anglais, Jones et Darigu2@0p, Enfin, le modele integre la

notion de coZvolution ensreléeix protagonistes de IQinteraction avec la phase ETS. A cette Ztape, un nou
effecteur est sZcrZtZ panitzeorganismet sOen suit une nouvelle phase ETI dans le cas oe ce nouvel
effecteur est reconnu par une protZine de rZsistance de la plante h™te,

Lesmicreorganismesommensaux sont Zgalement pourvus de flagelline ou de chitine pouvant stre reconnu
par la plante h™te. Plusieurs Ztudes illustrent commentncieregpgatiésmea ZvoluZ pour Zchapper
directement " la reconnaisaance destedrs PRR de la plante h™te par la modification ou IQinhibition de
MAMPSs ou encore, par |OaltZration de leur paroi cellulaire (FZ;IM/aMb,éIQﬂQ 2016 ; Hacquard et al.,
2017). Ces dZcouvertes suggerent alors un r™le de gestidaxalutedansplonisation microbienne par le
systeme immunitaire de la plante capable rferol@accomodatiomidesorganismesommensaux ou

bZnZfiques et I®&iion des pathogenes.

3. C. La rZgulation hormonale des dZfenses chez les plantes

Lesphytohormones correspondent ~ des molZcules endogenes qui rZgulent des processus essentiels tels
croissance, le dZveloppement et la dZfense des plantes face aux stress biotiques et abiotiques. Certaine

Zgalement synthZtisZes lors de lagZipomsnitaire de la plante (Pieterse et al., 2009) lors dQinteractions de |
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plante avec des agents pathogenes. Il sOagit principalement de IOZthylene (ET), IQacide salicylique (AS)
jasmonique (AJ).

Bien que les voies de biosynthese et désatgprakinsi que le r™Mle de chacune de ces trois phytohormones
dans la mise en place des rZactions de dZfense de la plante soient tres ZtudiZes, les connections existar

ces diffZrentes voies de signalisation forment un rZseau tres compbemprdbenkion reste ~ amZliorer.

La voie de signalisation de IOacide jasmonique

LOacide jasmonique est un composZ hormonal dZrivantioellGquilell existe de nombreux dZrivZs

actifs de IOAJ nommZs jasmonates. Parmi ce$Cifdiukenscine (Al@) joue le r'™le de rZgulateur central
chez les plantes. Sa synthese et son accumtgatienment en rZpohses signaux dZveloppementaux et
environnementaux. U@Ajbue un r™le important durant leur rZponse immuritairatfagees de
pathogenes nZcrotrophes et dOinsectes herbivores (Turner et al., 2002).

La voie de signalisation de IOAJ est activZe gr¥oce ~ sa conjugaison avec IQisoleucine qui permet la proc
la forme active de IOhormonte |@AhgArabidogis thaliandOAllle est pereu par COI1 (CORONATINE
INSENSITIVE 1) qui forme un complexe avec des protZines de la famille JAZ (JASMANNTE ZIM
CONTAINING). Ces dernieres sont des rZgulateurs nZgatifs de la voie de signalisation de 10AJ d
dZgradation entra’ne IQactivation transcriptionnelle des genes impliquZs dans la dZfense de la plante (Ch
2007: Thines et al., 200Fauwels & Goossens, 2011). En IQabsence de IOAJ, les rZpresseurs JAZ interagi
avec les protZines MYC. L®antia la branche MYC lors de I0Zlimination de JAZ entraine IQexpression ¢
grand nombre de genes sensible " IOAJ (Li et;dtigRed 8).

Des travaux rZalisZs sur la plante rAcaleidopsis thaliamat permis de dZmontrer que IOactivation de |
voie de signalisation de IOAJ influence la composition des communautZs bactZriennes de la rhizo
(Carvalhais et al., 20T®ornbos et al., 2011). Il a ZtZ dZmontrZ que la mutation du facteur de transcripti
myc2 impliquZ dans la voie de sitioalida IOhormone est responsable de 10altZration de la composition d
exsudats racinaires notamment en termes de production dOacides aminZs entra’nant alors des changen
la composition des communautZs bactZriennes associZes aux racinemeriydgpriisiation a entra’nZ

un changement de IQabondance relative de certains taxas bactZriens connus pour stre abondants d
rhizosphere comme StreptongtiacillugCarvalhais et al., 2015). De plus, la mutation du gene jarl impliquZ
dans la veide biosynthese d®AJ est responsable de lautioni de la densitZ des communautZs
bactZriennes telles qReeudomonadans la rhizosphere (Doornbos et al., 2011). Chedri¢ichid (
aestivuin il a ZtZ dZmontrZ que IOactivation de la voisakosigrealDAJ entra’ne une diminution de la
diversitZ des communautZs bactZriennes de IOendosphere mais Zgalement des changements dan

composition (Liu et al., 2017).



Figure 4E)ReprZsent§tion schZmatique de la cascade de rZgulation conduisant ~ IOexpression des gene
dZfense induits par IOacide jasmonique.



Par contre, IOAJ ne semble avoir aucun impact sur la structuration des communautifSatenzesZies et
niveau de IQinterfaceasoies (le rhizoplan) chez le blZ (Liu et al., 2017). Cependant, certaines communaut
endophytes connues pour supprimer les phytopathogenes bactZriens, fongiques et viraux deviendraien
abondantes en rZpon#®AJ (Liu et al., 2017).

La voie de signalisation de IOacide salicylique

LOacide salicylique (AS) est un petit composZ phZnolique intervenant durant les rZponses immunitaire
plante (Seyfferth, Tsuda, 2014). LOinduction de I0expressiondiderpediZelé la production dOAS est
complexe mais il semble Zvident que le rZgulateur protZiqgue NPR1 (Nonexpressor-Rél&kdtogenesis
Genes 1) y joue un r™le clZ. Les plantsnputa@isbidopsihalianane sont plus capatde percevoir

IOAS et sont donc plus sexisiBlattaque de pathogenes biotrophes que les plants non transformZs (Cao et a
1997).

Un modsle existe ~ IOheure actuelle concernant IQactivation de la voie de signalisation de IOAS dans le
vZgetales (Li et al., 2019). En cas dQattaque de pathogenes, la biosynthese de IOAS augmente considZr:
dans les plastes via la voie de ICS/PAL (IsoChorismate Synthase/Phenylalanine Ammonia Lyase). LOenz
methy transferase (ou SAMT) cati@ismnvesion de IOAS en mABy(MeSA) qui se diffuse dans le
cytoplasme o il est converti ~ nouveau en AS gr%oce " IQactivitZ de SABP2. LOaugmentation de la conc
en AS dans le cytoplasme est alors responsable du passage de NPR1 de la formanoligoemneede

sa migration vers le noyau. Dans ce dernier, le monomere de NPR1 active la transcription des genes de d:
induit par IOAS tels que les genes PR (pour Pathogenesis Related, Durant Ridbensg, 00dn Loon,

2004) en interagissamec les facteurs de transcription de la famille TGA (TG gniatitoRigure

5). Ces facteurs TGA activZs se lient au promoteur de certains genes codant les protZines PR et induise
transcription (Durrant & Dong, 2004). Durantraotiointavec les facteurs de transcription, NPR1 est
phosphorylZ puis dZgradZ par le protZasome.

Cette phytohormone peut avoir un effet positif ou nZgatif sardasismes du sol en interaction avec les
racines. Il peut promouvoir la croissameetales groupes de bactZries ou au contraire 1QinAiber chez
thaliandLebeis et al., 2016h effet, le microbioacinaire des plantes altZrZes dans la voie de signalisation
de IOAS prZsente des diffZrences dans IQabondance relative deigmeusEictiact#s par rapport au
microbietdes plantes non transformZes gZnZtiquement. LOaltZration de la voie de signalisation de IOAS i
la colonisation racinaire par les Firmicutes et, au contraire, amZliorerait la colonisatiorcl]ia'rehas ProtZoba
Ces deux phyla agpnnent notamment au microbiome central baciéemi@@obioriieen anglais).

CheZzA. thalianda mutation du gene cprl impliquZ dans la voie de signalisation de IOAS se traduit par un ni
ZlevZ dOAS entra’nani@mgiressiomstitutive des voies de dZfdAgendantes de IOAS. Une diminution

du nombre total de bactZries et particulisrement desR=midde®nasZtZ observZar les racines de

ces mutants (Doornbos et al., 2011). Ces rZsultats sugd@as gst un factéide la rZgulation du

microbietracinaire (Lebeis et al., 2015).
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Figure 5 ReprZsentatjon schZmatique de la cascade de rZgulation conduisant ~ IOexpression des genes de
dZfense induits par IOacide salicylique.



Figure6 - ReprZsenta}t[on schZmatique de la cascade de rZgulation conduisant ~ IOexpression des gene
dZfense induits par 10Zthylene.



La voie de signalisation de IOZthylene

LOET est un mZtabolite volatile essentiel ~ la croissance et au dZveloppement des plantes. Il est synth:
fason endogene par la gasilitZ des plantes mais Zgalement lors de stress biotiques et abiotiques. LOET
pereu par des rZcepteurs merabes tels que ETR1 (ETHYLENE RESPONSE 1), ERS1 (ETHYLENE
RESPONSE SENSOR 1), ETR2 (ETHYLENE RESPONSE 2), ERS2 (ETHYLENE RESPONSE SENSOI
EIN4 (ETHYLENE INSENSITIVHuU4 et al., 199%cker, 1998Bleecker et al., 1988es rZcepteurs
correspondent ~ des rZgulateurs nZgatifs de la voie de signalisafimude8DESréque le niveau dOET

est faible, ils maintiennent la rZgulation nZgative dOune sZrine "~ kinase CTR1 (Constitutive Triple Respon:s
un rZgulateur positif localisZ ldarf&iculum endoplamique EIN2 (ETHYLENE INTENSIXEBhg,

2015 Lee & Yoon, 2017 ; Bisson et al., 2009).

En absence dOET, CTR1 intZragit avec EIN2 (Clark et al., 1998). Suite ~ la perception dOET, la rZpre:
CTR1 sur EIN2 est levZe emtadiars |OQactivation des facteurs de transcription comme EIN3 (Chao et al
1997 Ju & Chang, 2015). La prZse®&eT et plus prZcisZment EIN2 est ~ IQorigine de 1Qinhibition de
dZgradation des facteurs de transcription EIN3 par le protZastenes Gedréatscription activent ensuite
dDautrdacteurs de transcription tels que ERF1 conduisant ainsi ~ IOexpression de genes inductibles pa
(Figure 6).

En condition de salinitZ ZlevZe, sZcheresse, pollution aux mZtaux lourds ou eneorelesontact av
phytopathogenes, le niveau endogene dOET augmente significativement chez les plantes et a un effet nZ¢

la croissance (Ahemad, Kibret, 2014).

Les consZquences de IOaugmentation de IOET sur les plantes pourraient stre Zvitiésn gi#ece ~ IOutil
rhizobactZries " activitZniinocyclopropahearboxylate (ACC) dZsaminase qui dZgrade IOET. En effet, ces
bactZries seraient ~ |Qorigine de la rZduction des stress abiotiques en contrebalaneant IOET produit par
responsable de |Otidibile la division cellulaire, de la synthese dOADN et de la croissance (Gajero et al., 20
Ahemad, Kibret, 2014).

LOET et IOAG@nt un r™le important dans lesdtions entre la plante h™te et les co@snunaut
bactZriennes ayant cold@g#tidur des racinédascimento et al., 20P8y exemple, il a ZtZ aifnZ par

Inguez et al., (2005) que IOEE Iahiblonisation raii@ des bactZries endophytes fixatrices dDazote du
genreKlebsiellaDans le cas contraire <@gt en ajoutaati milieu de culture un inhibiteur de la voie de
perception de IOEméthylcyclopropane), la colonisatioaireadieKlebsiellmugmenteUne autre Ztude

portant suDeffet de IOhormone sur la Baptbacterium tumefacemsis en Zvidence oDexpression

des genes de virulence de la bactZrie est nZgativement affectZe par |Oajout dOET exogene entra’nant
diminution de |QefficacitZ de prolifZration de la bactZrie et donc une rZduction de sa pathogZnicitZ (Nona
2008)

A 10Zcheetlu microb@il a ZtZ dZmontrZ que la mutation du gene ein2, au centre de la rZgulation de la voie

signalisation de IOET, Ah#mlianantra’nait une diminution de la densitZ des populations bactZriennes de Iz
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rhizosphere telles gRseudomongsar rapport aux plantes non modifiZes gZnZtiquement (Doornbos et al.,
2011).

AucuneZtude nOest aujourdOhui publiZe concernant IOimpact de IOensemble elsigralisationoses d

le microbiet racinaire des plante@ensemble des travaux aherche Zvogudians cette partie de
IQintroduction ont ZtZ &apsir de mutations gZnZtiques affectant les voies de signalisation hormonale. Le
hormones de dZfense Ztant toutes impliquZes Zgalement dans la croissance et le dZvelappément de la ¢
semble stre complexe de crZer une plante mutante dZficiente dans les trois voies de signalisation ou de sy
de I0AJ, IOAS et IOET.

4. RZgulation du microl®atacinaire les facteurs abiotiques

En Zcologieed facteurs abiotiques correspohd®ensemble des actions duivent-sur le vivant dOun
Zcosysteme. Les paramstres phgkiotiquede la matrice sol ainsi que les variations environnementales et

mZtZorologiques ditnent les facteurs abiotiquajgurs de rZgulation dwahia racinaire des plantes.

4. A. Le sol

Le soformeun Zcosystemdynamique et complexe. Du fagsdmultiples fonctions,eih efiste pas de

dZfinition universelour les agronomes, le sol est un miliewiskance pour les plantes. Pour les
gZologues, il sOagit dOune phase courte dans le cycle gZologique alors que pour les pZdologues, le ¢
rZsultat de IQinteraction entre le temps, les organismes vivaetslehanatdal topographie i(Cert

Ugolini, 203 38ockheim et al., 2014

De grandes diffZrenexistent entre les amFristiques des sols forestiers et celles des sas agricol
Contrairenmeaux sols agries| les sols forestismt gZnZralement peu ou pas amendZs et ne sont que tres
faiblement travaillZs. s@s forestiers sont en moyenne bien plus acides, plus pauvres en ZlZments nutriti
mais plus ricken matiere organique que les sols agricoles (Badeau et al., 1999).

Le soloffrede nombreux habitgieur les micayganismegr%oce " la diversitZ de sa strugttisa
contenance éiiZments nutritifs essentiels ~ (Baldrian et al., 2QA7%ur activitZ est notamrakmientZe

par la dZcomposition de la matisre organique et par le carbone assimilZ par la photosynthese des plantt
pZnetre dans le sus forme dOexsudats racinage%ed au mycelium des champignons mycorhiziens
(Clemmensen et al., 2013). La prZsercgrd@am quantitZ de mycZliums de changitprogsorhiziens

est dOailleurs une des caractZristiques des forsts tempZrZes et borZales. Cedteeaagusdy@utin

tiers de la biomasse microbienne totale du sol (HSgbetg f08ppara’”donccomme un rZservoir
imprtande micraerganismed-{erer, 2017) potentiellemenbleagke coloniser les racines des plénes

effet,dans le sol forestier, on dZnombre td®@ellules bactZriennes par gramme de sol, de 0,1 ~ 0,6
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tonnes par hectare de biomasse fongique, de 0,2 ~ 0,7 miligrammes de mycZlium fongique par gramme

et, enfina production de 0,2 tatmearpophores par hectare et par annZe (Baldrian et al., 2017).

Chez les plantes de cultures et chez leslarbnes,de sol est un facteur important de structuration et de
composition des communautAsaieorganismesu sol et de thizophereBerg & Smalla, 2Q®xhreiter

et al., 2014Edwards et al., 2QBonito et al., 201Bonito et al., 201Ghaque type de sol possede son
propre cortege microbi€ette spZcificitZ estmatant deiau pHjui peut varier considZrablement dOun sol ~
un autréFierer & Jackson, 2006). Des Ztudes menZes sur tmst afmesntrZ que la composition et la
diversitZ des communautZs bactZriennestsgmbdegement influencZes par le pH (Hartmann et al., 2008
Gottel et al., 201%hakya et al., 2013).

Si le pH est un facteur clZ deuletistation et de la contims du microbiote du sol mais selon le type sol,
dDautres paranesent galement ~ prendre en condiddcar ils peuvedgalemersdgir sur la structure

des communautZs dereorganismeOest le ¢cgsar exempléeg (i) la disponibliZh nutrimentst le

contenu en carbone et en apgtéavorise la prolifZration de bactZries copiotrophes appartenant aux phyla
des Bacteroidetes et BatatZobactZries des champignons de IQordregydesalegFierer et al., 2007

Lauber et aRp08), (ilDhumidid&s solprofitant aux bactZries des flygaobactZries, Verrucomicrobia et
Chloroflexi ainsi qu@aeemycete@dsner et al., 20/18t(iii) lasalinitZ, responsatde [Oaugmeita de
IOabondance relative des bahtloielgls ou halotolZrantelles que les ProtZobactZries, ActinobactZries et
BacteroidetéZhancet al., 2009

4. B. Le climat et les variations saisonnieres

Lesmicreorganismedu sol jouent un r™le essentiel dans le cycle du carbone et des nutriments dans
Zcosystemes. Leurs activitZs JoptiZes par diffZrents factebictiques comme la quantitZ de litiere
apportZe, la tempZrature et IOhumiditZ.

Les changements atmosphZriqoesne la concentration en @Qes variations mZtZorologiques et
saisonnisresommeéatempZraturts taux dOhumieitiés niveaux de prZcipitationsn impact " la fois sur
lespropriZtZs physitiimiques du solsetla physiologie dekintesDe plus, ils peuvembdifier de fason

directe ou indirecte les communautdsrderganismesu so{Compant et al., 2010)

L@ugmentation de la concentration atmosphZriquseemb@Gtimuler la physiologie des arbres et modifier
la quantitZ et la qualitZ des esstatanaires (Pritchard, 2011). Il nOest donc pas Ztonnant que la composition
la structure des communautdsicteorganismeassociZes aux racines des plaoiest affectZes par ces
changements. Il a notammenagipdrtfue des quantitZs ZlevZes d¢j@qud” trois fois siapiZes aux
quantitZs de g@mbient moyennes actuelles) modifigructure et I0abondance des commumaistiés de
organismesizosphZriques des prairies et des sols agricoles (Hayden eSeho@6dteyer et al., 1996
Compant et al., 2Rl0OaltZration des prZcipitations a un effet significatif sunaes/soautives des
Zcosystemes forestiers enrisaocertaines especesicrobiennes mieux adepéix environnements secs
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ou humidelles que les champignons de la fam{llertieariacea les bactZries de IQordRadikles

(Richard et al., 2Q18elsmann et al., 20E5)fin la hausse des tempZgat@sponsable d@adssechement

des sols et des pZriodies sZcheressaffecte significativement les commuraatZsiennegu sol

directemnt en sZlectionnant les comutimaZsistasté la cessication ou indirectement en motifiant
mZtabolisme de la plante et/ou en d#ZrprapriZtZs du sol (Naylor & Cdbmmar2018).es rZseaux
bactZriens et fongiques du sol ont des propriZtZs diffZrentes et rZagissent diffZremmentétia sZcheresse
derniere ayant un impact beaucoup plus prononcZ sur les rZseaux bactZriens que sur les rZseaux fongiqgt
Vries et al., 2018).

Dans les Zcosystemes forestiers, les variations saisonhi*i€origine de la variation de la disponiblitZ en
nutriments ainsi que de la variation des tempZratuésueniditZ du sol. Cégdlions su responsables

de IQaltZratoes processus microbinsolimpliquZs dans la dZgradation de la matisre organique. En effet,
les changements temgls ddOactivitZ enzymatidese communautZs microbiennes du sol suggerent un
changement du substrat principal ~ dZcomposer entre 10ZtZ (&ai€euatrahe2010, 201 @pattage

des arbres emghant ainsi [Oaugat@nt de IQallocation du cadboske solcomme cOest naturellement le

cas en automyaffecte fortememtscprocessus microbiens (Ekberg et al., 2007). Toutefois, il a Zgalement Zt:
dZmontrZ que les altZrations saisonnieres et expZritadataisponibilitZ des ressoutadssefaeius

abiotiques induisent des changedsarstda compositites communautZs microbiennes du sol (Kaiser et al.,
2010, Fierer et al., 20&nsi qudes diffZrences fonctionelles entre les communautZs microbiennes (Korand:
et al., 2013).

5. Impact du microbetsur la plant& ingZnierie Zcologique

La plante modifie son environnement g@appddé la litiere et de ses racines, au prZlsvement de
nutriments de la rhizosphere et gr¥k.ce ~ la production des exsudats racinajpas.ckeabase donc
capable de rZguliirectement et indirectertesntommunautZs de son microbiote raciesi@ettionner
celles qui sont bZnZfiques " sa croissance et sa santZ (Mendes étt et @0p8ydOhui Ztabli que les
micreorganisme®uemn un r™le essentiel dans les cycles biogZochimiquegttéerésttmnnement des
Zcosysmes Le microbietest connu pour promouvoir la croissance et la rZsistance des fiamtesikh ™tes
factews biotiques et abiotiquRissieurs Ztudes faitle parallele entre le micrehimtestinal des Horsree

des animaux et le micrebiatinaire des plantes (Berendson et al.iH20fi2ard2@5). Ces deux types de
microbies possedent les memes fonctions tels que IQacquisition de ayirotesitsnlide IOh™te contre les
micreorganismegathogenes et la modulation de 10immunitZ de IOh™te (Berendsde ehiatQtadtl2).
constitue un vZritable rZservoir gZnZtique pour la plante h™te. La dbdexegd@smE brmZ par
|Ot'te et son micreb@tcourage les travaux de recherche actuels ~ adapter une vision plus holistique o« IOF
et son microbéonhe formemtius quOune seule entitZ (Vandenkoornhuyse et ldac@04afs & Schadt,
2015)
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Ainsi, le microiotontribue au phZnotype Ztendu de la plante. Du fait de sa tres grande plasticitZ, de
dynamique tres rapide et de la prZsence dOun ensemble de genes bien supZrieur au gZnome des plan
pourrait se demander si le microbiome pourrait aideedeb™tast~ sOadapter ~ des changements
environnementaux et ~ rZpondre aux stress biotiques et abiotiques. Accro’tre nos connaissances s
microbiote des arbres nous permettrait donc potentiellement de IQexploiter pour amZliorer la croissanc
surve desplantes. Cette idZe a notamment ZtZ vZrifiZe en dZmongramrjpelagons sur le miceobiot

de IOarabette et du chou entra’nent la modification de la date de floZgZsauceRasReisse et al.,

2015).

Enfin, des manigidas rZafes sur le microbioke plusieurs plantes de grandes cultures ont pu rZduire
IQincidence de maladies, augmenter la production agricole et rZduire IQutilisation dOintrants chimiques (Tt
2013).

Concernant les arbres forestiers, de telladatiangpseraient difficiles ~ entreprendre ~ 10Zchelle dOune forst
entiere. Cependamtes manipulations du miceotacinaire ont ZtZ rZalisZes sur des arbres cultivZs pour la
production de biomasse tels que le saule, le peuplier, le frene ecored@eucalypilisr¢ad@lanco

et al., 2018). Ces travaux ont montrZ que IOZtablissement dOintZractions bZnZfiques entre IQarb
communautZs fongiques favorise |Qadaptation des arbres dans des conditions pZdologiques peu favora
plus, des effets positifs ont ZtZ Zgalement observZs sur la croissance des arbres fruitiers quelques annZe
leur plantation (MercBdemco et al., 2018).

[I. Interactions racines-champignons

Les deux types de mycorhizes les plus frZquents dans les Zcosystemes tempZrZs sont les ectomycorhizes
et les endomycorhizes (AM). ls se distinguent par le partenaire fongique mais Zgalement par-les relations
anatomiques entre les deux pagen®mith & Read, 2008bleau 1). Quel que soit le type de symbiose
mycorhizienne, cellules vZgZtales et fongiques sont Ztroitement liZes au cours de la formation de IC
symbiotique. Selon le type de mycorhize, les hyphes fongiques pnenparaver/gZtale et coloniser

les cellules racinaires de la plante (AM) ou non (ECM).



Tableau 1 Les principaux types de symbioses mycorhiziennes (dOaprss Smith & Read, 2008)

Figure7 - Echanges de composZs nutritifs entre les deux partenaires duranetaosyydoidseienne



1. Les symbioses mycorhiziennes

DZcrite pour la premiere fois en 1885 puis en 1887 par les botanistes Albert Bernhard Frank et Anton de |
les symbioses mycorhiziennes sont des associations mutualistes complexes entre les champignons du sc
racines des plantes. Il sOagit de I@asspeibtotique la plus commune et la plus rZpandue dZcrite ~ ce jour.
Elle permet un Zchange mutugddistatrimenesitre la plante et le champignon favorisant leurs santZs et leurs
croissances. La plante transfere des composZs carbonZs issussyethasghoson partenaire fongique

tandis que ce dernier amZliore de maniere tres significative les prZlsvements en eau et en nutriments du so

plante mais Zgalement IQacquisition de phosphore et dOazote (Harlefig8emth, 1983 ;

1. A. Lasymbiose ectomycorhizienne

La symbiose ectomycorhizienne (EcM) est caractZrisZe par la formation de mycorhizes externes. Elle co
en majoritZ les arbres des forets tempZrZes et borZales et, dans une moindre mesure, tropicales apparten.
famikt des FagacZes, des PinacZes, des SalicacZes et des BZtulacZes et des champignons appart
majoritairement aux Basidiomycetes mais aussi aux Ascoabledasil(Les hyphes du champignon
ectomycorhizien forment un manteau autour des gtimgsratentre les cellules du cortex racinaire pour
former le rZseau de Hartig, sisge des Zchanges entre les deux partenaires symbiotiques. Un rZseau dC
extramatriciels se dZveloppe Zgalement en parallele assurant ainsi le lien entreaktesal dé le m
|Oectomycorhkzigres).

A noter Zgalement, IQexistence des ectendomycorhizessgaaadeinisZapacitZ ~ former un manteau
autour de la racine et une colonisation intracellulaire comme celle des endomycorhize3 &¥leat al., 2001,
1, FigureB).



Figure8 - CaractZristiques structurales des diffZrents types de symbiose mycorhizienne

a DEctomycorhiz&€oupe transversale dOune daciPepulus trichocarpa colonisZe par Laccaria bicolor au
microscope confocal. Les hyphes du champignon (en vert) se dZveloppent entre les cefldes Zpidermiq
corticalegen rouge) pour former le rZseau de Hartig (Martin et al., 2016).

b B Ectendomycorhize : Coupe transversale d'une mycorhize de Cavendishia nobilis var. capitata avec
hyphale (hs), hyphes intercellulaires (fleche noire) et hyphes intracellulaires (fleche blanche). La racine prz
une stele (ST), un endoderme (EN) et unecaluthiee corticale (CL). Barden2(Betaro et al., 2005).

¢ B Mycorhize arbutoede : Observation au microscope Zlectronique " balayage dOune mycorhize dO,
menziesPkisolithus tinctorius (Massicotte et al., 1993).

d DMycorrhizes ~ arbusculebs@vation au microscope optique dOarmatcutede Glomus mosseae

dans une cellule corticale racinaire de Allium porrum L. (Brundrett et al., 1984).

e DMycorhize monotropos@®servath au microscope optique d@aiien paradermigleamycorlzie de

Monotropa uniflora. Linpkration diseau de Hartig est exclusiveipa&tgrenique (Massicotte et al., 2005)

f DMycorhize ericoede : Observation au microscopdeofsaqumpe transversale dOune racine de Calluna
vulgaris colonesgar un ltampignon mycorhizien Zrideedet(o & Bonfante, 2012).

gPMycorhize ~ orchidZe : Observation des pelotons de Vanilla planifolia au microscope Zlectronique ~ bal
(Gonzale€havez et al., 2017).



1. B. La symbiose endomycorhizienne

Lesendomycorhizes sont la forme la plus rZpandue. Contrairement aux champignons ectomycorrhizien
champignons endomycorrhiziens pZA-t@intZrieur des cellules racinaires ett fhifffieents types
dOendomycorhikableau 1, Figus:

- les endomycorhizes " arbuscules (AM) sont formZes par des champignons appartenant ¢
GlomZromycstes et une importante variZtZ de vZgZtaux incluant les Bryophytes, les Angiospermes
GymnospermeSe type dOinteraatmmcernessentia@inentds plantes herbas/Zkes arbres tropicaatx
quelques dizainessdérces des fordsmpZrZes et borZalppartenamar exemple aux gerfesxinus
Fagus Populusu Acer(Hiesalu et al., 2014iu et al., 2013 ang et al., 201H).sOagit ddalssociation
mycorhizienn@plus ancierepuisq@lesemble «tre apparily environ 450 millions dOannZes juste apres la
colonisation de la surface terrestre par les plantes, suggZrant un r™le important de la mycorhization dans
et IQadaptatides plantes (Corradi et Bonfante, 2@dRDerrien et al., 2018

- les mycorhizes Zricoedes (ERM) sont formZes par des AsEsygosesiymenocyphuet
OidiodendrorLes hyphes de ces derniers se dZveloppent uniquement auceiaias degicales des
EricacZes dZpourvus dOZpiderme et forment des pelotons ~ I1QintZrieur des cellules racinaires.

- les mycorhizes arbutoedes et les mycorhizes monotropoedes sont formZes par des Basidiomyc
Les plantes implitege dans ce genre glenbioses appartiennent aussi bien drdophytes qu'aux
Angiospermes.

- les mycorhizes ~ orchidZes sont formZs par des champignons appartefRinzectayeste

dernier type dOendomycorhize appara’t durant les premiers stades de dizs/etopjifesnt

2. Les champignons endophytes

Le terme €ndophytE a ZtZ introduit pour la premisre fois en 1866 par Anton De Bary. LOendophytisme
champignons est une interaction biologique caractZrisZe par le fait dOeffectuer, powwipairiivdeu, to

son cycle de vie ~ 10intZrieur dOune plante, sans provoquer aucun sympt™me. OmniprZsents dans
vZgZtal, ces champignons endophytes sont majoritairement affiliZs au phylum des Ascomycstes (Rodrig
al., 2008). lls prZlsvers nutriments " la plante IsBfte lui stre dZIZtere et peuvent cro’tre de fason
intracellulaire ou extracellulaire. Deux modes de transmission ont ZtZ observZs chez les champic
endophytesla transmission verticale et horizontale. Ces deux mZcahismeesngmrtants pour le
champignon car ils lui permettent de coloniser une autre plante ~ partir de la plante h™te initiale. La trans
verticale correspond " la colonisation dOun nouvel h™te vZgZtal dedeeinitiait Eéel@bRsiste " la
pZnZtration de IOhyphe fongique dans une graine, un grain de pollen (Hodg<dibet @it ,a20P4915)

ou” un explant de IOh™te PitiatonsZquent, le champignon endophyte reste gZnZtiquement identique ma
peut coloniser un h™te gZnmAgiqudiffZrent issu dOune ou plusieurs nouvelles gZnZrations ou coloniser |

clone. La transmission horizontale correspond au mode de transmission le plus rZpandue chez les endo
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Elle se caractZrise par la colonisation dOune nouvelle plaatelaissgrédsation des spores fongiques

ou par IQintermZdiaire dOhyphes provenant du sol ou dOune autre plante. GZnZralement, apres germinat
spores, les hyphes pZnetrent le nouvel h™te au travers de I0Zpiderme. Certains endophytes ne co
spZcifiquement quOune partie de la plante h™te. COest le cas des Dark Septate Endophytes (DSE) qui
uniquement les racines de la plante h™te. Ces endophytes se distinguent par IOanatomsepmtZ $eurs hyphes
etmZlanisZ$®rincipalement @S dans le cortex racinaire, ils forment desliviotes (Jumpponen et al.,

1998 Ban et al., 201Rigure9).

3. Les autres types de champignons de la rhizosphere

Outre les champignons mycorhiziens et endophytes, dOautres charfyrtgnoesist spdsents dans la
rhizosphere. COest le cas des champignons saprotrophes qui, comme les champignons ectomycorhizier
responsables de la dZcomposition de la matiere organique contenue dans la litiere et les premiers horizo
sol (Lindahl &unlid, 2015). Les communautZs fongiques saprotrophes minZralisent les produits
fractionnement issus de la dZcomposition assurZe dans les premiers stades par le macrofaune et la mZs
gr¥%oce " la production dOenzymes extracellulaires (H$tterisc200fERant et al., 2017). Les composZs

ainsi libZrZs sont disponibles pour lesngagriemes et les plantes.

On distingue Zgalement la prZserteachpignons pathogenes (R8gh&rnack, 2013). Bien que les plus
frZquents colonisent les parties aZriennes des arbres, certains champignons prZsents dans les sols infec
racines ou bien sOintroduisent dans les parties souterraines des plantes dans les systemes vascula
colonisent petit ~ petit toute la plante en remontant leg caisdeeteurs provoquant des maladies telles

que la pourriture vasculaire ou la pourriture des racines.



Figure9 - Structures spZcifiques des DSE dans les racines de la plavntesblli'rteteb’lmZes par P.
chysanthemicola (&olonisation intracellulaire par un hyphe septZ mZlanisZ formZ par G. cylindrosporum
(Ban et al., 2012).



Ill. Les interactions racines-bactZries

Les bactZries jouent un r™le majeur dans les cycles biogi&ieljuddessles du carbone et de IQazote

La dZcomposition de la matiere orgasiquee des activitZs microbiennes les plus importantes dans les sols
forestiers. La capacitZ de dZgradation de composZs organiques carbonZs chez les bactZries (e
champignongst bien connue. Elles sont capables de dZgrader des molZcules complexes telles que
cellulose, la pectine, la lignine, la lignocellulose ou encor®&aBbéimnet @l, 2005hatoon et al., 2017

Ces molZcules penvetre dZcomposZes paretieggmes aspZcifiques telles que les peroxyidasetsa(.,
2014).LOensemble de ces activitZs de dZcomposition de la matierpadigipeitguéa-on intense °

IOapport de carbone du sol et des plesiteactZries libres fixatrices dOazote stpesilés que les
bactZries du gemkeotobactest Nostoccontribuent ~ compenser une partie des pertes en azote, ZIZment
indispensable " la croissance des plantes, des sols rZsultant du lessivage et de la dZnitrification. Cette f
nOest possihlee par les organismes procaryotes et constitue une des formes dOacquisition de 1Qazote Ie
importantechez les plantes terrestres bien quOelle soit rare chez les arbres (Cleveland et al., 1999). Tou
de nombises plantes et en particlgiediZgumineuses, rZatisette fixation dOazote, de manisre indirecte,

en symbiose avec des bactZries du Fyankéaet Rhizobiungui se localisent gZnZralement dans des
nodositZs situZes sur les racines (Brockwell et al., 1995).

Les bactZries joudgalemenin r™lmdirectians la nutrition des plantes gr%.ce ~ leur capacitZ dOaltZration
minZrale permettant dDaugmenter la concentrdfiorenmtssniitritifs essentieldZueloppement et ~ la
croissance des plantes. Cette dissolution micrebiemn&rdux est rZalisZe principalement via la production
de protons, dOacides organiques ou de mo)Zataletesitomme les Binjghores. Les genres bactZriens
CollimonasBulkholderiat Bacillusont ZtZ dZcrits comme Ztant particulisrement efficaces pour altZrer les
minZraux du sol. Outre leur capacitZ " altZrer les minZraux, les bactZries participent atissi activemen
dZgradation de la matiere trealcitrante (Pez et al. 2002 ; Bug@l. 2011 ; Tian et al. 2016).

Enfin, certaines bactZries du sol vont Zgalement avoir une influence directe sur la production vZgZt:
maniere positive ou nZgative. Celles ayant un effetsmZép croissance vZgZae des bactZries
pathogenes et parasites des plaktesdes et al., 201Gertaines bactZrigasthogenes sont capables de
transformer gZnZtiquement leur h™te vZgZtal pour crZer un habitat favorable. COest le cas, par €
d@grobacterium tumefacigmoquant la galle diletqEscobar et Dandekar, 2@0firca&Grau et al.,

2011) A IOinverse, dDautres bactZries sont connues pour leur capacitZ ~ stimuler la croisshnce des pla
sOaygit des bactZries proraakeide croissance des plantes (ou PGPR, acronyme de Plant Growth Promotin
Rhizobacterighiont Zgalement la capacitZ dOinterfZrer avec les voies de signalisation de la plante via diffz
mZcanismes comme la phytostimulation qui corresponafid®alingdier de la croissance vZgZtale groce -

la production de phytohormones (Gaeiro et hl.Le20FGPR produisent Zgalement des substances
antibiotiques, des enzymes bactZriolytiques et diverses toxines capables dOZliminer certaines ba

compZtitrices (Beneduzi et al.,; deker et al., 20180est notamment gr¥%.ce " la production de ces
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composZs quQelles sont utilisZes comme agents de biocontr™Ie et de lutte biologique contre la colonis.
racines par desicreorganismesathogenes.

Lesmicreorganismesndophytes bactZriens correspondent aux individus rZsidant au moins une partie de I
vie " I0intZrieur des tissus racinaires de la plante, IOendosphere. Ils prZsentent desAatauiguissiques
diffZrentes par rapportraigreorganismese la rhizosphere suggZrant que tous ces derniers ne peuvent pas
entrer dans la plante (Turner et al., 284 ®avaux de Timm et al., (2015) ont notamment gligtesntrZ
souches bactZrienf=seudomonas fluorecso$Zes ~ partir de IOendosphere du péajeiedavantage

pourvues dOZIZments gZnomiques dZdiZs au mZtabolisme des composZs dOorigine vZgZtale comme Iz
ou la modification des hormones vZgZtales ou le catabolisme des nuclZosidesuet A sraidases
complexes riches en carbone et tres abondantes dans |€oraniedss autres bactZries rhizospheriques,

les endophytesilisentes ressources de la plantedoitae source principale de nutriments mais elles ont,

en retour, unfefneutre sr la plante h™te gr¥%oce ~ diffZrents mZdamisiiseibution des endophytes
dZpend de leur capacitZ de colonisation mais Zgalement des ressources de la plante qui different dOun ¢
|Qautre.

Concernant les archZes, peu dOinfospatiatisponibles par rapport aux communautZs bactZriennes. Bien
que cesnicreorganismesoient probablement tres abondants dans la rhizadfremdopsheie certaines
plantesleurs activitZs fonctionnelles et les liens quOils entretienmem™tes sont mZconnus (BuZe et al.,
2009)Les archZes jouent Zgalement un r™le clZ dans les cyclesaibbaexetide 10azote, @ampéx

dans la mZthanogZnese, IOoxydation anaZrobie du mZthane et IOoxydation de IOammoniac (Deveau et
Une Ztude rZcente rZalisZ&a stfgtation naturelle des tourbisres alpines a rZvZIZ que cmitype de
organismesiteragit avec la plante. Cette interaction basZe sur des fonctions telles que la promotion d
croissance de la plante par la tiesyriOauxines, I0apport de nutriments et la protection de la plante contre

stress abiotique ont ZtZ dZtectZs par des approches de mZtdgfinemédqa. (2018).

IV. Les interactions champignons-bactZries

Champignons et bactZries du sol et de la rhizespigent le meme habitat mais Zgalsoueentes

memes ressources. Geireorganismemteragissent donc en permanence par IQintermZdiaire de multiples
types dOinteractions bZnZfiques ou, &e,cdftfaeres. Ces interactions peuvent stre indinectese
organismpeut avoir un effet sur un autre gr%o.ce " la production de composZs modifiant les propriZtZs ph:
chimiques du mili&adijmakers Mazzola, 201Hassani et al., 20.1Bn prallsle, ces interactions entre
micreorganismepeuvent stre directédhampignons et bactZries peuvent interagir de fason mutualiste en
collaborant pour acquZrir une meme ressource quQils ne pourraient pas acquZrir individuellement. Ur
coopZration a dZj” ZtZ dZcrite dans les sols forestiers concernant laglisgufistior (Uroz et al., 2007).

Des interactions directes et dZIZteres existent Zgalement entre bactZries et champiemns du sol.
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phZnomenes de compZtitions ont dZj" Z&dd#sries sols. Ce tyjddinteractions est tres rZpamciles

bactZriest les champignons et se produit quamdriEsganismesxploitant une meme ressource prZsente

dans le milieu en quantitZ limitZe cpamesemplée carbone et IQazote -[Hetly et al., 201 Dertains
micreorganismesont Zgalement capabie produire des composZs ayarfeud&7tersur dOautmagcre
organismes. Ce type dQinteraamppelZantibioseest courant dans les sols et contribue fortement " la
sZlection demiicreorganismesles diffZrents compartime®as. exemplde champignon EcMmanita
muscariaentra’ne la supression de la production dOantibiotiques par la souchStreptorTigrese

AcH505 par production dOacides organiques (Riedlinger et al., 2006).

Les hyphes des champignons fournissent des microhabitatgepcolanisZs par des communautZs
bactZriennes spZcifiques {Fley et al., 2011). La diversitZ de ces communautZs peut varier de quelque:
centaines " plusieurs centaines dOespeces bactZriennes selon le (Srart#@wmonet al., 2016
Ghodsalavi et al., 20%ors que certaines bactZries, ddurki®ldergont capables de coloniser un grand
nombre dOespeces fongiques en raison de leur capacitZ " utiliser des mZtabolites dZrivZs de champignc
surmorr les systemes de dZfense fongiques, dOautres peuvent avoir une relation plus spZcifique avec
h™tes fongiq8sopnisek et al., 2Q0¥8armink et al., 2009)

Les bactZries qui vivent " IQintZrieur des cellules fongiques sont appelZes faragitires @ndo
endobactZries. Ce type de bactZries, dont les mieux ZtudiZes appartiennentBuskfetuibe atesee

ZtZ signalfans des champignonsraads de vie tres variZs et igdertaxonomique tres divesseme les
champignons saprotiepou symbiotiques. Les endobactZries peuvent avoir des effets sur la biologie de 10
fongique, y compris sur certains aspects de sa reproduction, sa croissance ek |@rimétiadodis

secondair@beveau et al., 2018).

Ainsi, de nombreux typ&snteractions existent entre les bactZries et les champignons du sol et de
rhizospheret ont probablement un r™le impantala siucturation du micetidies sont dynamiques et

tres dZpendantes des conditions environnementales mais Zgalement de la physiedogémideses.

Elles mettent en avant la complexitZ des Ztudes " rZaliser pour comprendre cohioterstclaainic

dOune plante s am place et est rZgulZ.
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IV. Les modsles dOZtude Populus et Laccaria bicolor

1. Le peuplier

Le peuplier est une appellation gZnZrique qui dZsigne un nombre important dOespeces dOarbres ~
caduques du gerPepulusie la famille des SalicacZes. RZpartis dans IOhZmisphere nord, des Zcosystem
subtropicaux aux Zcosystemes borZaux, les peupliers dominent les bords de rivieres et les peuplen
forestiers inondZs tandis que les trembles correspondent auxdexiles fosZimportants (Peterson &
Peterson, 1992pQOapres la classification de Eckenwalder (1966), les diffZrentes especes de peupliers
rZpartissent en six sections selon leurs caractZristiques phZnotypiques et biologiquag€imes,sections
Ta@mahacatPopulusegroupent le plus dOes(Fugse 1D

En plus des peuplements naturels, les arbres Bogdosont cultivZs dans des plantations en AmZrique,

en Europe et en Asie. En Europe, les 940 000 ha de plantations produisé¢mraitoel&méions de m

de bois par an. Bien que le bois de peuplier soit aujourdOhui exploitZ par IQindustrie pour produire des
faible valeur ajoutZe (contreplaquZ, pY%cte ~ bois, bois sciZE), IQutilisation du peuplier comme soul
combustiblet de biomasse pour la production ZnergZtique a suscitZ un intZret croissant durant ces derni
annZes. CQOest un arbre " croissance rapide avec une floraison possible au bout de quatre ~ cing ans, per
ainsi les croisements gZnZtiques. Les especes de Pepplieysieltoidd2opulus nigrRopulus albet

Populus trichocaramsi que leurs hybrides sont les plus couramment utilisZs en pBiguiieultiire (
LOintZret du peuplier en phytoremZdiation est Zgalement tres ZtudiZ19B8gRilep@lic et al., 2006
CastreRodriguez et al., 20F®ulon et al., 2016). Sur la base des travaux de recherche disponibles, IQutilisat
de cultivars est dZj~ couramment appliquZe " la phytoremZdiation. LOutilisation du peupiioan phytorem:
prZsente IQavantage de stocker du carbone et de produire du bois.

Le peuplier est le premier arbre dont le gZnome a ZtZ entierement sZquencZ et mis " disposition ¢
communautZ scientifique (Tuskan et al., 2006). En effet, cOest |@apdentécilecarpgui a ZtZ
sZquencZ en 2001 par le Joint Genome Institute (JGI, DZpartement de 10ZnergieUaisZricain, Etat
http://www.jgi.doe.gov/). Il possede un gZnome diplosde de 485 Mb rZparti sur 19 chromosomes (Tuskan
2006). Certains clsrde peupliers sont Zgalement facilement manipulables par gZnie gZnZtique. Il peut »
transformZ gZnZtiquement par agrotransformatioprepagZr@n conditions stZriles (Fillatti et al., 1986
Parsons et al., 1986). En plus de ces qualitZ$eleposspde la particularitZ de dZvelopper des associations
mutualistes avec des champignons mycorhiziens (EcM et AM), des champignons endophytes et des ba
(Gehring et al., 2Q0&arlinski et al., 2010, Gottel et al,;, @hdkya et al., 2018niko et al., 201 Bonito et

al., 2016 Cregger et al., 20Bbnito et al., 2019).

Dans le cadre de cette these, deux gZnotypes de peupliers ont Bz&updigtsgriBopulus tremula x
albaclone 71%1B4)et le peuplier nddopulus nigta).



Figure DDLes diffZrentes espsces de peuplier. Elles se rZpartissent en six sectionsamtlbistursscar
phZnotypiques et biologiques. Les quatre especes les plus connues sont indiquZes au sein des popul
auxquelles ellappartiennent (DOapres Eckenwalder, 1996).



1. APopulus tremula x alba

Populus tremula x adisaun hybride interspZcifique femelle initialemeat KDA¢RA en 1959 dans le but
dOobtenir des lignZes dDarbres ~ forte croissance, avec un bois de qualitZ et rZsistaniescinxepathogenes.
CINRA 71-1B4Ea ZtZ remarquZ du fait deesdorte infection par la bac&griebacterium tumefaciéins

sOagit dOun clone femelle, issu dOun croisement entre un Pojitlis feemeli@coltZ en 1959 dans la

foret de Palroy (Meurttdloselle, France) et un individuRopilles alb@coltZ en 1960 pres du Pont du

Gard (Gard, France). Chtitlg faisait partie dOun programme de sZlection initiZ par le docteur Michel Lemc
dans les annZes 1960 (Lemoine; WBitRr et al., 2016).

Le clong171B4possede |Qavantage dOstre facilement manipulable en gZnie gZnZtique lors de transforr
par la bactZriggrobacterium tumefagie@est pourquoést largement utilisZ en laborattirs des
expZriences de transformations gZnZtiquasahmeiOexpression et la fonction de genes .dOantZret
premiere transformation gZnZtiquRoplelus tremula x alb&tZ rZaliszm 1992 per Leple et al. De
nombreuses lignZes de peupliers transgZniques basZes sur emsiieétOnestZasotammergour

une application commerciale (Walter et glRikfteCet al., 201Rxans le cadre des Ztudes physiologiques et
gZnomiques, le nombre de publications scientifiques qui ont utilisZ le clbBé tdRWNEIModele Ztait

de 245 publications en 2016 (Mader et al.Up@lBpauche du gZnomé@dafsulus tremula x aés
aujourdOhui disponible gr%.ce ~ la combinaison dOdsseamagi8assemblage de rZfZrence (Mader et

al., 2016).

1. B.Populus nigra

Le peuplier noPdpulus nigta) est une espesascitant de nouveaux iteZEn effet, il sOagit dOune espece
colonisant un habitat particuieforet alluviale ~ bois tendre qui reprZsente une zone tampon entre IOespac
terrestre largement occupZ par |0agriculturesatitbuebamimilieu aquatiygepeuplier noir couvre une

aire naturelle tres vaste, allant de IOEurope de IO0uest ~ IO00uest de la Chine en passant par le Nord de
(Villar & Forestier, 2009)

Cetteespece pionnierexigeante en lumisre et en estuune espeatiosque (sexes sZparZs) dont les graines
peuvent stre transportZes par le vent elCé®dernisrggossedentine viabilitZ tres courte de 1Qordre de
quelques joursa rZgZnZration du peuplier noir dZpend donc Ztroitement duefundtioomers dOeau

aupres duquel il est installZ. En effet, les graines produites ne peuvent germer que sur des sZdiments f
sont sumises " la dynamique fluviaexghZnomenes de crues et de dZ¢r@espece possede dgaht

un mode deproduction vZgZtative, par IQintermZdiare de boutures qui peuvent otre tremsportées par 10

un mode de reproduction par clonage natimediax dixire de drageons (Villar & Forestier, 2009).



Le peuplier noir pratsede nombreux atoutsagaplies il estnotammentourvu dOun important systeme
racinaire, piZgeur de sZdiment, fixateur de berges et Zpurateur naturel de nutriments (Ruffinoni et al.,

Enfin, le peuplier noir apparait comme un ZIZment clZ dans |QattractidiéZpetylsageslitZ

Cependant, les populations de peupli@mnhbeaucoup souffert au coursingsante dernieres annZes

en raison de IQaugmentation de IQimpact de IOHommiesset les bagidors fluviaux qui ont fortement
affectda phase critique de recrutement des semis (Corenblit et lad, p2Qplier noir estlZment
menacZ par le risque dOab%otardidesmenplemematurels par des clones de peupliers cldtivZes
pollen peut fZconder les fleurs des peupilisréemelle@astien et al., 2009). Deux types de cultivars
prZsentent des menaces pour les populations séensmedier dOIt®mplus nigsaar.italich de sexe
m%ole et les hybrides de peupliers dZveloppZs pour la production deebaisteBapedus deltoides

Populus nigauPopulus deltoidePopulus trichocag@sexe m%ole et femelle.

Ces menaces ne portent pas sur la survie de 10espece qui nOest globalement pas menacZe de dispa
France. NZanmoins, la diminution de la qualitZ et de la diversitZ de ses ressources gZnZtiques peut prZse

risque important dans ses capaeitiéptiflon et de maintien ~ long terme (Villar & Forestier, 2009).

Dans ce contexte et au cours des deux dernisres dZcennies, plusieurs projets scientifiques europZens or
jour afin de mieux comprendre la dynamique Zcologique et gZnZtiqueapties|leir et de proposer des
stratZgies ciblZes pour sa conservation et son maintien. COest le cas, par exemple, du projet POPMICF
(mZtaprogramme INRA) qai"\d$udier le r™le du microbiote racinaire dans la rZponse adaptative du peupli
noir au changement climatique et auquel jOai participZ (http://www.accatPrajétdistianpsation
biodiversite/POPMICROCLIM)

2. Le champignon ectomycorhidieccaria bicolor

Laccaria bicolgou Laccaire bicolore) est unecesgechampignon basiodiomyckela famille des
HydnangiacZes de |Oordre demricaledl sOagit dOun champignon ectomycorhizien vivant en symbiose ave
plusieurs essences ddarbres comme le pin, le boulot, le hetre, et dans une moindre nuss\wdede peuplier
lisisres, clairieres et bords de chemins en forets borZales et tEigpi&rAds (

La souche utilisZe couramment dans le labohateigetiOns Arbidicreorganismes est la souche

S238N. Cette souche a ZtZ isolZe " partir dOumecezpogitiosous un pin Dollglaga mentenziger

Molina et Trappe (@e, Etatbnis) puis transfZif laboratoire de Microbiologie de Nancy en 1980. Plus
tard, la souche S238N dicaryotique sOest rZvZIZe particulierement efficace pocromsgmenteéeda

semis de Dougl®seudotsuga menziesiipZpinisre faisre (Le Tacon Bouchard, 1986). En effet, la
croissance des arbres a ZtZ doublZe par rapport aux plants spontanZment mycorhizZs par les champ

naturellement prZsents (Villeneuve et al., 1991).
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En 1988, plusieurs monocaryons ont ZtZ obtenus " partir de la germination de spores isolZes dOun carg
issu dOune expZrience de mycorhization cohtroiZeloB238N aveRseudotsuga menzigSilosse et

al., 2000). COest Idmioes souches monocarysi@R88MNH82 qui a ZtZ sZlectionnZe pour stre sZquencZe.

Le gZnome deaccaria bicola ZtZ sZquencZ et publiZ par le JGI en 2006 (http:/i[genome.jgi
psf.org/Lacbi2/Lacbi2.home.html). LOanalyse ~ 10Zchelle gZnomique a ZtZ rZalisZe par le Consortium du
deL. bicolofMartin et al., 2008) bicolopossede un gZnome de 65 Mb rZparti en 12 chromosomes, riche en
transposons et en ZIZments rZpZtZs (environ 20% du gZnome). Comme le peuplier pour IOensemble de
L. beolorest le premier champignon symbiotique ~ avoir ZtZ sZquencZ. De plus, sa croissance plus rapid
culture pure en comparaison avec dOautres EcM, sa forte capacitZ ~ former des mycorhizes en conditions
et contr™IZ&sglre 1), et saransformabilitZ gZnZtique font de cette espece de champignon ectomycorhizie

un excellent modsle dOZtude.

3. R™le de IQeffecteur MiSSP7 dans la formation de la symbiose ectomycorhizienne

Les effecteurs correspondent ~ des petites protZines sZct@sZgscparganismes pour modifier la
structure et/ou la fonction de la cellule h™te (Kamoun, 2006). Ces effecteurs sont capables de contour
rZactions de dZfense de la PTI ettpetaehicreorganisme pathogene qui leoduitsiOinfecteplante

h™te malgrZ les premieres lignes de dZfense. lls sont tres ZtudiZs dans le cadre des interactions f
pathogenes mais sont Zgalement produits par les champignons mycorhiziens (Jones BoBds@l, 2006
Rathjen, 201@lett et al., 20,LlKlg@pholz et al., 2011).

Les effecteurs sont sZcrZtZs par le®méorismes pour aider ces derniers ~ coloniser une plante h™te de
diffZrentes manieres. lls permettent auongénismes de pZnZtrer dans les tissus ou bien dans les cellules
de la plastmais Zgalement de faciliter IOacquisition de nutriments provenant de la plante. De plus, les effe
peuvent contourner le systeme immunitaire de la plante h™te en empeschant la reconnaissance des MAM
inactivant les phytoenzymes de dZfenseruemmactivant les voies de signalisation impliquZes dans la

mise en place des mZcanismes de dZfense et IQexpression des genes de dZfense de la plante h™te.

Lors de la mise place de la symbiose ectomycorrhizienne entre leL.climcop§a88N de peuplig?.
trichocarpdQeffecteur fongique MiSSP7 (acronyme de Mycorrhizal Induced Small Secreted Protein 7 kD
sZcrZtZ par. bicoloet pZnetre dans le noyau des cellules racinaires oe il se lie avec la protZine rZgulatric

JAZ6, bloquantsiitOinduction de la voie de signalisation de IOAJ (Plett et al., 2011).



Figurell- Le champignon ectomycorhizien Laccaria bicolor (dOapres Martin @alophoies de L.
bicolor (aJgctomycorhizes de L. bicolor obtenues avec Populus treii)lB2valoppement in vitro de la
symbiose ectomycorhizienne entre L. bicolor et P. tremula x alba par la mZ{epbde sandwich
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Selon le modsle actuel, MiSSP7 seraibamisiecde moduler les mZcaneng&fense dans les racines du
peuplier, et notamment la voie de signalisation de IOAJ, ce qui permettrait la colonisation fongique de I
ainsi la mise en place de IQinteraction. Bien que les genes infligddstitende la voie de signalisation de
IOAJ ne soient pas encore totalement connus chez le peuplier, IOaction de MiSSP7 dans le noyau des
racinairede IOh™te est aujouZtdbtiai

LOeffecteur MiSSP7 sZcrZtZ par le chdrmapimaranbianlest capable de moduler la voie de sigmalisati

de I0AJ dans les racine®ujpligr. La protZine JAZ6 est une protZine vZgZtale qui bloque 10expression ¢
genes dZfensifs indyitr IOAJ permettant ainsi aux voies de dZfense de restimislastiselules des

racines non colonisZes. JAZ6 interagit avec des facteurs de transcription comme MYC2. Leur liaison ave
empeche ces facteurs de transcription de se lier aux sites de reconnaissance de la bo"te G situZe en amc
genes rZpondantOAJ. Apres la pZnZtration des hyphes fongiques, IOAJ est libZrZe et dZtectZe par la pri
COI1 qui entra’ne la formation du comple@IAZBOI1 est un composant du complexe dOubiquitine ligase
SCFCOI1. Le complexe est alors dZgradZ par le pra6&sear consZquent, MYC2 nQest plus inhibZ par
JAZ6 et peut jouer son r™le de facteur de transcription en astiviatiblades genes de dZferdsts

par IOAJ. Apres la pZnZtration des hyphes fongiquesceamsdplaspque des racinegsedipliet,accaria
bicoloisZcrste MiSSP7 qui supprime les mZcanismes de dZfense liZs ~ IOAJ en se liant ~ JAZ6. Cette |i
empeche sa reconnaissance av&OAD et donc sa dZgradation maintenant ainsi IQinhibition sur MYC2 et |
rZpression des gerssnisibles ~ IO@Rlett et al., 201Martin et al., 2016, Figude 12



Figure 12 B ReprZsentation schZmatique du modsle de rZgulation de la voie de signalisation de I0a
jasmonique du Peuplier par IQeffecteur fongique MiSSP7 (dOapres Martin et al., 2016).

a- Liaison des facteurs de transcription avec BaGchudes facteurde transcripti@ssociZde se lier

aux sites de reconnaissance de la bo"te G situZe en amont des genes rZpondant ~ I0AJ.

b EFormation du complexe JB@6let dZgradation par le protZasome 26S syitZselacd OAMYC2

nOest plus inhibZ par JA®IEjouer son r™le de falgemanscription en activant la transcription des genes
sensibles ~ IOAJ.

cBLiaison entfiSSP2t JAZ@ui supprime les mZcanismes de dZfense liZs " |@zsbrCettpiche sa
reconnaissance avelCOI1 et donc dZgradation.
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V. Le microbiote du peuplier

Cette partie correspond ~ un article de synthese en prZparation (et non finalisZ dans sa version prZsentZe
ce manuscrit de these) rZdigZ en anglais.

Dans cetrticle de synthese intitulZu@ent knowledge of tHeopulusmicrobiome improving the

holistic perception of tramicrobes interactionis, je prZsentes connaissargscientifiqeacquises

jusqud™ aujourdOhui condereantposition les mZcanismes rZgulatiatu microbietdu peuplieBien

que cette thesse concentre exclusivement stadiesrs de rZgulation du miceobéginaire, cet article
prZsente Zgalement les facteurs de rZgulation des commmienstfgasiésmeassociZes aux patie
aZriennede |0arhteds que les feuilles et le tronc.

Apresun travail exhaustif de recheritiegvaphique sur les microbiotes du peuplier et Zgmlement
dOautres arbres, jOai peesmmairis en charge la rZdactioartielé(yjuionstituene partie importadee

IGintroduction gZnZrale ~ ma these.
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Abstract

Populusave played an increasing role in environmental, commercial and research projects in the past
decades. Thanks to its multiple spePBifipitjybecame an excellent tree model to improve our knowledge on
tree microbiome. Interactions betweemtigagBorgansims are multiple and extremely diverse according to
the different tissues of the tree. These associations play important role for tree nutrition, growth and hea
they could also help trees to improve their adaptation to enviraditioeistabpgening exciting opportunities

for forestryAlthough most of the factors influencing the composition and structure of the microbiome
currently known, there is a real lack of knowledge regarding the specific function of each member ¢
migobiome and the molecular dialogue occurring between microorganisms and tree host. Filling t
knowledge gaps would allow us to improve our holistic perception of tree microbiome.

We review recent studieBdpulugo highlight the importance of tlgsichgision across the rhizosphere,
phyllosphere, stem and wood, and discuss potential improvement for futifepessarctoiiome and

forest ecosystem.



Figurel3 - Factors driving reciprocal interactions between trees and their microbiome
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Introduction

Like any other plants, nearly all tissues of trees are colonized by complex and diverse communiti
microorganisms, -caled the tree microbiome. The most studied microbial associates of trees are tr
mycorrhizal fungi that establish mutualistiiantereith the roots of most trees (Lang et al., 2011). Yet tree
tissues are home for other fungal types (e.g. endophytic fungi), bacteria, protists, algae and some inverte
that tightly interact together and with their hosts (Sieber, 2007 ;284¢k €edersoo et al., 2016; Proenea
et al., 2017;). These microorganisms colonize both the surfaces and the inner tissues of trees and fulfil a
range of functions that overall enhance the health and development of trees (Taghaviceidal., 2009; Me
Blanco, 2018). If some microorganisms have beneficial effect on their host, some others are deleterious
growth and health. Pathogenic agents integrated in the microbiome is called pathebaoisea(\éhydsier
2014). Some members efrie microbiome also contribute to biogeochemical cycles in soils (Akroume et a
2019) and in the atmosphereefYgh 2018). Understanding the contribution of these different groups of
microorganisms and the balance regulating both is therafotateractions between trees and their
associated microbial communities are extremely complex and the network occurring between these m
organisms have key role in tree health and disease. Trees and their microbiome should be consideri
supeorganisms. This observation gave birth to the concept of holobiont which consist of a collective view
function and interactions between host organism and its associated microorganisms (Vandenkoornhuyse
2015Figure 1R

Recently, interest plant microbiome increase and more and more important highlights appears. Most of
researches carried out so far on the interaction between plants and their microbiome have been done on
annual herbaceous plant sué&radidopsis thaliaméhib present a very different life cycle compared to the
one of tree and which is not able to form association with mycorrhizal partners. In perennial woody plant, 1
allocations which correspond to a major factor shaping the microbiomecaretidiféerémtriperennial

plant. In addition, trees are colonized by other types of microorganisms such as ectomycorrhizal fungi
could modify formation mechanisms of microbiome and response of tree host. They could help tree to t
higher capacity adapt to many kinds of environmental conditions and climate chanefea{B20j=8¢lli

Timmet al, 2016) thanks to a higher degree of plasticity,-@shalygramic and a larger pool of genes of

treeassociated microorganisms which fexteasion of tree host genome (Baigdse et al., 2015).

Populusias emerged as a model tree to study interactions between trees and their microbiahes (Shakya
2013; Hacquaed al. 2015; Beckegd al. 2017; Cregget al.2018). This is likelue to the fact that poplar

has become one of the main and powerful model systems in tree research in the past 15 years. Poplars hi
advantages to grow rapidly, to have prolific and early sexual reproduction, and to show tight coupling be
physological traits and biomass productivitgt(Ba2004). In addition, some hybrids can be genetically

modified and a number of species can be clonally propagated. Altogether with the numerous molecular to
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databases that were generated foltbeisgquencing of its genome (Tuskan et al., 2006), all these elements
fostered the establishment of Poplar as the main model system for research in biology, genetics, mol
biology of trees and more recentinitrexbiome interactioRspulusvas notably used to dissect the
molecular mechanisms of the establishment of the ectomycorrhizal symbiosis, highlighting the prominent |
fungal and Poplar small secreted proteins in the molecular dialog between the symbi@@tsgMartin et al.,
Thescientific interest Rmpulusot only lies in its usefulness for basic science but also in its environmental an
commercial importance. According to the classification established by Eckenwalder inPgfi8ushe genus
regroups 29 species (plus aortant number of hydrids) of deciduous trees in the family of Salicaceae.
Distributed across the Northern hemisphere from subtropical to boreal ecosystems, poplars and cotton
dominate riparian forests and flooded forest stands (Rood & MalBraainel@9@]. 1996) while aspens

are the most important boreal broadleaf trees (Peterson & PetePapylu$8paries are cultivated in
plantations across America, Europe and Asia. The 94®R2p0lbh@lahtations in Europe produce about 8
millons raper year. Although mostagfuluproducts are nowadays exploited by the wood industry to produce
plywood, sawn timber and pulpwood, there has been an increasing interest in the paBopeduisigor using

a source of fuel source and biowrasedrgy production. Thanks to their high tolerance to pollution and their
ability to purify organically polluted soilgpfdasty poplar hybrids are being more and more utilized for
phytoremediation (Yadav et al., 2010). New uagekisfive recently stimulated the development of large
scale breeding and biotechnology programs across the world to produce new varieties of fast growing F
that could be cultivated as crops for large scale production (Bredemeier et al., 2015; Hart et al., 2018).

We reviewed recent advancPspulusnicrobiome study to show the importance of improving holistic view
across the different tissues of the tree and to highlight future key elements to be discovered. We will foct
on bacteria, archaea and funtiiey are considered to be the main contributors to the tree phenotype and the

are also the most studied.

The root microbiome

Tree roots are an oasis of nutrients for microorganisms. Trees transfer 20 to 40 % of their photosynthet:
their roots and 10 to 30 % of this carbon is allocated to the root microbiome. Part of it is directly transfel
mycorrhizal fungi, whidmtbelves offer a habitat to specific microbial community, while the other part i
secreted as exudates in the zone of soil directly under the influence of roots, the rhizosphere (Lakshmanal
2014). The main compounds of root exudates are tled phodosynthesis and secondary metabolites with
important roles as chemical attractants and repellents in the rhizosphere. The composition of root exudat
been studied mainly to understand the potential of somePgradieBads for phytorediegion allowing

for the identification of secreted organic acids that are induced upon treatment with heavy metals such a:
acid, citric acid or oxalate (Qin et al., 2007; Naik et al., 2009) but not the oneOs that are constitutively pr
Thus, &omplete description of the compounds sedPetpdligoots and their respective roles in selecting

for the microbiome is still lacking.
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Root microbiome composition
In root, we could distinguish two major habitats: the rhizoplane which corresponds to the external surface
root directly under the influence of the rhizosphere, and the endosphere which corresponds to the interiol
root. Composition and siraadf microbial communities associated with these two different tissues but also tt
factors that contribute to this assembling were examined in many tResIK@EAllas et al., 2018),
QuercugMaeden et al., 2016) BagugGoldmann et al., 2016; Colin et al., 2017). A recent study performed
by Toju and colleagues in 2018 explored hubs within metauatemetityorks of tfeegi interactions
across 8 forest ecosystems.
Dominant bacterial phylaPapulus deltoidesds (rhizosphere and endosphere) were Proteobacteria,
Actinobacteria, Acidobacteria and Verrucomicrobia and dominant fungal phyla were Ascomycota, Basidiol
and Chytridiomycota. Observation of rhizosphere and endophyte communities of bothnbacteria and
associated with rootsPispulus deltoideshowed that dominant phyla were present in rhizosphere but in
difference abundance, suggesting that endosphere constitute a unique niche for microbial communities (G
al., 2011; Shakya et al., 2013).
Ratio of EcM and AM colonization are different according to different factors such asPtypelud soil and
genotype (Karlinskial.,2010). EcM fungi associatedPejphlusncluded specieslafccariaHebeloma
Tuberand CortinariugGottel et al2011; Guevara et al., 2013). Recent works insighted the key role of
Mycorrhizéthduced Small Secreted Protein (MiSSP) in the formatitreeofsyaubiosis formation. By
studying the interaction model beRepeaiusndLaccarigPlett et al. (2014pwed that the production of a
MiSSP of 7kDa (MiSSP7) by the EcM fungus and its interactidpspwititrdmescriptional repressor
JASMONATE ZIM DOMAIN protein 6 (JAZ6) altered the hormonal balance of the tree defence system a
the formation ®fmbiosis. Future investigations are needed to understand the signallingRojeulcions of
species with other EcM fungi to improve our knowledge related to model pattern of interactions. For exi
other MiSSP are currently be taken in accoua$ saleh of MiSSP8 in the ectomycorrhizal symbiosis
establishment (Pellegtial, 2017).
AM fungi associated Ritpulusoots mostly belonged to the g&loasugBeauchamp et al., 2006; Bonito et
al., 2014). AM fungi colonization dominated tageslpfopuludife then the ratio of EcM and AM fungi
changed during development (Takacs et al., 2005).

Endophytes were defined as microorganisms such as bacteria and fungi inhabiting the plant endosphere
all part of their life cycle regardless of the outcome of association. In roots, both bacterial and fungal endc
were isolated from endospBareterial endophytes attached to the rhizoplane and entered in the endospher
by openings where root hairs and lateral roots emerged (Hardoim et Rbopaldss)mbst abundant
bacterial endophytes have been characterized to belong to GamerépretébBacratia spp
Pseudomonas sppdEnterobacter sp@and Actinobacteria WHodococcus sppaghavi et al., 2009).
Darkseptate fungi and other fungal endophytes have been discov@wglinsoott (Helm et al., 1996).
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Fungal endophytessociated with Popubaats belonged@adophora, Exophiala and LeptodoBdnito

et al., 2016).

Some studies have examined the fungal community composition and strattake2(B&)itwhereas

some others have studied the bacterial @grnomposition and structure (Betlkar2017). But recently,

some root microbiome studies have included bacterial and fungal community composition observation
same experimentakgetShakyat al, 2013; Bonito et al., 2014; Creggkf018; Table 1). In these works,
different compartments of the soil and the roots have been defined. The shift in the microbial comn
composition across these different compartments are today well ketoayr2(@dtt@&eckees al, 2017)

but hese works give important insight concerning the effect of different drivers of the root microbi

composition.

The main drivers of the root microbiome composition
The root microbiome composition is influenced by environmental factors, host factors but also by col
molecular dialogs occurring between host plant and microbial communities, particularly for both EcM al
symbiosis establishment. The factorsrigpgaetstructure of bacterial and fungal communities in trees were
soil type, temperature variation (Baum and Makeschin, 2000; Bonito et al., 2014), host genotype or host ¢
and tree age (Shakyal, 2013; Cregger et 2018).
Both bacterial afdhgal community composition varied more so across root compartment (rhizosphere
endosphere) than between host genotype. This observation suggests an environmental filtering and a se
force for microbial communities of tree roots. Soil mypeeandvailability played an important role on
microbial community composition. Soil type had a stronger effect on fungal communif§opangosition of
(Bonito et al., 2014). For example, nitrogen and phosphorus fertilization significAmtbolaunatddnEc
rate inP. trichocarpandP. tremula x tremuloid@aum & Makeschin, 2000) whereas moisture increased
mycorrhizal fungi colonization (Lodge, 1989)elioidesbacterial communities in the roots are more
structured by plant host sgédtian by soil type (Bonito et al., 2014). In a lower extent, seasonal variation he
been shown to also impact microbial community conpogitlardat endosphere (Shakya et al., 2013).
One oPopulushybridPopulus tremula x aditeo called 71IB4 clone, and aRodeltoideare particularly
appreciated by researchers due to its ability to be easy genetically transformed. Comparison between mi
communities associated witRyp#dPopulusand transgenic lines is particularly helpful to study the main
drivers of the root microbiome composition. Some studies have been performed with this strategy with
modified in their cellulose biosynthesis and cell wall composition (Veach et al., 2018) and with trees mod
their lignin biosynthesis (Beckers et al., 2015). Taken together, these works from both greenhouse ani
conditions showed that potential modifications in microbial community structure and diRegitysn roots of
are the results of some alteration in the hastntree gnd secondary metabolism. In ectomycorrhizal (EcM)
symbiosis, the fungi exchangdesoiate nutrients for carbohydrates from the host tree. In 2014, Tschaplinsk
et al, compared metabolomes of EcM root tips in cobhgathlecarpaithL. bicolorand incompatibie (
deltoideswith L. bicolgrinteractions. The result of this study showed that incompatible relationship wa
! &4



characterized by a reduced number of regulated metabolites in roots in contact with fungus hyphae and a

accumaualtion of metabolites related to tree defence.

Main functions d?opulusroot microbiome
The basic functions of mycorrhizal fungi in terms of nutrients and water exchange with tree are well charac
(BYcking et al., 2R12 the tree rantcrobiome, archaea community composition has been less examined thar
bacterial community composition probably because their ecological functions for tree host remain unclear
insights obtained by metagenomics analyses shows archaea is amatiquatasariponent of the plant
microbiome thanks to its ability to promote plant growth through auxin biosynthesis and nutrient supply (Ta
al., 2018).
Populuss also able to interact with a variety of bacterial and fungal root endojathytest. Bwliphytes
have been well characterized to have different functioReportussthey promdopulugrowth with an
important increase of total biomass through production of auxin (IAA), phytohormone involved in plant
processes (Khat al, 2016). If many studies on interactions beope&rsand mycorrhizal fungi are
available, few works have been performed on fungal root endophytes. The presence of fungal endophy
plants (Caroll, 1988) anBdpulusn natural conditionsvisll established but the diversity and ecological
function for host tree are still not well known. Some studies revealed that fungal root endophytes ha
important role for plant physiology and healthe{\&r1299; Lugtenbargal, 2016; Patlet al, 2018).
One species of this ordéractiella rhizophileas characterized &upulusnoculation assays revealed a
faster plant growth and elevated photosynthesis ratesaB20li0).
Currently, one of the most importarscaidgdurbation is drought, which has recently been shown to alter
the composition and structure of forest. In temperate forest but also in boreal and tropical forest, drought ai
related physiological stress promote tree mortabilty (Law, 2015 emestudynotiee bacterial communities
associated wifh deltoida®mots changed in response to water (drought) and light (shade) limitation. It has be«
shown that these treatments resulted in significant shifts in bacterial community at thd ghadwan level an
cluster of OTUs either increase or decrease in abundance (Timm et al., 2018). Inoculation of 10 endoph
bacteria and 1 yeast)Pindeltoides x nigmsulted in substantial growth promotion with improved leaf
physiology after periods ofigito (Khan et al., 201Bypulusform also associations with EcM fungi
communities that are known to help tree contend t8 .deapbhatica drougtgensitiv®opuluslisplayed
an improved water status in roots thanks to the presence of tieP&dMiduimvolutadthough no
mycorrhizae were formed (Luo et al., 2009).
As one of the most often used tree species in phytoreRmulifiplay significant role in remediation of
contaminated sites thanks to its to high biomass produggidngamdtina Study of bacterial communities
associated to the rootsPoftrichocarpa x P. maximowitzmited in an industrial phytomanaged site
contaminated with mercury revealed contrasting bacterial communities in different tree hbdaitegs (soil, roots,
and stem; Durand et al., 2018). Copper stress was compared to water and light linRtagidnsstress in
deltoidesEven if metal stress was likely the least severe of the three, as indicated by growth measurement
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transcriptional responses of tree, changes in the microbiome response was observed (Timm et al., 20
variety of studies have examined the response of AM fungi to different soil pollutant or to different abiotic s
Populuslones selected foytanemediation of contaminatgd akics et.al005; Lingw al, 2008; Liet

al, 2015). It is clear AM fungi enhanced tree growth and reduced biomass losses during stress bu

mechanism and functioning of AM and EcM fungi dual sioymiasiedts are currently not known.

The phyllosphere, stem and wood microbiome

The phyllosphere corresponds to the leaves of plants. It is considered relatively nutrient poor but a muct
dynamic habitat in comparison with the rhizosphere because of strong environmental constraints witt
fluctuation along the day such asrtgorpe humidity and solar radiation. Phyllosphere and stem microbiota
play a critical role in protecting plants from diseases and promoting their growth by different mechanisms |
et al., 2013).

Phyllosphere and stem microbiome composition
Associagd microbial communities structure and diversity have been observed in several tree species suc
European beech (Coreial, 2012), pines (Beedel, 2017) or olive tree (Pasedzf) 2015). Some other
studies have compared the bacterial (Hadpmastet al. 2016; Lambagt al, 2006) and fungal (Izeho
al, 2016) community structure of phyllosphere of tree inhabiting the same type of forest.
Concerning, microbial comemaisisociated wRlbpuluseaves and stem, recent works begin to appear. In
fieldgrowrP. tremula x albaes, bacterial colonization of the stem and leaves was highly variable compared
rhizosphere colonization in terms of diversity and community composition. This observation confirme:
additional skills are required to colonize the different tree niches éBe2B&73. In Populudeaves
(surface and endosphere), dominant bacteria phyla were Alphaproteobacteria (43% in terms of re
abundance), Gammaproteobacteria (42%), Actinobacteria (5%), Betaproteobacteria (3%) and Bacteroidete
and dominant fungal phyla were Ascomycota (85%) and Basidiomy&umpu(@%enn (surface and
endosphere), dominant bacterial phyla were rotslpbagteria (58%), Actinobacteria (20%),
Gammaproteobacteria (9,5%) and Bacteroidetes (7,5%) and dominant fungal phyla were Ascomycota (70'
Basidiomycota (25 %) but also Chytridiomycota and Glomeromycota (3% each; Cregger et al, 2018).
About 1000 rfgal endophytic isolates belongiBgthddeomyceteSordariomycetesid Helotialesvere
obtained from 1P5 tremulbeaves (Albrectsen et al., 2010). A total of 513 bacterial endophytic isolates wer
found in several poplar clones leaves and theah#jese isolates were related to common endophytic and
soil bacteria. They belonged to Curtobacteriaum, Plantibacter, Pseudomonas and Xanthomonas (Ulrich
2008).
Endophytic microbes colonized plant roots are able to enter in the plgstewasouber tsansferred and
thus colonize the aerial tissues of the plant &VhlpR608). In thddopulusholobiont study of 2017,

Beckergt al demonstrated thiattremula x albtem endosphere present a decreased richness comparable
! &é



with thosef the phyllosphere compared to the roots. These results are in concordance with the general vie
endophytic colonization. Bacterial and fungal endophytes can be horizontally acquired from the environn
each generation. Endophytic lifestyleimldepto the ability of bacteria from the soil to actively or passively
pass the endodermis and the pericycle, reach the xylem vessels and finally lead to systemic colonization
plant (Hardoimt al, 2008). Microbial endophytes can be also vertically transmitted from generation -
generation via seed (Ztmsenberg et al., 2008).

In spite of several studies performed on phyllosphere microbial communities in leavegpahd stem of
(Balint et al., 2014; Busbhy et al., 2015; Doty et alurd0isylexge related to the structure and composition

of both bacterial and fungal communities associtgailviraves and stem remains partial in comparison
withPopulusoot microbiome.

Recently, new studies carried out on the whole tree microbiome (soil, root, leaves and stem) allow us to
understand the specific interactions, mechanisms and functions associated with microbial colonization
aerial tissues PBbpulugBeckerst al., 2015, 2017; Cregger et al., 2018; Durand et al., 2017, 2018; Table 1).

The main drivers of the phyllosphere and stem microbiome composition
While the microbiomPabulusoots in influenced by soil type and host genotype, less is khewnaabout t
drivers that impact microbial communities of the phyllosphere and stem. The phyllosphere corresponds
plantair interface which is characterized by permanently changing abiotic conditions.
Microorganisms associated with leaves or steanaprbwidry in composition and diversity according to
seasonal variations as well as in response to environmental disturbance such as rainfall or wind. Both bz
and fungal community composition shifted more so across habitat (soil, rootsestahmmarzetegen
Populudgree genotype (Cregger et al., 20B)bhaisamiferavarming strongly influenced the diversity and
structure of the foliar fungal microbiome especially fungal endophytic communities (Balint et al., 2014).
observations &g with the hypothesis that microbial communities vary across the different tree compartn
due to different environmental stress associated with the different geograPbjpalugegetybe.
InP. deltoideand irP. trichocarpa x deltoidden had similar bacterial alpha diversity than roots but fungal
alpha diversity was higher is stems than in leaf or root habitat &;r204@8). IR. balsamiferéungal
communities associated with leaves of trees growing in a common gemetiywsredifired according to
host genotype (Balint et al., 2013). These results, in comparison with thateahf Biggieststhat host
tree genotype play also a key role in the composition of microbial communities in phyllosphate and stem.
microbiome within leaf habitat varied more so between tree genotypes compared to habitat, likely due
greater abundance of two dominant fungal patflageosir{@nd Septoriacause leaf spots and stem
cankers) in the hytridtrichocarpa x dales(Creggeet al, 2018 Bacterial communities associated with
Populuphyllosphere are also influenced by volatile organic compound (VOC) produced by trees. Of the
age as the root exudates, these VOC are emitted by the tree and condition the installation of specific mic

Isoprene is a climatdive gas producediuge amount by tree. This compound pronfedpdithieaves
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colonization by active isopdegeading bacterial populations belonging to tRihgeocsccy€rombie et
al., 2018).

Main functions d?opulusphyllosphere and stem microbiome
As merined previously, microbiome is important for plant health and nutrient acquisition. Microbial interac
in the phyllosphere could affect the fitness of tree but in comparison to the roots system and the soil, th
niche is less studied. In 201§ ebal showed that nitroges) {idation is possible in Rapulugrichocarpa
branchy using boff\; incorporation and acetylene reduction assay. Nitrogen fixation could be performed |
endophytic or closely associated nifisoggmicroorganisms.
Fungal pathogen presence in leaves raises some questions about the climate change reactions kno
ingease pathogen abundances in tree hoste{Ballii2014). But some recent works have shown that
common foliar fungal antagonist could be used to bolster resistance to rifipdissplsmtations,
suggesting that naturally occurring funga&nfibddiphytes partially determine disease severitgt (@usby
2015; 2016). In pedunculated oak, another important tree muatbhgenanbacteria sti@ireptomyces
sp. AcH505) protects tree host from the pathogen responsible of oakepoWetzinald2014).
Characterization of fungal communities from Ridffelesttrichocarpanaximowicziompartment at a-Hg
contaminated phytomanagement site had led to isolateresist@ntigeast strains from the leaf habitat.
AureobasidiupullulansCladosporium spandAlternaria alternatere highly representdéapuluseaves
and were known to be an active phyllosphere colonizer with specific capacity to bind heavy metals to ti
surfaces (Durand et al., 2017). The bacteniainities from the phyllosphere were altogether less resistant
than the communities of the soil and roots, potentially due to the direct contact between soil bac
communities and higher amounts of Hg in the soil. In the leaf and stem, OTusDeinotuegthe
most abundant OTU and were not detected in soil &his petsis of bacteria corresponds to extremophile

bacteria resistant to very high doses of radiation and long periods of desiccation (Durand et al., 2018).

The wood microbiome

Microbiome of wood have been studied in several woody pRmus(Rtoaesea et al., 2017) @uercus

(Denman et al., 2017) with the goal to provide new insight into microbial interactions and tree disease.

The number of publication®apulusvood microbiome is very low as compared to root and phyllosphere
microbiomeFigure 14), but only few studies recently provided some interesting results concerning tt
composition of microbial communities associated with wood and factors shaghngmeodziliicable

fungal endophytes have been examined within the woody tissues ofPtmauncises wstifolid_amit

etal., 2014). IRopulus deltoidesood environments are dominated by anaerobic microbes with a prominenct



of methanogens in headd compared to sapwood. Contrary to root and phyllosphere microbiome, woc

associated microbial communities are only shaped by environmental adradjtRO13]Yip

Understanding complex tree hBsticrobes interactions

ThePopuluscore microbiota
The principle of a core microbiota has been proposed to describe the microbial community that is system
associated with a given plant genotype. Based on its taxonomic composition, the core microbiota could
some key basidatd to component species coloRndudree and gain further insight into the complex
hostmicrobe interactions.
In addition to this taxonomical approach, functional approach is also possible by using metagenomic:
metatranscriptomic analyspeettict potential functions of tree microbiome (Vandenlaiah20)$s).
InPopulus tremula x albare bacterial microbiome has been defined as the 10 most abundant OTUs of each
the studied tree compartments (rhizosphere soil, roots, IsmraspnBeckers et al. (2017) observed
significant tree compartment effects across core bacterial OTUs with only 16,4 % of total OTUs shared by
compartments. Populus deltoideree, core microbiome of both fungal and bacterial OTUsiedam identif
root rhizosphere and endosphere of the set of sampled trees. The core bacterial microbiome in the rhizo
was comprised of 35 OTUs belonging to the RutddrotderialemdRhizobialeand only one OTU in the
root endosphere. The core funigabbiome was comprised of four rhizosphere OTUs and one endosphere
OTU represented by gdixsphialdvietarhizupNeoseptiap. andviortierellenown to promote plant growth
(Shakyat al, 2013). During abiotic stress (drought, shading and copper pollution), the relative abundanc
some communities of the core bacterial micrdbopukisndeltoidests changed. This shift highlighted the
presence of a Ocore stress microbiomeO, opening some interestingonayialicaramunity manipulatio
to promote and improve tree growth and productiétya,T2Oh8).
As these two studies on poplar microbiome show, the number of fungal and bacterial OTUs shared &
different compartments of the tree is rather low. A small set of OTHéscfmenmgrobiome should
encourage genome sequencing of isolates and controlled inoculations experiments for understanding the ¢

mechanisms of interactions between microbial communitiPepnidost



Figure 14 Number of available publications dealing with Populus microbiome by studied microorganisms ar
influence factors



The Populus holobiont
Understanding microbial community composition and structure variations in tHeatbiffer éranplzatve s
to roots and soil is crucial to improve our knowledge of the impact of microbiome on plant. To understand 1
of microbiome, it is vempdrtant to pay attention to the different factors which contribute to the microbion
shaping in order to understand the eHepubffiolobiont on tree health. A new field of research is currently
appearing in which Bapulusiolobiont is taking account (Besekats2017; Cregger al, 2018) but some
key informations are still lackidgshould be a priofitigfre14). They concern (1) the function of the
microbiome, (2) the molecular dialog occurring betweemisncrandgtree host, and (3) the assemblage
mechanism of microbial community shaping by tree host. Microorganisms live in complex interactions wit|
members of the microbiome, host plant but also environment. Despite the different omicdatechniques an
available (Zunigad., 2017), deciphering the nature and function of these multitude of interactions is a gre
challenge for scientistwestigating the biosynthetic potentialPaiptiiasnicrobiome is now possible by
analysing metagenomatadand pool of sequences bacterial isolates taken Papolil®ots. The
development of this strategy based on bacterial natural products isolation is a great opportunity to discov
bacterial molecules involved in important functionsedrasteotrénvolved in communication and control in
the microbiome (Blair et al., 2018).
Understandirthe complex haateroorganisniisteraction could provide some important basis and help to
realize the goal of engineering host phenotype throughemicaoijpulation for example the use of these
interactions in phytoremediation and sustainable tree culture managetman2(li6ymWe described
recent studies performe@®apulusnicrobiome but comparison with other tree moddPswgQagrcus
orEucalyptushould provide additional key information to understand theassdectedemicroorganisms

of forest ecosystem.



VI. Objectifs de la these

Les associations entre les plantes, les champignons et lesobaciZifjesstes dans le regne vZgZtal. Elles
peuvent stre de diffZrents types, allant de la symhiadisté des interactiomeutregendophytesu
nZfastes avees micreorganismepathogenes. Les communautZs microbferoesbiotedssociZes au
plantegouentionc un r™le magiaurs leur croissance et leur dZveloppement

La plupart deZtudes menZes sur le miaotsioinaire concernent la plante modsle hekbaltidepsis
thalianaet les plantes de grandes culielies tue IblZ ou leiz (Lundberg et al., 2DR&scovan et al.,
2016, Edwards et al., 2D1%®s communautZs fongiques et bactZdesneZes aux racisest modulZe
parde nombreuacteurs abiotiquess que le type de @mnito et al., 2014¥each et al., 20&9 le climat
(variations saisonnisres, tempZrature, humiditZ et sZcheresse extreme) (Shaky&edsrabnaodt3al.,
2015 Mercad8lanco et al., 2018)ais Zgalemepardesfacteurs biiguestek quela composition des
exsudats racinairéss mZtabolitegcondairesccumulZs dans les tissus racinaires et le gZnotype de IOh™te
(Compant et al., 2p19

Sur la base des connaissances acquises et ZvoquZes prZcZdemment, il est ¢jazdmennisition
du microbietracinaire desbaes dZpend fortement du rZservoir dergaaismesigponibles dans le sol
environnmatetde la capacitZ des arbres " sZlectionner activement certains dergasisnies Toutefois,
IGimportance relative de ces deux grandsifasieus seny canismes par lesquels leearsZlectionte

leur microbiote ne sont pas encore complZtement connus.

Dans ce contexte, nous avons Zmis trois hypotheses

1! Les variations naturelles au sein des communautZs microbiennes (champignons et bactZries) ¢
ont un effet majesur la formation du micelaginaire de |Oarbre,

2! Les modifications du micebicinaire alterent la physiologie de IOholobionte et sa capacitZ
dOadaptation aux potentielles modifications climatiques,

3! La manipulation de la voisigiealisation de IQacide jasmonique via IQeffecteur fongique MiSSP

influence la compositibla structuration du micebéghare et la physiologie de IOholobionte.

Pour tester ces diffZrentes hypotheses, nous avons choisi le peuplier cenmuslesystira plus,
diffZrentes approches expZrimentales et analytiques ont ZtZ esnplagéeki? queneage haut ddeit

IOADN microbien (en anglais, DNA metabateodingjcroscopie confocale pour caractZriser 4es micro
organismes de la rhizosphere et de IOendosphere deséimlyses mZtabolomiques gtudier IOimpact

du microbietsur le mZtabolisme de IOholobmntéesinalyses mZtatranscriptorsipoer conna’tre les

communautZs de mamganismes letus actifs du micrabiatcinaire de [Oarbre.

! ("



Ma these est divisZe en quatre chapitres avec pour objectifs de rZpondre aux questions suivantes

" | Chapitre IICommenge fait la colonisation des racines vierges de IQarbre par les communautZs (
champignons et de bactZriesobi Gette colonisation de la racine par lesomngérismes
rhizosphZriques-ele simultanZe ou oblfét ™ une chronosZquence

" | Chapitre liQuelle est la contribution relative du sol, du gZnotype et du climat sur ket é@mposition

structuration du micrebiatinaire du peuplier hoir

" | Chapitre IVQuelest IOimpact des variations naturelles au sein des communautZs microbiennes du

sur la compdsit et la structure du micebaainaire de 10aPbre

| ChapitreV: En modulanta voie designalisation d&acide jasmonique, les champignons

ectomycorhiziens influenitetd compositietla structutk microbetacinaire
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Chapitre |l

Dynamique de colonisation des racines
du peuplier par les communautZs de

microorganismes






|. Contexte gZnZral

La compo#in et la structure du microbiote racinaire dOune plante sont tres dynamiques et peuvent
influenaZspar diffZrents facteurs abiotiques tels que les propriZtZs du sol et le climat, ainsi que par des fac
abiotiques tels que le gZnalyp®h™te et IOexsudation racinaire (Berg & Siviaie2000al., 2013).

Le microbietracinaire se compose de communautZs aegaiismes originaires du sol environnant qui
reprZsente le rZservoir principal deorgam@smeepour la formati du microbéotacinaire (Lareen et al.,

2016). Ces miavcganismes colonisent aldf€rentes parties de la ra@inieoplan et endosphere) en
fonction de leur capacitZpdeZtration et de leur fon¢Gmitel et al., 2011). La production dBexsuda
racinaires riches en sucres, acides aminZs, protZines et mZtabolitefosecomd&iie important dans le
recrutment des membres du miceatsicinaire. La qualitZ et la quantitZ de ces exsudats racinaires sont
fortement influencZes par |Ogkpateyssiologie mais Zgalement le stade de dZveloppement de la plante h™
(Badri & Vivanco, 2009). Les arbres sont des plantes pZrennes et ligneuses " longue durZe de vie avec ur
de gestion des ZIZments nutritifs diffZrent par rapport auxbpledtssehennuelles cordnadidopsis

thalianau les plantaete grandes cultu&rayston et al., 1996ehls et al., 2008). De plus, les arbres sont
capables de sOassocier ~ des champignons ectomycorrhiziens, tres abondants dans lesralssies forsts bc
et tempZrZes (Baldrian, 2017) et " divers champignons saprotrophes et endophytes dont le r™le reste e
Zlucider ainguOtliverses communautZs bactZriennes (Liao et:al.e2@i@n et al., 2019). La prZsence

de champignons mycorhiziffesta Zgalement la composition des communautZs bactZriennes (Garbaye et a
1994 FreyKlett et al., 2007).

LOZtablissement du miera@sibtin processus dynamique dans lequel les communautZs microbiennes issue
essentiellemethh sol colonisent progressivement le systeme racinaire de IOh™te. Des travaux ont ZtZ rZalis
la compartimentation des communautZs microbiennes duhéphsghete et des racines elupler et

dOautres arbres afin de comprendre les mZdansdieesion et de mise en place des communautZs de
micreorganismes (Gottel et al., 2@hbkya et al., 2Q13regger et al., 20180z et al., 2010roz et al.,

2016). DOautres Ztudes se sont uniquement concentrZes sur une seule esptcdaleHzantigieon et

ont uniquement ZtZ fondZes sur IQinoculation microbienne en laboratoire (Lilledaitorals, &0413

2018 Bueno de Mesquita et al.,, 2018; Mesanza et hIQQG@tudela dynamiqude colonisation
directemetiiZe au dZveloppement racinaire des arbres dans le solfZsencipatie mianganismes, est

nZcessaire pour aider ~ comprendre les interactions complexesntsésemesobiote et la plante h™te.



II. Objectifs

Dans ce context@objectif de cette Ztude est donc de mettre en ZvidenceekZtdjfédmta
colonisation des racimks peupliepar les micarganismes du sol. Plus prZcisZment, deux questions
principales se posent
.I' Quelle est la dynamique de colonisatiacides de peuplier par les communautZs bactZriennes
et fongiques du 8ol

.l Cette colonisation-el¢ simultanZe ou succeSsive

ll. DZmarche expZrimentale

Afin de rZpondre "~ notre questionnement, nous avons transpitiopladise peupliersultivZsen

conditions axZniques dans du sol naturel de peupleraie. Huit prZlsvements racinaires aptZtZ, effectuZ
4,7, 15, 21, 30 et 50 jours de croissance en soadititiZes. Les Zchantillons de racines ainsi prZlevZs
nous ont permis ddi&tua colonisation fongique et microbienne, dOune part, par sZqueneage MiSeq haut ¢
des amplicons 16S et ITS, et, dOautre padrgpagepuis visualisation des hyphes fongiques par

microscopie confocale.

Les rZsultats de cette ZtudedZerits sous la forme dOun article scientifique actuellement en prZparation.

Les tableaux supplZmentaires samitlisp en AnneXafexe tle la page 1~ la page 8
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Abstract

A wide diversity of microorganisms belonging to various trophic guilds (i.e mutualists, endophytes, saproj
colonize roots of trees in natural condiiessil offers the main reservoir of microorganisms from which roots
are colonized and selecspecific microbial communitiesotitaibute to threee nutrition, development and
protection against stresfasis well known that the formation of the root microbiome is a dynamic process, lit
is known on how different types of micromsganitmize the root system and how the selection occurs. We
hypothesized that the final composition of the microbiome is the product of several waves of colonizat
different guilds of microorganisnsstthis hypothesjswe planted sterile roatattings of Grey Poplar
obtained from plantlets propageted in axenic conditions in natural soil taken from a poplar stand. We an
the root microbiome at different time qetimeen 2 arsD days of culture by combining high throughput
lllumina MiSegquencing of fungal rDNA ITS and bacterial 16S rRNA amplicons with Confocal Laser Scan
Microscope observations.

We observed that the colonization dynaRopubisroots was different between bacterial and fungal
communitieFhe rhizosphere eff@ets visible as early as two days after plantation for bacteria; roots were
colonized very quickly and massively by membBuwkiidlaeriacetmmily. By contrast, if fungi were also
already colonizing the roots after 2 days, the initial communities were very close to the one of the soil an
dominated by saprotrophs and endophytes. Those were slowly replaced by both arbuscuiaaland ectomyc
fungi . fie replacement of the most abundant fungal guilds and bactegaheoniesbigerved over the

time of our monitoring of the tree root colonization could suggest potential competition effect between mi

communitiendbraseledbn by the host tree.

Keywordsmicrobial communities, root colonization, metabarcoding, Pigrolscsopy,



Introduction

Plants have been recognized as metaorganisms psgsefamjcrobiome&lant microbiomean be
compartimentalised regarding the different plant organs (e.g. leaves, raptamici®bidene determinant

of plant health and productivity (Turner et al., 2013; Llado et al., 2017). Associated microorganisms, esf
bacteria and fungdargo different types of relatienstiipthe host planefides et al., 2013; Hacquard &
Schadt, 2015). The +#matrobial interactions can be beneficial such as with mycorrhizalbgymbiont
promoting plant nutrition and resistance against blitti@sttessas, detrimentslich as with pathogen
(Raaijmakers et al., 2009; Meeak2017; Naylor & ColesDarr, 2018

The root microbiome is characterized by its composition and its structure. The composition corresponds
identity of ierobial members of the community while the #rtltuproduct of the combinatitire of
composition of the microbial community and the abundance of individual members. Composition and struc
root microbiomes are highly dynamic and are sladgpetic factors such as soil properties and climate, and
by biotic factors such as the host genotype, root exudates and atgnnetawsides (Berg@alla,

2009; Mendes et al., 2013).

The root microbiomeniginlyrecruited from the microtémhmuriés present in the bulk soil which is
considered as the main reservoir of microorganisms for plant root microbiome composition (Lareen et al.,
Roots provide different habitats for microorganisms that can be divided in three main tbempartement
rhizosphere, the soil area directly under the influence of atahiheoizoplane (i.e. the surface of the

rooty aremainlycolonized by subsef microorganisms originating from the bwikilsoihe endosphere,

i.e. the inner tissudghe rootss colonized Hyotha subset of these rhizospheric comnamigesiophytic
microorganisne®ming from other plant tisslies rhizosphere is enriched in compounds that are naturally
produced by plant roots and attract microorgdmitensidates include sugars, amino acids, proteins and
secondary metabolites and form a substantial source of nutrients for the niRaddr§avirgamco, 2009

Huanget al, 2014 Sasse et al. 2018he quality awogdantity of root exudates is strongly influenced by the
species and the physiology of the host plant but also by plant developfBadta®gieaeso, 2009).

Trees are lodiged woody perennial plants with a different way of managemerniemtf aiecatitm
compared to herbaceous and annual plant spedealsdopsis thaliamacrop plants (Grayston et al.,

1996; Nehls et al., 2008). Tree root microbiome is also composed of a plethora of microorganisms with pu
different functioralpacity compared to herbaceous plants. Indeed, tree root are colonized by ectomycorrh
(EcM) fungi in temperate and boreal forest ecosystem (Baldrian et al., 2017) but also by endophyte:
saprotrophic fungi even though their role still remain@ etbsiven et al., 2019; Liao et al., 2019). The
presence of mycorrhizal fungi also affect the composition of the bacterial part of the microbiome by offe

different habitat than nacked roots to bacteria named the mycorhizédpttesed2R87, Marupakula et



al. 201} Some rhizobacteria found inrtigespheraave been shown to improve mycorrhizal formation

(mycorrhizal helper bacteria; Garbaye et al., 1994).

The establishment of the root microbiome is a dynamic process eviméceobisdaidmmunities originating

from the surrounding soil progressively colonise root systems under both the selection by the plant ar
microorganisms communRies/ious warlon root colonization Hasen carried out on trees to understand

the mechanisméthesstablishment of the tree root micrabidofdree root selectibapeyrie et al., 1985;

Chilvers et al., 1987; Lodge et al., 1989; Lilleskov et al., 28035 Moot 2018). Fetance, aspen root
colonization by the plant growth promoting Paetediamonasdicated that the spatial and temporal
patterns of colonization of roots was different between the four strains of bacteria and was correlated w
ability of bactetia form biofilm (Nofesbs et al., 2018). In pine roots, comparison of the dynamic of root
colonization of two EcM fungi revealed different stitetegflity dRhizopogoto colonize roots rapidly

from spores and its important early abundatrastednsith later root colonization and the slow increase in
abundance dbmentell@Lilleskov et al., 2003). The work of Lapeyrie et al. (1985) and Chilvers et al. (1987)
EcM and AM colonisation dynamic in eucalyptus roots showed a succssioamabfepM by EcM.
Similarly, Lodge et al. (1989) showed negative associations among EcM and AM fungi leading to a deple
AM and an increase in EcM in lateral roots in poplar. Nevertheless, these studies wereifdewsed on one
bacterial or fungal species using microbial inoculation and did not look at the overall dynami¢ of the micro
including endophytes and saprop¥igtepioneering studies on ectomycorrhizal and bacterial communities of
the roots of Pines indicate that the fbiomierds likely subject to a complex dynamic during the colonization
process (Marupakula et al. 20d&hypothesized that fungal and bacterial communities originating from the

natural soil colonized host roots with a successional turnover

Investigatine succession of microbial communities colonizing the root system of young trees directly linke
the root development in natural soil, is needed to help the understanding of the complex interactions oct
between microbiota and host planesthis hypothesiwe assesslthe dynamic of tree roots colonization

by fungal and bacterial communities during the first 50 days of conmtantdretvertis and soil microbial
communities. We used the grey pepfarus tremula x adsaa woodgnd perennial model organism.
Populugoot microbiome interactions and regulation have been studied in several genotypes (Shakya e
2013; Beckers et al., 2017; Cregger et al., 2018, Liao et al., 2019; Veach et al., 2019). Poplar trees ha
specitity to host different types of mycorhizdédtorgycorrhizal (EcM) and arbuscular mycorhizal (AM)
fungi) fungal endophy{&arlinski et al., 2010) and bacterial comrfimitipard &chadt, 2015; Timm et

al., 2018). Last but not least, poplar is an important species in the Northern hemisphere forestry with 80
hectares of trees in the world (FAO, 2004). In France, poplar culturedteptéserarzfial broad leaves
treesyields and french industries should have difficulties in supply in 2023 (source CODIFAB).
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Chapitre 1I: Dynamique de colonisation des racines du peuplier par les communautZs de

micro-organismes
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We characterized root colonization by fungal and bacterial conitopnitigseafula x albeuttings
cultivated in axenic conditions and transferred in natural soil tBkenltrprardation using 16S and ITS

rRNA gentargeted Illumina MiSegusaicing and Confocal Laser Scanning Microscopy (CLSM).

Material & Methods

Biological material and sample preparation

Populustremula x alb@NRA clone 711B4) vitroplants were cultivated on Musharige & Skood (MS)
supplemented with IBA (Znillrring one week before transfering them on MS for two weeks at 24 iC in
growth chamber (photoperiodicity of 16h, light intensity of-450 untiblomt systems weateveloped as

described in Felten et al (2008 was collected from apea®ld poplar stand planted Rithulus
trichocarpadeltoideand located in Champenoux, France (48 510 4600 N/2; 170 1500 E). The first soil h
15 cm) was collected after pruning of brambles and adventitious plants and litter remblhahwstbila ratl

was maintained at room temperature and homogenised through sifting at 2mm and fixed at 75% of humidi
soil was sampled in triplicate and stet@gCatintil DNA extraction.

Rooted vitroplants were selected to be homogeneousfithtsizasof the aerial part and the root system.
Selected vitroplants were transplanted in natural soil in transparent plastic pots with a filtered cover allowi
exchange and a dark area at the ground level to prevent algae developmermtltiatds Wwegeowth
chamber (photoperiodicity of 16h, light intensity of 13@Junkbmmdity in pots was maintained at 75%
during all the experiment by regular wattering. Vitroplants were harvested after 0, 2, 4, 7, 10, 15, 21, 30 i
days of mwth Figurel5). At the beginning of the experimeuo{tim€0) and at each time point, the root
system (corresponding to the endosphere) of five plants were harvested, rinsed in sterile water, scani
check root growth (WinRHIZO softw2089¢, Regent Instrumentals, QuZbec, Canada), freezed in liquid
nitrogen and stored-20;C until DNA extraction. Two additional plants were harvested and roots fixed in
solution containing 3 volumes of 1X phéwffeatel saline (PBS : 0,13 M Na®¥ Ra2HPO4, 3 mM

NaHPQ, pH 7,2) for 1 volume of 3%fparaldehyde (PFA) overnight at 4;C. At T30 and T50 time point, the
root system was sufficiently developed to be splited in two equal part to performed these two technical ap

on all plants.

Monitoring of vitroplant growth and EcM root colonization monitoring

Total area of root systems were measured for each vitroplant collected at the different time points on
images using ImageJ (Schneider et al., 2012) before freezing indiquidFAtridgetion. Mycorhization rate

of each vitroplants was quantified as previously described (LabbZ et al., 2011). Briefly, each root systel
rinsed with tap water and analyzed under a dissecting microscope. For each root system, H)O short root

randomly examined and assessed as mycorrhizalyoombiza.
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Confocal laser scanning microscopy

Staining of root systems and fungi were adapiésttieligt al, (2005protocol. In briéked root systems

were washed 3 times in one volume of 1X PBS and a last wash in 1 volume PBS / 1 volume of 90% e
before clearing them during 2h at 90;C in 20% KOH. After 3 washes in distilled water, samples were inct
overnight in 1X PBS cairigi10 g.mi1 WGAAlexa fluor 488, a specific marker of the chitine based fungi cell
wall. Then, root systems were washed in 1X PBS and incubated for 15 min in 1X PBgrokhtaining 10
propidium iodide, a marker of the root cell wall before 3 wash in 1X PBS. Samples were mounted betwee
and cover slip with a drop of SlowFade solution (Life Technologies) containing the DNA staining DAPI. /
samples were observed with a ZEISS LSM 780 (ZEISS International) confocal laser spanning micro:
(CLSM). WGAF488 was excitading 488 nm excitation wavelenght and detectésl@tnbB®Qvhereas

561 nm excitation wavelenght and detectio&l B&0were used regarding propidium iodide. Maximum

intensity projections were performed usiny gudtdé@re witkstack of 30 to 5en.

Optic Microscopy

Blue staining of fungal stuctures was adaptédrfieiiigt al, (2005and Walker (2005). Cleared weots

incubated at 90;C in KOH 10% during 20 min. After few washes in distilled water, root systems were inct
for 10 min in 0,1 N HCL at room temperature. We removed HCL without washing and we incubated th
systems during 30 min at 90;C ineakcidKi (5% Waterman ink, 20% lactic acid, 75% water). Finally, roots
were washed in distilled water before being mounted between slide and cover slip with a drop of glycerol 2

observation under the OLYMPUS BX41 optic microscope.

DNA extractionllumina Miseq amplicon sequencing and quantification of microorganisms on roots
Approximatively 250 mg of bulk soil samples was used for each individual soil DNA extraction. Soil DN
extracted using the DNeasyPowerSoil Kit following the prdcby ghevimanufacturer (Quiagen, Venlo,

the Netherlands). For root systems, fifty mg of root tissue were crushed in liquid nitrogen with mortar and
DNA was extracted using the DNAeasy Powerplant Kit (Quiagen, Venlo, the Netherlamlsyersll extractio
guantified on a Nanodrop 1000 spectrophotometer (Nanodrop Products, Wilmington, DE, USA).

A twestep PCR approach was performed in this study to barcode tag templates with frameshifting nucle
primers. Forward and reverse primer mixturasedeiee maximize phylogenetic coverage of bacteria and
fungi. Primer mixtures for tagging bacterial amplicons were composed of 4 forwards and 2 reverses 51¢
806R primers screening the 16S rRNA V4 gene region in equal congeévifriemmgé@kter et al.,

2020). Primer mixtures for tagging fungal amplicons were composed of 6 forward and Bit&&#tse for ITS1
rRNA region at equal concentratigtM0OMangedteter et al., 20200 inhibit plant material amplification, a
mixture of pegdi nucleotide acid (PNA) blockers targeted plant mitochondrial and chloroplast 16S rRNA ge
and plant 5.8S nuclear rRNA gene were added in PCR reaction miketdiVetraje202®olymerase

chain reaction (PCR) were performed for threesrepkaatesamp(2' | isolated DNA at about 10Ing/

using 2.5x Phusion flash high fidelity master mix (ThermoScientifioj feitvdréd and reverse primer mix,
! '‘&!



0.75" 1 of PNA probe and 8l%f 0.2 filtered UV treated DNA free water (CaHAr&uid) in a total

reaction volume of'3@er sampl&hermal cycler conditions for the primary PCRs for bacterial amplification ir
soil and root samples were 30 cycles of 98jC for 5s, 78;C for 10s, 52;C for 20s and 72;C for 15s. Primary
conditiorof fungal amplification in soil and root samples were 30 cycles of 98;C for 5s, 78;C for 10s, 55;C
20s and 72jC for 18R products without addition of microbial DNA (negative control), mock communities
known fungal or bacterial compositionaddedeas quality controls. Samples' b{3ED ng DNA pél)

were sent for tagging and MiSeq lllumina Next Generation Sequencing (GEEBdja@ecihiRglatform,

Toulouse, France).

Sequence processing

Bacterial sequences were further processed with FROGS (Find Rapidly OTU with Galaxy Solution; Escudi.
2018) based on the Galaxy analysis platform (Afgan et al., 2016). Sequences were demultiplexed, derepl
sequence quality was checked, wiigotides, linker, pads and barcodes were removed from sequences.
Sequences were removed from data set, if theypareoded, exhibited ambiguous bases or did not match
expectations in amplicon size. Remaining sequences were clustered intaxoperai@naits (OTUs)

based on the iterative Swarm algorithm, then chimeras and OTU containing only one, two, three or fot
sequences were removed. Bacterial double affiliation was performed by blasting OTUs against SILVA da
(Quast et al., 2Qkhd the ribosomal database project (RDP) classifier (Wang et al., 2007). OTUs with affilia
<100% at the phylum level (indicated by a RDP bootstrap value <1) and corresponding to chloropla:
mitochondria were removed from the data set. OTdéJstatolommic ranks than the phylum level were
considered as OunidentifiedO below when the RDP bootstrap value was < 0.70. OTUs with high abund
negative controls were excluded from further analysis. Sequencing, and affiliation qualiffedas also eva
based on the results obtained for the bacterial mock community.

After demultiplexing and quality checking (QC quality score = 30, minimal size = 200 bp), bioinformatics ar
were performed using standard procedures as describézgui&detzl. (2017).

For both fungal and bacterial dataamete rarefaction curves were produced to assess sampling
completeness, using functieturve(h package Vegan vB.@ksanen et al., 20h5R (version 3.4.R

Core Team, 2Q1Reads assigd to AM fungi were extracted from the data set before the rarefaction due t
the very small number of regadaples with insufficient number of sequences according to rarefaction curve:
were removed. Based on these, subsequent analyses of do@mrsityrindstructure were performed on
datasets where samples had been rarefied with the(Miolosdigz and Holmes, 20d&age to achieve

equal read humbacording to the minimum number of total reads in any sample (4,964 reads for fungi €
21,142 reads for bacteki@robial community composition and structure in bulk soil and roots data were furtr
analysed by using Phyloseq package (McMurdie and Holmes, 2013).

FUNGuild (Nguyen et al., 2016) was used to classify each fungal OTU into an ecologicaifigailth OTUs iden

a guild with a confidence ranking to Ohighly probableO or OprobableO were conserved in our analysis
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those ranking to OprobableO or with multiple assignation were called OunclassifiedO.

Statistical analysis

Statistical analyses and agigesentations were performed using R software (R Core TEang&Gi6).

bacterial community structure was determined using permutational multivariate analysis of vari
(PERMANOVA) based on-Buatjs dissimilarity matrices and compositiwaate#ffwere visualized using

a nometric dimensional scaling (NMDS) ordination. Analysis of similarities (PERMANOVA) was perform
test statistically whether there is a significant difference between fungal and bacterial communities detet
each ampling time. After checking normality of the data distribution-Wiik Sfspieway ANOVA test

followed by a Tukey st test were used to detect significant difference in the relative abundance of domin:
fungal and bacterial phyla, oashekgenera of the soil and across root systems collected at the different time
points. This procedure was also used to compare relative abundance of fungal guild and mycorrhizatio

between root samples.

Results

Microbial sequencing

MiSecsequencing of ITS and 16S rDNA amplicons were performed on soil and rootbdbM#esaniples

and T50. After quality filtering and chimera and singleton removal, a total of 450,000 fungal#®ads (10,714
reads per sample) and 1,740,000 bacteisg4€eal0t 3962 reads per sample) were kept for further
analyses. After taxonomic assignment, elimination of contaminants and completion of rarefactions, 227
OTUs(59+ 5 OTUs per sample) and 8,572 bacterig(1(9A8s 121 OTUs per sample) were detected
(Figurel®).

Plantlet development andnaposition of soil microbiome

In order to investigate the temporal colonisation dipogrmlicsobts by fungal and bacterial communities,
axenic cuttings of poplar were propagated in vitro to obtain rooted plantlettd Plaotietekgth a single

main root of about 2 cm was then planted in pots containing natural soil. Monitettngfdhéheogto

system indicated a slow development of the roots during the first 15 days followed by an acceleration
growth in the next weékgure 14). First short roots and ectomycorrhizae (ECM) were observed at 10 and 1¢
days, respectivelihe rate of ectomycorrhization regularly increased to reach 37 % at 50 days post plantai
and nearly doubled between T15 ariiguse (D).
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Fungal and bacterial colonization of the roots were tracked using two complementary methods: 16S ar
rRNA gentargeted lllumina MiSeq sequencing and confocal microscopy. We first validated the axenic stat
the invitro plants: no amplification of ITS and 16S rDNA genes were obtained from samples of roots co
before vitroplants were transfered in natural soil. These results are in accordance with CLSM observ
concerning fungal colonisation asgal Structure could be visualisedRagdi@18).By contrast, soil was

heavily colonized by complex bacterial and fungal coatmmQngie&xpected from a previous study on soil
taken from the same poplar plantdémgydaPeter et al2020): a total of 4,028 bacterial and 165 fungal
OTUs were detected in theT$wilsoil inoculum was dominated by nine bacterial (> 1 % in relative abundance
andsix fungal phyla. Proteobad@sid+ 0.4 %), Acidobactgfia.9+ 0.1 %) and Verrucomier(2.6+

1.2 %) dominated the bacterial community while Basi@ibdréychtn %), Zygomyc(24.4+ 1.3 %) and
Ascomycot@0.1+ 2.3 %) dominated the fungal soil comiralrigyS1, Table SEight bacterial genera

(1 % in relative abundance) and 11 fungal genera were detected in bulk soil collected at TO. OTUs
Candidatus Udaeobaletagely dominated the soil bacterial community as they represented 17 % of the reads
averageT@able S Members of a few geatsa dominated the soil fungal comi@ahaginéEcM19.1+

0.8 %) Umbelopsiésaprophytel,2.3+ 0.8 %)Mortierelldsaprophytel 2.0+ 1.1 %) an@ryptococcus
(saprophyt&.3+ 0.8 %) were the most abundant fungal genera detect&dbie )il This initial soil

fungal community was made of a mix of EcBAfangs.0 %), saprotrophic fub@i7¢ 1.8 %), fungal
endophyted 8.0+ 1.2 %) and AM fungi (0,3 %; 14 QU &8

Structure and composition of bacterial communities assddi@E?opulusroots alongsamplingime

Bacterial colonizationPopulugoots was observed after two days of growth (T2). At the OTU level, the
structure of bacterial communities significantly shifted between roots samples collected from T2 to T50 (ex
root samples collected at T21) and bulk soil samples colldBERBANOVA, P<OR§ure 19). In

addition, significant shifts in the structure of bacterial communities were also observed between roots sz
collected from T2 to T&lthough close time points not statistically differentT4e.§ 1B21E,
PERVANOVA test, P<Oloigure 1%).

The number of bacterial OTUs detected in roots tended to increase after 21 days of growth in soil and
doubled between T2 and Tabl€2). Similarly, diversity slowly increased over time as indicated by Shannon
index valueg able2).

A detailed analysis of bacterial community compositions across the different sampling times revealed ar
selection of bacterial communities by the RapslSommunity composition of the roots differed greatly from
that of the soil as early as two days after planting. Proteobacteria, andBy&haldEnibceae
(Burkholderia, Duganella, Mas3il@iavidymassively colonized the roots, rga88%nof the reads at that

time poinE{gure 1%, 0.
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Figure19- Structure and composition of bacterial communities colonizing Populus roots across time.
Nonmetric multidimensional scaling (NMDS) ordinations of bacterial OTU across compartments (soil and
and sampling times (from T2 to HBAJues of variances explanation based on permutational multivariate
analysis using Euclidean dissimiteitix for bacterial communitiealuBs < 0.05 appear in green) (a).
Distribution of most abundant bacterial phyla (>2 % in relative abundance in at least one sampling time) d
in bulk soil andRopulusoots at each sampling (b). Distributitostbabundant bacterial genera (>1 % in
relative abundance) detected in bulk soPapdliusoots at each sampling time (c).
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By contrast, Acidobacteria and Verrucomicrobia were strorggiectathteympared to the bulk soil at T2.
Then, theomposition of the root bacterial communities clearly evolved over time from T2 to T50. While
dominant, the proportion of Proteobacteria significantly decreeedt ff@tor&ach @bat T30Hgure

19 b, Table SLANOVA, p<0.05). Proteohaot@mre slowly replaced by members of the Verrucomicrobia,
Acidobacteria, Bacteroidetes and Chloroflexi. By contrast, proportion of Actinobacteria and Planctomycete:
roots remained stable all along the time of the analysis. Different types ofdveltdetected at the genus

level: some bacterial genera, mainly belongirBut&hibleleriacefamily strongly decreased in proportion
along time. For instance, OTUs Blitkbolder@aballeronfdaraburkholdegenus decreased from 36 %

at T2to 1.2 % at T50. By contrast, OTUs belongin@hdgirtbphagar Sphingomonasnded to pick

between T10 and T15 and then decreased until T50. A third type of RHddcfecaRisizobactar
Bradyrhizobiureached their maximum relative abanalai&0ln additiorQTUs belonging lacterial
gener&Clostridium sensu strigtby&llaand an unidentified genidethylophilaceaere notletected in

the bulkoilbut were fourad different colonisation time of the experiment. CésstsidistmictoghdDyella

relative abundance increased dtabde(S)Land fluctuated until the end of the expermiment wherease the
unidentified genusMdthylophilaceams the most abundant between T15 ad@di21SHL Finally, some

genera strongharied in abundance between root systems collected at the same time Cetimmstaace,
massively colonized some root systems between T7 andincdfp tea2h % of the reads in some roots

while being almost absent from othe edués)L

Structure and composition of fungal communities associafabtdusroots

Like bacteria, we detected the presence of Ramgilesoots after two days of growth in soil (T2) by lllumina
Miseq sequencing of ITS amplicons. At the OTU level, the structure of fungal communities significantly
between roots samples collected from T2 to T50 (except for root samples aulapeatd Bulk soil

samples collected at TO (PERMANOVA, Pigli@52®). In addition, significant shifts in the structure of
fungal communities were also observed between roots samples collected fedtholighal®S6 time

points not staicstlly differe(PERMANOVA test, P<(Rfure 2@).

The number of fungal Oiftkeased untib days of growth in naturahsoildecreased until 50 Babkle

3). Diversity was stable between T2 and T10 and slowly tended to decreasecever lithartte®™s0 as
indicated by Shannon index valabkeg).

A detailed analysis of fungal community composition across the different sampling times revealed a
selection of fungal communities coldtgualysoots than for bacterial communities. As for bacteria, we
observed a high variability in fungal colonization of the rootPsymtkrs. dhis observati@as made
especiallfor the most abundant fungal genera in roots collected. However,inguishuttrdiststages

root colonization: an early from T2 to T4, an intermediate from T7 to T15 and a late stage from T21 t
(Figure 20b). The earlyfungal community was dominated by few saprotrophic fungi such as the yeas
Umbelopsiand Cryptocoers and the filamentous saprotrophe/endbfuintigrelléhat all together made
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more than 50 % at T2 and 38 % at T4 of th&akedSE Reads corresponding to EcM fungi were already
detectedt this stage but wirdow abundance compared to thereap®onesnd corresponded to 6 % of

the reads at T2 and 4 % of the reads at T4 (for 9 genera detietead@duéefirst Glomeromyaetads
(Claroideoglomus) sffiter 4 days, even though their relativéaace remained very lowl (%0data not

shown). The rhizosphere effect was also visible at this stage with a significant number of difference betwe
and root composition. Indeed]id not detect the fungal gAmeytostereyrdaedaleopseadGeoporan

the bulk soil, atigh these genera were faurle rootA shift in the fungal community composition was
observed at T7 with the significant increase of the relative abundance of someThel¢pghngideasp
andHydnotryarable Spthat all together made more than 19 % of the reads in TTaaen@BsIr{

addition, we observed that the relative abundance of saprotrophes and endophytes remained stable (37 %

readsTable Spcompared to the early stage of root colonization.

The relative abundance of i also increased from T7 (< %) toT10 (around 0.%).
Archaeosporales, dphizophagus irregulaaisd Glomeromycota_sygere present in a similar relative
abundance at T7 wRildrregulardominated at T10 (data not shown). At T10 and T15, the relative abundance
of EcM fungi belinmgytoThelephoracedecreased while the relative abundance of EaMHeBgfacina,

Hebeloma ar@eoporajenerancreased compared to T7 saniabte (SR The total reads of EcM fungi
reached 3 % at T10 and 10 % at T15 while the relative abundance of saprotrophes and endophytes reac
% at T10 and TImble SBParaglomus laccatwars the onlyTU belonging to the Glomeromycota detected

in very lowbundance in root samples(s @) at T15 (data not shawimdlly, the relative abundance of
Zygomycota decreased while the relative abundance of Basidiomycota increased in roots collected at T2
and T50T@ble SR The relative abundance of the fungal enddontéeslland the saprotrophic fungi
Umbelopsisignificantly decreased at T21 and T30 and almost disappeared in roots collected at T50 while
relative abundance of the EcM Setgicinaand the EcMungi belonged Tdhelephoraceasgnificantly

increased at T30 and T50 compared to the other sampliguter2®,(Table SR In accordance with

these observations, EcM fungi were significantly more abundant in roots collected at edhthestage (52
reads at T50able S3yvhile endophytes and saprotrophes were significantly more abundant during the ea
and the intermediate stages of coloniEgtioa 2&). From T21 to T30, we detected in very low abundance,
two OTUselongingo the ®meromycot@Paraglomus laccatand Archaeosporales) dgeforethey

vanishedt T50 (data not shown).
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Figure 2@®Structure and composition of fungal communities colonizing Populus roots acradssiime.

metric multidimensional scaling (NMDS) ordinations of fungal OTU across compartments (soil and root
sampling times (from TO to PA@)Jues of variances explanation based on permutational multivariate analysit
using Euclidean dissimilaritsixviat fungal communitiegalies < 0.05 appear in green (a). Distribution of
most abundant fungal genera (> 4 % in relative abundance in at least one sampling time) detected in bt
and irPopulusoots at each sampling time grouped accohdirggaget of colonization: early, intermediate or

late (b). Greyellow and rdxbxeshighlighsaprotrophiendophytes and ectomycorrhiza|l fesygectively

(b). Relative abundances of saprotrophic fungi (grey), fungal endophytes (yellowhiaat faoginngtr
detected iRopulusoots at each sampling time (c). Each given value is the atebagplofades-+3E.

The dotted curves represent the exponential trend curves for each trophic. Letters denote significant diffi
between &h sampling time (@vey ANOVA, factor=sampling time, P<0.05).
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Table2 bDiversity of the bacterial community detected in roots acrosNtiméer of bacterial OTUs and
Shannon indexes calculated for each root samples collected at the different sampling time from T2 to T5C
given value is the average value of 4 or 5 replis&teRifférent letters denote significant differereae betwe

each sampling time from T2 to TSVEYMENOVA, factor=sampling time, P<0.05).

Sampling time | Number of bacterial OTUs Shannon index
T2 1019.3 + 147.1 abc 35+04a
T4 828.4 +£ 108.8 b 3.7+02a
T7 970.0 £ 120.0 abc 3.9+0.2ab
T10 906.2 + 93.4 ab 35+03a
T15 963.2 + 108.5 abc 4.3+ 0.2 abc
T21 1477.8 + 116.1 acd 4.4 + 0.4 abc
T30 1507.4 + 207.0 cd 4.9+ 0.2 bc
T50 1738.5+52.8d 53+0.1c

Table3 B Diversity of the fungal community detected in roots acrossNium#er of fungal OTUs and
Shannon indexes calculated for each root samples collediféelenttsampling time from T2 to T50. Each
given value is the average value of 4 or 5 replis&teRifférent letters denote significant difference between

each sampling time from T2 to TSVEYENOVA, factor=sampling time, P<0.05).

Sampling time | Number of bacterial OTUs Shannon index
T2 43.0+£ 6.1 ab 2.1+0.2ab
T4 42.8 + 4.3 abc 2.1+0.2 ab
T7 65.8 + 9.6 bc 24+0.3Db
T10 53.0 £ 4.3 abc 21+0.3ab
T15 73.0+49c 26+0.1b
T21 68.0 + 7.6 bc 2.3+ 0.2 ab
T30 322+21a 14+0.2a
T50 324+51a 14+03a
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Monitoringof fungal colonization Populusroots by CLSM

MiSeq resultsdudt global information about the structure and composition of microbial communities withe
knowledge abdukirspatial distribution. In ordeedpeth our understanding of the dynamic process of root
colonisation, samples vaéseobservedy CLSM.

The first fungal presence was detected by CLSM between 2 and 4 déigurec2ifréVe observed

spores and extracellular hyphae colomisogdie of root system mainly from th{Eigpex2b). These
colonisations were very heterogeneous from one sample to the other with some root apexes fully surroun
fungal mycelia while other were only presenting fe(Figyph&4&c). The fagal extracellular hyphae were

septed with a diameter ungien and we observed a very low diversity of morphologies. During this time lap
we identified by light microscopy, as being melanised septed hyphae not stalegd thyoWw4sS8, the

early pesence of dark septate endophytes (DSE) after drdagiKFifure22). Their hyphae were either
extracellular or intercelllar,it was diffictdt assess if they were located in the intracellular or apoplastic
regionWe detected an increasathithe of fungal morphologies by CLSM after 7 days of culture, in both the
intercellular and intracellular root compartments. Fungal hyphae either developed between root cells, prop:
in the apoplastic compartments particularly around epideranidiregthnimito root céligyre 23 &).

This apoplastic colonisation stayed heterogeneous along the root, and was dominantly present at the apex
the root elongation zone. After 10 days, we observed an increase of the eyp@@eabtimandlonisation.

Indeed, fungal hyphae were propagating from cell to cell by going throughalleandtvoeivere even

able to see the pressure of the hyphae on the (f&tjuval2d). Even though the global fungal diversity of
maphologies remained poor at this stage of development, we noted the presence of-ssgutedl and non
hyphae with diameters either inferior or supauoraodlve still observed the presence of AFRE 15

days of culture, we observed an impanteasénof fungal density and morphological diversity in the root
systems. We identified within the same root region the occurrence of distinct fungal morphologies wi
dominance of two major strudftigege 23). We detected the first dominanhohagy in the intracellular
compartment propagating from cell to cell and displayingeuna® mycorrhizalHilshapérigure 23).

Its hyphae diameter was inferioprtoaind developed going through the cell wall from the epidermic to the
centra cell forming a grid shaped network. The second dominant morphology was propagating in bott
intracellular and intercellular compartments, with hyphae diametaunclaser éghbitindh@hd glove-

likeE structurgBigure 2). When in the intellular compartment, this structure seemed to surround the root
cell. The development of lateral roots after 15 days of culture was correlated with the establishment of tl
distinct ectomycorrhizal structures (Figuko24EcM root tips alreadybited a mantle and a Hartig net
(Figure 24)however some EcM did not have a fully formed mantle and hyphadrigiloaiedteither from

the apical region or from the bottom of the main rodttsystensity of colonization and the oeofrenc
ectomycorrhizal structures were hetmegermong the different root systems. Nevertheless, many fungal

morphologies were present within the same region, both on lateral arfdgmas4ioots (



Figure 21- Early stage of the fungal colonization dyna@anfocal microscopy images of poplar roots
colonized by fungi after 4 days of d@j&rdracellular hyphae surrounding a root after 4 days (@) culture.
Hyphae accumulation at the apex of the root after 4 daydHypbakuos. root hairs after 4 days of culture
(c).Fungal structures appear in green throughléi&Rluor 488 staining while rostadslwere stained
with propidium iodide andappeed. Ap, Apex; V¢, Vascular cylinder; Hp, Hyphae; Rh, Root hair.
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Figure22 - Dark Septate Endophyte (DSE) colonizing poplar roots from 4 to 30 days of culture. Optic
confocal microscopy images of poplar roots colonize(hpyxiEdEal colonizatafrrootby DSE after 4

days of culturéb) Extracellular DSE hyphae surrounding an adventive root at 10 daygcpf culture.
Extracellular DSE hyphae after 21 days of culture. Arrow indicates thi@h@Eselwtar DSEphge
propagating in the apoplastic compartment after 21 days of culture. Arrow indicates (¢ DSE septe
Extracellular DSE hyphae surrounding an EcM forming on a lateral root after 30 days of culture. Arrow int
the DSE hyphai) Overlay of image) and thegreen track in order to visubhb#e melanized andn-

melarged fungal structuréknmelanizedufigal structures appear in green throughl®X&Aluor 488

staining. Ar, Adventive root; Hp, Hyphae; Lr; Lateral root; Rh, Root hair.
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From 21 to 50 days of growth, we observed via CLSM a global increase of the fungal diversity and density
the same root region with some roots systems being colonised from the apfetheortiagt t60 days,

even though it remained heterogeneous within the different root systems. We still observed DSE, both ii
intracellular and we detected two new abundant fungal morphologies that were sometimes located witr
same root region. Thedirsicture was developing in the intracellular compartment in both adventive and late
roots, displaying a globular shape with hyphae diametefl wfeffoguce 2%). The second morphology

was only present in lateral and mycorrhized roogphadtidiameter superiot ton and displaying a

Cmaze lik& structur€igure 2%). Its location between the inter/intra compartments, as well as its origin were
difficult to determine, but it is noteworthy that it was often associated and gelmedittonde
ectomycorrhizal structuFdgufe 295). In addition, we observed fungal structures developing between the
adventive and the lateral root forming a potentiEbEeV2%c). The apex of the lateral root was not
colonized by any fungaktsire suggesting that the EcM forming originatedefiistmpgréungal structures

on the adventive root. We also detected the presence of germinating spores with emerging hyphae coloniz
root cells (Figure 2k We observed an increase of Eabligsmnmentigure 25) and we assessed by
mycorrhizal counts under CLSM7b@bf lateral roots were forming ectomycorrhizal structures at the end of
the experiment, even if their presence was also variable depending on the Higotresystemg/¢

observed DSE until the end of the experiment at 50 days and we detected some of them in the same
where ectomycorrhization was takingridace2Q).

Regarding the lateral roots, we observed the successional replacganensailtikeE structures to the

benefit of thghand gloves likestructures and EcM. We did not observe this pattern in the main roots, wher

the Garbuscular liEemorphologies continued to develop amdmanihgl@ves likestructures.
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Figure23- Intermediate stage of the fungal colonization dyn®&voitfocal microscopy images of poplar

roots colonized by fungi after 7 to 15 days ofa)denrelopment of fungal hyphae in the apoplastic space of
cortical cells of poplar after 7 days of ¢h)timracellular hyphal penetration in root cell after 7 days of
culture. Arrows indicate the deformation of the root cell under the hypl@dl Quessimeg fungal
morphologie§4rbuscular lileand GloveHand lik&), within the same region after 15 days of culture.
Arrows indicate hyphal intracellular penétta@nbuscular lile morphology observed in poplar root after

15 days of culture. Fungal structures appear in green thrdugkaVFEAr 488 staining while root
memlane was stained with propidium iodide and appear in red. Ao, Apoplastic space; Hp, Hyphae; Rc, roc
V¢, Vascular cylinder
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Figure24- Intermediate stage of the fungal colonisation dynamic. Confocal microscopy images of poplar 1
colonised by fungi after 7 to 15 days of @)IEokl formation on a lateral root after 15 days oftgdulture.
Hartig net formation on EcM aftey4d ®fdeulturéc) Coexisting and abundant fungal morphologies within the
same root region after 15 days of growth. Orange arrow indiagbesciidi®E and white arrow
indicates theh@nd glovikeE fungal structures. Fungal structures iapgesen through W&éxa Fluor

488 staining while rootwalls were stained with propidium iodide and appear in red. Ar, Adventive root; A
Apex; Hn, Hartig net; Hp, Hyphae; Lr; Lateral root, Mt, Mantle; Rc, Root cell; V¢, Vascular cylinder
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Figure25 - Late stage fungal of the colonization dynamic. Confocal microscopy images of poplar roots
colonized by fungi after 21 to 50 days of @)urkeast three different morphologiesedstow within

the same root region after 21 daystwe. White arrow indicates ez € lik& structure, the blue arrow

shows the @obular liké and the orange arrow indicatdmi§ular liestructuréb) Mycorrhizal formation

with ceexisting fungal morphologies after 30 days of caligee a@ow indicates treb@sculdikeE

structure and the white arrow the presencenséiziedie fungal morphology, that seemed to be linked with
the @loveHand like morphology and the EcM forming sttapiyphal propagation at T3®éen the

adventive root to the lateral root forming a probable EcM. White arrow indicates a germinated spore al
orange arrow théaghd glove liEemorphologyl) EcM formation after 30 days of culture. Arrows indicate the
Cmaze lik& structuréat seems to originate the EcM. Fungal structures appear in green hlewmh WGA
Fluor 488 staining while roeivalidl were stained with propidium iodide and appear in red. Ar, Adventive roo
Ap, Apex; Hp, Hyphae; Lr, Lateral root; Mt, Martte;ded; Rh, Root hair



Discussion

The establishment of the plant root microbiome is a dynamic process involving complex communiti
microorganisms with distinct trophic mode and functions. These interactions, botmicetwesraptant
microbesicrobes lead to microbial speciesower along with the tree development. If studies of the
colonisation dynamic of roots by specific stains of bacteria or of single fungi have been performed in di
plant species, especially to develop biocontrol strategies (Bueno de MefjiitaNeir@ros et al.,

2018; Mesanza et al., 2019) , no study has been done so far to understand the colonisation dynamic of tre
by complex microbial communities, so far. Here, we developed a microcosm to grow axenic Poplar in natt
andto track the colonization of the root system by microorganisms. To do so, we used two compleme
methods, CLSM and metabarcoding in order to investigate how the bacterial and fungal colonisation occur
root system Bbpulus tremula x alipawrin natural soil. The transfer of plantlets from axenic conditions to the
microcosm did not induce visible stress to plants as they grew normally and developped short roots anc
symbiosis at same rates and timing than in other systems (Vays®i%g &b alddition, we observed a

rapid but dynamic colonisation of the root system by both fungi and bacteria. We were able to track
arbuscular and ectomycorrhizal fungi, suggesting that our microscom allowed a normal developmen
colonization dfet root systerio our knowledge, this is the first study investigating the primary steps of botl

bacterial and fungal colonization of axenic roots grown in a natural soil.

The dynamics of the rhizosphere effect was different between fungal and ¢autataities

Previous studies suggest that the root microbiome would be selected from the surrounding soil in a two
process in which rhizodeposition would fuel an initial selection followed by a fine tuning of the communities
rhizoplane andetendosphere by the plant (Bulgarelli et al. 2013). Our results are in accordance with this m
but they suggest that this selection would occur through a different timing and a different process for bacte
fungal communitidhe structure and the composition of both fungal and bacterial communities were alree
clearly different from the one of the soil two days after planting poplar plantlets, suggesting that a very
selection is operating on both bacterial and fungal communitied fomotivelig the roots. However, the
degree of selection and the pattern of evolution differed between bacterial and fungal communities. A m
shift of the bacterial community composition already took place at day 2 while the funghbaghmposition, al
significantly different from the bulk soil, was still quite close to the one of the soil, at this stage. A gr
replacement of fungal species associated to a reduction of the richness and the diversity led to the domin:
ECM species in tlets. By contrast, the bacterial richness and diversity increased over time and the chang:
the community composition was less pronounced as for fungi. Fungi and bacteria are already known tc
differently to abiotic factors such as edaphic eadditter chemistry (Uroz et al. 2016). Our results would
suggest that they also react differently to plant selection factors or that the plant would select the

communities through different processes. Such differencies may be explaieadebgfthrikike signals
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(e.g. flavonoids, nutrients, strigolactones) that would not be perceived by the same microorganisms (Bulgi
al. 2012, Martin et al. 2016).

Early fungal and bacterial communities are dominated by copiotrophs

Proteobacteriand particulaBurkholderiaceaminated the early root microbial community. This is in
accordance with previous studies on Poplar and other tree root microbiomes that showed a significant enri
of OTUs from Proteobacteria an@dnmbimolderiaroots of trees (Gottel et al. 2011, Shakya et al., 2013, Uroz
et al., 2010, Marupakula et al. 2016, Colin et &epdd3gntative members dBtinkholderiacetamily

have a high ability to develop on root exudates (Compant et al. 2008, Ba@3)erSatilarly, dominant

fungi at early time points weasts and filamentous saprotrophs/endophyted/sutibratithat are likely

able to quickly grow on root exudiééesbers of thdortierellgenus are commonly detected in soils of
forests and poplar plantation (Shakya et al., 2013; Bonito et al., 2014; Cregger et al., 2018). Althougt
ecological role is poorly understood, those fungi are charcterized by their rapid growtmgvhieh encouterni
media (Uehling et al. 201&ast are commonly found in both natural and agricultural soil (Mestre et al. 201.
Yurkov et al., 2018). Some of the most frequently detected soil yeast belor@ryptihegewmms have

already been isolatemhfPopulus trichocanmmeots (Gottel et al., 2011). Although their role remains largely
unknown, plant growth promotion by soil yeast has been reported in different crops including maize (Sar:
al., 2018), tomatoes, pepper and squash (Aziz K012} athis dominance of copiotrophs among both
fungal and bacterial communities at early time points advocates for an important role of root exudate
particularly primary metabolites in the selection of the early root microbiome. In #usdmgpotesigh

fungal colonisation of the roots occurred mainly at the tip of roots (Figure 19), in the area where most of
metabolites are exudated (Canarini et al. P2eli@)nary analyses permitted to detect several sugars
susceptible totmct microorganisms including mannitol, sucrose, glucose and arabinose, in root exudate:
axenicPopulus tremula x alfslta not shown). More unexpected is the very early detection reads
corresponding to ECM fungi in thelwogtime before shodts start to develSpmilar early colonisation of

roots by ECM fungi was fouimdvitreexperiments when inoculating eucalyptus roots with the ectomycorrhizal
fungiPisolithus tinctoriassdPaxillus involut(idoran et al., 1988) and betBe&augoendulandPaxillus
involutuéBrun et al., 1995). Indeed, both studies found evidence of hyphal attachment to the roots after two
of inoculation with an accumulation of hyphae at the Thesapsbservations challenges the current model

of themolecular dialog between ECM and roots leading to the establishment of the .HENhisymbiosis
model, the early molecular dialog between plant roots and ECM mycelium that lead to the formation of sho
and ECM colonization of the short roats tietyproduction by both partner of diffusible compounds that act
without physical contact between the root cells and the mycelium (Daguerre et al. 2016). Instead, our date
suggest that ECM fungi could colonize the main root before the $hortatiarisoind ectomycorrhizae.

Further microscopy analyses will be needed to confirm this hypothesis.
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The composition of bacterial communities colonRopulusroots slowly evolved after seven days of

root growth

We observed a significant shift $trtlcture and composition of the most dominant bacterial phyla and genere
detetected in roots across time. Althought a strong selection of the bacterial communities from the soil oc
early on, the composition evolved slowly after seven daypsoofzedmnc Marupakula et al. (2016) also
observed that the bacterial colonization of single ECM Rinu$isy/lekstrigas highly dynamic and that
bacterial community structure significantly differed depending on the sampling time. However, the time
chosen in this study was longer and main differences were visible between four and 24 weeks. This sugge
the baterial communities may not have reached equilibrium by 50 days and that they could have evolved n
we had continued to sample longer. We observed the decrease of the relative abundance of members
Burkholderiacedamily for the benefit of othelt known tree root colonizers su@radgrhizobium
Rhizobacter SphingomongMarupakula et al., 2016 ; Colin et al., 2017; Foulon et al., 2016; Bonito et al.
2019; Wang et al., 2019). Several phenomona could be involved in such evolotited obtheumities:
competition between microorganisms, slow growth of late comers, selection by -kiregdme®, cross
interactions with fungiE It is noteworthy the relatively high abundance Gobitadm&®mrsome roots at
intermediate timeimgs Figure21). The genuSollimonasegroups a number of mycophagous bacteria
(Leveau et al., 2010, Mela et al 2012). One could wonder if this increase is linked to specific interactior
fungi colonizing the roots. Further investigations adleddondetermine the mechanisms driving these

dynamics.

The dominance of fungal endophytes and saprotrophs vs EcM fungi was reversed inveoimhes

roots

The rhizosphere effect observed for fungal communities was not an isolated fellenteanidyveame

effect resulting in the successionnal replacement of fungal species within the root system over time
distinguishetthree stages of root colonization: early from T2 to T4, intermediate from T7 to T15 and late {
T21 to T50.

The rative abundance of endophytic and saprotrophic fungi tended to decrease over time, as mentionn
previous studies (Danielsen et al., 2012; Castano et al., 2019), in contrast to the relative abundance of Ec
which increased during the early eridteéhmediate stages of root coloniségiore{9). Both intra and
intercellular colonisations by fungal hyphae were detected, with an increase of the density and diversity of
morphologies from 7 to 15 days. We observed the dominarsecwaedceoof two major fungal
morphologies OO and OHand gliked both in the adventive and lateral roots. Despite CLSM
observations of AM morphologies within poplar root systems, their relative abundance was low in Misec
even if we detectedithncrease in roots collected after 10 days. However, these results must be confirmed
reaftime PCR quantification of AM fungi (Voriskova et al., 2017). Indeed, our results as well as those of

studies showed that MiSeqgthighghput sequendmaot optimal for obtaining quantitative information on
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AM fungi (Karlinski et al., 2010, Danielson et al., 2012, Bonito et al., 2014). We also detected by CLSM
structures of dark septate endophyte in the roots system collected duridatheittdatee stage of
colonizationThese observations are in accordance with the detBtimlocephal&Cadophorand
Leptodontidiuim poplar roots by amplicon sequencing. Berthelot et al, (2016) already isolated these DSE f
poplar grown on a mptdluted phytomanagement site and suggested their role in improving plant growth. .
reported Jumpponen & Trappe (1998), we ndiddbbftebservations that some DSE were often associated
with EcM. Furthermore, we detebtalbcephatandLeptodontidiuat the intermediate stage of colonisation
whereaf€adophoraas only present at the late stage according to amplicon seqeeeaithgdasaribed

by Thoen et a(2019), we also observed within a single ectomycorrhizal structure, a diverse range fun
morphologies and communifilesse concurrent and successional occupation by distinct fungi also highlight tk
dynamics of the root colonising fungal communities.

From 15 to 21 daysPopulugrowth, CLSM observations and root DNA metabarcoding suggest a shift in th
fungal composition, with the replacementliké@Andrphologies by the OHandikgiGveabrphologies in
lateraroots while Ofk¢O morphologies remained present on adveniités neels known successional
replacement of AM by EcM has been documented in different tree species such as eucalyptus (Lapeyrie
1985; Chilvers et al., 198¥%tano et al.09)and poplar (Lodge et al., 1988)ertheless, these studies

have been done on a long time scale, from 5 months to years, looking at the fungal colonisation dynai
already grownup trees. According to the litterature, this is the firsttstgdy attenagterise the fungal
preliminary root colonisation from uncolonised rootTdystertadive abundance of both saprotrophic and
endophytic fungi decreased after 21 days, whereas the relative abundance of Sebadimrande.g
Hebelomaended to increase until the end of our root colonization monitoring. This correlates with the signit
increase of the rate of ectomycorrhization until 50 days of root groathirréneecof distinct EcM fungi

within the same root system haslyalbean described in previougstuebr instance, Bahram é2Gil0)
characterised the poplar ECM communities and recovered more than 122 EcM species within the same
root system. Furthermore, we observed the successional turnover ofudigiinctpgBElar root systems,

going fronBebacinat the early stage of colonisation, replaced by Thelephordseagoeat an
intermediate stage and dominated by ThelephdedmdamaandSebacina the late stage of colonisation.
InterestinghidebelomandTelephorhave been discribed as GeaggO EcM fungi colonisers in birch roots,
withHebelom&aving the specificity to exclude colonisation by other mycorrhizal fungi (Fleming, 1985). «
results contrast with this priority concept for ECM colonisation as most changes in the EcM composition we
to fungal species present in soil that became more competitive over time (Kennedy et al., 2009). No char
climatic or edaphic factorddaexplain these variations, thusnpienatoe related factors are responsible for

the shift in EcM communities. Finally, we detecd abundant fungal structuties later tinp@int The

first one was intracellular in both adventive andotasershile the second one was only detected in
mycorrhized roots. Further analysis using specific probes targeting a particular fungal species (suc

Fluorescence In Situ Hybridization FISH) might help resolving the identification of thesemegphologies ob
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These observations infer the successional replacement of saprotrophic and endophytic fungi to the ber
EcM fungi across the root development. It also points the important selection pressure undergoing betwe

plant root system andsibi€microorganisms.

Conclusions

In conclusion, our data show that microbial communities of the natural soil succes3pmiusotisized
punctuated by significant difference in the structure and composition of both fungal and bacterial commt
Bacteria were selected by the tree roots at a very early stagi¢ociumgiatieat were selected at a later
stage. Our observations constitute a first phase of exploration of the establisioreyess) irgeractions

as soon as roots appear and come into contact witfutioeessilidies on the interaction mechanisms of root
microbiome could help us to understand howegldonh $¢ehd the mechanisms involved) and competition

between microorganisms play a role in this dynamic of tree root colonization.
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IV. Conclusions

Nos donnZes montrent que les communautZs microbiennes issues du sol naturel de peupleraie ont color
racines des jeunes plantules de peupliers de maniere successive. Cette colonisation successive est ponctt
des diffZrences significatives eredede structure et de composition des communautZs bactZriennes et
fongiques entre les diffZrents points de prZlevement. Les bactZries ont ZtZ sZlectionnZes par les racine
stade tres prZcoce par rapport aux champignons qui ont ZtZ sZlectaaenghis targif.

Nos rZsultats constituent une premiere phase dOexploration dans IOZtablissement des interactions entre |
et les microrganismes des IQapparition des racines et les premiers contacts avec le sol environnant. De f
Ztudes sum colonisation racinaire du peuplier et dDautres especes dOarbresnganissiesicto sol
pourraient aider les chercheurs ~ dZvelopper un inoculum microbien efficace pour amZliorer la croissanc

santZ des arbres et des plantes pZrennes.
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Chapitre |l

Effet du type de salu gZnotypet du
climatsur le microbiote racinaire du

Peuplier noir{opulus nigrd..)






|. Contexte gZnZral

En comparaison avec le miceotiést plantes de grandes cultures qui ont fait IQobjet dOZtudes approfondies
cours des dernieres annZes, peu de travauxrgatisZg€ concernant le miceobet arbres. Ceci peut
notamment sOexpliquer par le fait que les recherches en foresterie soient moins dZveloppZes quOen agr
par le cycle de vie des arbres tres diffZrents de celui des plantes herbacZes.

Selon les Ztudes ani ZtZ menZes Bumicrobietracinaire de plusieurs especes dOarbres tels que le hetre, le
chene, le peuplier et le pin, nous savons que les principaux facteurs qui influencent les communautZs de
organismes assa@siAux racines sont les propriZtZs pityisioges du sol, la physiologie de IOarbre h™te qui
affectent directement la qualitZ et la quantitZ des exsudats racinaires, les champignons ectomycorhizier
saison (Uroz et al., 2016). De plus, nous savons que le gZnotype est Zgalement utufatiteet de struc
composition du micr@bratinaire (Cregger et al., 2GH8art et al., 2018).

Ces principaux facteurs peuvent stre rZgulZs par les conditions climatiques. Pasupsrgoestnous

attendre ~ ce que le changement climatimedait un ipact consZquent sur le microbiote racinaire des

arbres.
Le rapport de confZrence suipahliZ dans la rewlew Phytologist auquel jOai contrimohtre

IGimportance de dZvelopper des projets degevhiéitibeiplinaires pour mmefInotre connaissance sur

les effetslgbaux du changement climatique
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New

Phytologist
Meetings

: . National Laboratory, TN, USA) highlighted the critical topics
F&Clng glObaI Change' the and knowledge gaps the scientiPc community needs to Pll in order

i i to harness plant sciences to solve these societal issues. This eve
mlllennlum Cha”enge for plant held in Nancy, France on83 April 2018, hosted researchers

SCientiStS from 70 universities, research institutes and companies represent:
ing 29 countries in the Pelds of Developmental biology, Evolu-

415t New Phytologist Symposium OPlant sciences tionary biology, Ecology, Plantieroorganism interactions,

~ . Physiology and Genetic engineering (Fig. 1). In this article we
for the futureO, Nancy, France, April 2018 outline how all plant science belds contribute to understand the

effects of global change and to developing innovative solutions to
maintain agro-productions, promote sustainability and counteract
. climate change.

Introduction

We entered the Anthropocene with the industrial revolutlorp__-x
This geological era is debned by the unprecedented impact o
human activities on the planetOs geochemical cycles, makiftpoEn activities have altered global biogeochemical cycles.
the main driving force of Earth environmental changésolin Brownlee (Marine Biological Association, Plymouth, UK)
(Crutzen, 2002; Steffeetal, 2011). Since the middle of illustrated the role of marine phytoplankton in the carbon (C)
the twentieth century the human population has triplediycle, reminding that coccolithophores are responsible for much
reaching seven billion today and probably 10 billion by 205¥ the calcium carbonate formation on Earth. The increasing
(United Nations, 2015). This dramatic increase, associaiggut of CO; into the atmosphere since the industrial revolu-
with the improvement in the welfare of the population, haéon, which is responsible for ocean warming and acidiPcation, is
led to the overexploitation of natural resources. Intensi@@mpromising the ability of coccolithophores to form calcium
agriculture and industrialization has resulted in global war@grbonate and therefore affecting the completion of the global C
ing, modiPcation of nutrient cycles, pollution and reduction ¢fycle (Orretal, 2005). Brownlee demonstrated the role of
wilderness; and endangering the preservation of eco- and agi@on channels in the calcibcation process of calcite coccoliths.
systems (Tilmaretal, 2002; Stefferetal, 2011; Ehrlich & Elucidating the cellular mechanisms involved in biomineraliza-
Harte, 2015). Today, the challenge is not only to intensifjon is essential to minimize human impact on these critical
agro-productions to feed, fuel and shelter the growirsgecies.

population; but to do so in spite of the consequences ofForests represents a major C sink @ah 2011). Bprn
climate change while lessening our impact on the supportidgdahl (Swedish University of Agricultural Sciences, Uppsala,
ecosystems (Godfragtal, 2010; Ehrlich & Harte, 2015; Sweden)highlighted the importance of lamigi interactions in
Byrneetal, 2018). nutrient cycling and soil fertility in boreal forests. Using high-

Plant sciences can play an important part in mitigating both tHeroughput sequencing to elucidate boreal forest mycobiome and
causes and consequences of the pressure population gre@irbining it with climatic, edaphic and forest productivity
imposes on the environment. As the primary producer of eg@@rameters, LindahlOs group showed that the composition of the
and agro-systems, plants are essential to assess and undetgigadcommunity is the principal driver of organic matter storage
human-driven environmental changes (Loet¢al 2001; Lin  in those environments. Lindahl proposed that intensibcation of
etal, 2008). They are also central tools to develop sustainal§leest practices by changing soil fungal communities could improve
production methods (Godfrayal, 2010; Ehrlich & Harte, 2015;  the soil C stock in boreal forest but presents long-term soil fertility
Byrneet al, 2018). risks.

In this context, the £1New Phytologist Symposium OPlant From the boreal forest to the steppe, Amy Austin (University
sciences for the future® was set as an experimental interdisciphihBrgnos Aires, Argentina) demonstrated that photodegradation
platform. Bringing together early career and leader scientists fidrd dominant force controlling C losses in semi-arid ecosystems
different belds of plant sciences, it aimed to promote tk8ustin & Vivanco, 2006). Recent Pndings of her team suggests
development of transdisciplinary research projects to build a béhat photodegradation of the leaf litter promotes its subsequent
understanding of the multiple aspects of the upcoming envirdiiotic degradation by increasing accessibility of labile C
mental challenges; and to produce robust solutions for societgompounds to microbes (Austéial, 2016). Land-use or
special debate chaired by Marc-Brelosse (Natural History climate change altering vegetation cover could largely infuence
Museum of Paris, France) and Richard Norby (Oak Riddghe effect of sunlight on C cycling in these ecosystems. Croplands

Ploring biogeochemical cycles
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are an anthropogenic biome that we could manage to incre'qlse . -
. . S . . . intaining plant pr ivi
potential C sequestration. Carbon dioxide reaction with minera sa taining plant productivity

naturally moderates atmospheric,G@d this effect has been In our demographic context, maintaining population welfare
enhanced since the emergence of land plants (Berner, 198&pends on our ability to intensify agro-production. Environmen-
David Beerling (University of Shefbeld, UK) proposed to explaél changes are threats to the maintenance of crop yields in both
this natural phenomenon by adding fast-reacting silicate rocksagnicultural and forests agro-systems. They have direct impacts or
croplands to trap C© Eventually, weathering products couldplant mortality and biomass (Lobell & Field, 2007; Schlenker &
run-off in to oceans and enhance alkalinity, counteractifpberts, 2009), and indirectly affect plant productivity by altering
acidibcation, and sustaining the growth of marine phytoplanktpopulation dynamics of plant pests, symbiotic microorganisms and
that we presented as crucial for the completion of C cycle eadiempetitive species (Gregetyl, 2009; Lindneretal, 2010).
in this paragraph. Together, these results highlight the imp@&iotechnological or agronomic solutions are necessary to lessen thi
tance of expanding our knowledge about C and nutrieabnsequences of global change on plant production.
turnover on Earth to predict and actively minimize our impact In this frame, understanding the genetic basis of wood
on climate. production in different tree lineages may help to mitigate the
repercussions of abiotic stress on forest productivity through
Assessing the effects of climate change on plant adapteq ma_nagementpla_ms.An_drewT. Groover_(US Forest Ser\_/ice
physiology and_Unlversny_ofCallfornla, Davis, CA, U_SA)_ reviewed tr_le genetic
basis of evolution of woody plants and highlighted species-specibc
Global warming has increased the intensity and frequencyoptonserved gene modules regulating the development of dicotand
extreme climactic events. High amplitude of temperature variatimonocot cambium (Zinkgrat al, 2017).
is the major cause of important plantlosses in eco- and agro-systesvironmental changes are modifying development and distri-
(Eiche, 1966; Boyer, 1982; Hatbeld & Prueger, 2015). bution of plant pests, threatening crop and forest productivity
Plant pre-adaptation to climate variations could limit loss@Borteret al, 1991; Logaret al, 2003). Plant diseases are now
(Wikberg & Ogren, 2007; Yordanoetal, 2000). Drought responsible foz. 25% of crop losses (Martinediial, 2015).
acclimation of trees involves structural changes in wood formatwntrolling their outbreak is crucial to maintain plant productiv-
and abscisic acid (ABA) is a key plant regulator of this acclimaiiign A strategy to contrast future pest spread is to engineer crops
(Gupta etal, 2017). Andrea Polle (University obtBngen, resistant to a wide variety of pathogens. Ralph PanstrugaOs teal
Germany) showed the importance of ABA signal perception gluthiversity of Aachen, Germany) explores the role of the
response in wood formation of drought-stressed trees. CedililaDEW RESISTANCE LOCUS O genes (J¢ rgensen, 1992)
Brunetti (CNR, Sesto Fiorentino, Italy) demonstrated how treeacoding members of a family of membrane integral proteins
limit xylem conduits embolism by modulating their carbohydratmnserved in plan® in conferring multiple resistances. They
metabolism and how ABA is involved in restoring xylem transpetiowed that mutations in MLO genes improyedbidopsis
ability. thaliana resistance to several leaf epidermal cell penetrating
Limiting water loss by modulating stomatal aperture {sathogens, butincreased susceptibility to microbes with different
another plant survival response to drought. Predicting plantasion strategies (Acevedo-Gat#, 2017). Stella Cesari
responses to different levels of drought is still difpcult. Belin@®RA, France), 2017 Tansley Medal winner, proposed to exploit
Medlyn (University of Western Sydney, Australia) reviewdte complex mechanistic and structural variability of nucleotide-
recent advances in Ooptimal stomatal theoryO and preseniediiag domain and leucine-rich repeat-containing proteins
new in silico model to understand and predict stomata(NLRs) to increase sensitivity or extend specibcity of pathogen
responses to drought and heat. effector recognition (Cesari, 2017).
Environmental stresses such as changes in temperature can affect
plant metabolism and growth (Sampial, 2016). Shuhua Yang
(China Agricultural University, Beijing, China) showed thaltJ
stomatal conductance and, in consequence, leaf photosynt
and respiration are affected by cold stress via the regulation oftfa@ts are increasingly exposed to new environmental stresses su
CBF-dependent cold signalling pathway in Arabidopsis (Zheg habitat degradation, climate change and the expanding range o
etal, 2011). Owen Atkin (Australian National University, Caninvasive species and pests (Andetson2011). To predict the
berra, Australia) suggested that, by boosting plant respiraig$fisequences of global change on ecosystems, it is necessary
metabolism, global warming could increase @fkase and understand the different levels of plant adaptation (phenotypic
inBuence the future atmosphericZ0Oncentrations. plasticity, dispersion capacity and evolution) to new threats.
Understanding plant physiological and metabolic adaptiveplants can modulate the phenotypic plasticity of their neigh-
responses to climate change are key factors for the productiaso@ks by emission of volatile organic compounds (VOCs) Andr
efpcient prediction models. These models are necessary to imgessler (Cornell University, Ithaca, NY, USA) showed that VOCs
or develop novel management methods of eco- and agro-systgfiiged bySolidago altissimpon herbivore attack alter herbivore

nderstanding plants adaptive strategies to global

that could limit plant losses in the future. dispersal and feeding behaviour through the modibcation of the
New Phytologi@018)220: 25D29 ! 2018 The Authors
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Fig. 1 Group photograph of the attendees of the 4F' New Phytologist Symposium OPlant sciences for the future® in the entrance of theeHle Ville, Nancy
(France). Photograph by Steven White, Leeds Media Services.

metabolism of non-attacked plants. This indicates spreading th8ince the Prst observations of pollination systems by Darwin
risk of herbivory to neighbours as a btness-optimizing strategy. [l862), researchers have been seeking for evidence of pollinator
high variability of VOC types and levels in the Peld suggests pnemoted selection for diverse Roral shapes. Babu Ram Paudel
possibility of herbivore-driven natural selection on chemigalunnan University, China) showed how two alpine gingers
communication (Morrell & Kessler, 2017). This might modulatéRoscoea purpuesa R. tumjensi®ccur sympatrically and have
crop adaptability to newly introduced pests. similar morphology, but are reproductively isolated through a

Linda F. Delph (Indiana University, Bloomington, IN, USA)combination of phenological displacement of Rowers and different
reminded the audience that the phenotype is the direct interfatacted pollinators. Global change might reshape these evolu-
between the organism and its environment and therefore at tio@ary boundaries and modify population or speciation dynamics.
centre of evolution. She showed that genetic selection on key btnd$sman impacts on the environment will inBuence plant traits
traits such as Bower number and height was strongly inBuenceaudrive their evolution by modulating plant btness (resistance to
the environmental conditions $ilene latifolidn-depth investi-  pathogens, pollination, population dynamics). However, plant
gation of environmental factors infRuencing plant evolution majasticity might provide a key for plant adaptability on the short
help predict phenotypic traits and btness of plants in changtegm.
ecosystems.

Flower d(_evelopm_ent is one of the mo_st intricate and Pnely tuqﬁ%ovative plant technology: a role for basic and
processes infBuencing plant reproductive success. The oral regﬁed science
must acquire specialized structures, bloom at the right time of
year and bear coevolving traits with its pollinators. By takitinderstanding the genetic and molecular basis of phenotypesis key
advantage of the -omics technologies, several groups foundtthagroundbreaking biotechnological applications; hence the
specibc transcription factors (TFs) evolved to allow the formatioportance of tight coordination and synergy between basic and
of elaborate and diverse Roral petals. Elena Kramer (Hanapglied sciences. The Symposium hosted researchers interested i
University, Cambridge, MA, USA) presented the role of tHendamental biological mechanisms, scientists involved in both
AgJAGGED gene, a TF involved in multiple key aspects basic and applied research and developers employed in biotech
Aquilegid3ower morphogenesis (Min & Kramer, 2017), whilenology companies, aiming to bridge their complementary
Hongzhi Kong (Institute of Botany, Beijing, China) showed thahindsets.

NpLMI1 and NpYAB5-1 are involved in the controlNigella Understanding the molecular aspects of nutrient uptake and
petal shape. storage by plants is crucial to improving the yield or nutritional
I 2018 The Authors New Phytologi®018)220:25D29
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properties of crops. By investigating the developmental biologgcinces in solving societal issues. The authors thank A. Austin, A,
rooting systems in early land plants, Liam Dolan (University Bblle, B. Medlyn, L. Wingate and A. Kessler for their time and advice
Oxford, UK) showed that the development of rooting structuresd@uring the mentoring session on Gender equality in plant sciences.
land plants is tightly controlled by some conserved TF netwoilse authors are grateful to F. Martin and the New Phytologist Trust
(Breuningeretal, 2016; Proustetal, 2016). Such highly fortheir supportand helpful comments onthe report. This work was
conserved key regulators can be used to enhance crops abilgygported by the LabEx ARBRE (ANR-11-LABX-0002-01), the
access nutrients (Dolairal, 2011; US Patent Application no. 12/ Region Grand-Est, the University of Lorraine, the Genomic Science
451,574). The bne-tuning of lateral root emergence is anotfepogramme of the US Department of Energy as part of th® Plant
central aspect of root systems development. Keith Lind#éigrobe Interfaces Scientibc Focus Area and, the ANPCyT (PICT
(Durham University, UK) showed how the 36-aa peptid2015-1231, PICT 2016-1780), the University of Buenos Aires
POLARIS, orchestrating the awbathylene crosstalk, modulates(UBACyT) and the CONICET of Argentina.

lateral root emergence (Chilleal, 2006). These signalling

mechanisms affect plantsO access to water and nutrients and mediate

plant plasticity in a changing environment. The regulation of the Veronica Bassg Mabra De Freitas Pereffa
level of reserves is also fundamental to plant nutrition. Alison M. Franiois Maillard", Julieta Mallermart,
Smith (John Innes Centre, Norwich, UK) highlighted the Lauralie Mangeot-Petér Feng Zhang and
importance of clock genes, which modulate starch production Clemence Bonndt

and degradation for efpcient plant sustainment éGagf2010; _ 5 _ _
Scialdonest al, 2013). Arabidopsis leaves modulate the rate ofLaboratoire dOexcellence Recherchebds/auncla Biologie de

starch degradation according to the duration of the night, in order IOArbre et les Ecosystemes Forestiers (LabEx ARBRE),
not to starve before dawn (Fernaneeal, 2017). A better UMR Interactions Arbres/Microorganismes (IAM) 1136,
understanding of the dynamics of plant nutrient reserves may help ~ INRA, Universie de Lorraine, Centre INRA Grand-Est,
engineering stress-resistant or nutrient-rich crops. Champenoux 54280, France;
Examples of basic sciences translated into innovative pfa¥IR Silva 1434, AgroParisTech, INRA, Univerdi Lorraine,
technologies were given at the symposium. As presented earlier, Nancy F-54000, France;

David Beerling is exploiting silica weathering to counter accumipstituto de Investigaciones Fisgitas y Ecbgicas Vinculadas a
lation of excess atmospheric,CThese results involved integra- 12 Agricultura (IFEVA) and Consejo Nacional de Investigaciones
tive studies spanning through geology, chemistry, economy &ighibPcas yetnicas (CONICET), Universidad de Buenos Aires,
plant sciences, demonstrating once more the inestimable power of Av. San Malin 4453, Buenos Aires C1417DSE, Argentina

transdisciplinary research. Anne Osbourn (John Innes Centre) (*Author for correspondence: tel +33 (0) 383393315;
showed that through coexpression, evolutionary co-occurrence and email clemence.bonnot@inra.fr)
epigenomic coregulation genomes can be mined for biosynthetic

gene clusters involved in production of secondary metabolites All authors contributed equally to this work.

(Medema & Osbourn, 2016). Their genetic manipulation allows
the production of specibc chemicals at a lower cost than
conventional synthetic chemistry (Oweal, 2017). Technical Reaferences

platforms and start-ups are being born in the exciting beld of plant ]
Chemistry (Reezt al 2017)_ Acevedo-Garcia J, Gruner K, Relmiler A, Kemen A, Kemen E, Cao L, Takken

. . - . FLW, Reitz MU, Sctfer P, OOConnell Rlal.2017.The powdery
In conclusion, the symposium highlighted the need of INt€Qrasm,igew-resistant Arabidopsi®2 mlo6 mlo1iple mutant displays altered

tive research to (1) understand, model, predict the consequences@ction phenotypes with diverse types of phytopathSgergibc Repdrtsd
global change on ecosystems and plant physiology, productivitig.

epidemiology; (2) create innovative solutions to future Cha”eng@?rson JT, Willis JH, Mitchell-Olds T. 201Evolutionary genetics of plant
. . . ptationTrends in GenetRs 258266.
in the Pelds of food security, sustainable crop management Buﬁ;s in AT, Mendez MS, BallerCL. 2016 Photodegradation alleviates the lignin

epri.en.t production; (3) diffuse I.mOWled'ge and know-how amor_“aottleneckforCarbontumoverinterrestrialecosyﬂﬂmeedings ofthe National
specialists and the general public. To this purpose, the symposiuBademy of Sciences, 11SAIES.
was closed by a public talk on pamitroorganism interactions, Austin AT, Vivanco L. 200&lant litter decomposition in a semi-arid ecosystem

given by Marc-AnérSelosse with the beautiful background of the controlled by photodegradatidfature442 5585658. ' 4
Hotel de Ville of Nancy Berner RA. 1997The rise of plants and their effect on weathering and atmospheric

CO,. Scienca76: 544E646.
Boyer JS. 1982 lant productivity and environme8tiencl8 443x448.
Acknowledgements Bregnlnger H,lThamm A, Strgupel S, Sakayar_na H, Nishiyama Ti DolanL. 2016.
Diversibcation of a transcription factor family led to the evolution of
The authors thank the New Phytologist Trust and the Lab ofantagonistically acting genetic regulators of root hair growth report diversibcation
Excellence ARBRE for organizing this symposium. The authors a%a trgnscrlptlon factor famll_y led to the evol_unon gf antagonistically acting
. . .~ _g€netic regulators of root hair grov@hrrent Biolog36: 16221628.
grateful to all a_ttendees who Conmb_umd to the StlmUIat'rQ/rne PF, Volk GM, Gardner C, Gore MA, Simon PW, Smith S. 2&1&taining
atmosphere of this conference. A special acknowledgement to Me future of plant breeding: the critical role of the USDA-ARS National Plant

A. Selosse and R. Norby for leading the debate on the role of plagermplasm Syste@rop Scien68: 1018.
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II. Objectifs

DOapres la littZrature existante sur les plantes herbacZes, il est dZsormais clairement Ztabli quOune dimi
la disponibilitZ en eau etauggnentation de la tempZrature modifie la composition et la strudiio®e du micr
racinaire (Wallensteirl@ll, 2012). Chez les arbres, le lien entre les propriZtZsipiyssmiu sol, les

besoins physiologiquesatbré®t les communautZs rbiermes associZes aux racines demeure encore peu
ZtudiZ.

Parmi les especes d'arbres qui sont naturellement confrontZes aux effets du changement climatique, le p
noir d'Europ®g@pulus nigia) est un bon exemple. Il sOagit dOune especegpimisaseles sZdiments
alluviaux le long des fleuves dans les zones climatiques tempZrZes du-Eontipergt AAgrique du

Nord. Avec d'autres especes d'arbres ri\Rraigsmccupe une position clZ dans I'Zcosysteme riverain, mais
sa pZrentd et sa diversiiZnZtique sont menacZes pour deux raisons principales : l'absence de sites d
rZgZnZration en raison de IQactivitZ humaine sur les plaines inondables et I'impact du changement clir
L'augmentation de la frZquence des ZvZnements naturels extrmes liZs aux changements climatique
susceptible d'entra’ner des variations plus frZquentes et plus intenses des nappes phrZatiques et des .
d'Zcoulement des cours d'eau qui affediareltmpement des semis et la physiologie des arbres. Il existe de
grandes variations dans la capacitZ de rZaction au stress climatique au sein de® poiguitionsale

elles, ce qui suggere un important potentiel d'ad@pttiaillérd at., 2011Y0n parrait supposer que le
microbiet de la racine du peuplier noir contribue " cette adaptation, mais aucune Ztude n'a ZtZ rZalisZe ju
prZsent pour Zvaluer son r™ife Pela Ztudes sur le micedis racines de peupl@autres especes (e.g.

P. deltoide®. trichocarpant dZj" ZtZ faitesis jamais suesiZcosystemes riverains (Hacquaothadt,

2015).

Les travaux prZsentZs dans ce chapitre font partie du projet POPMICROCLIM (soutenu par le mZtaprog
ACCAF)Les objecsifle ce projebnt de caractZriser le miceobed sZdiments de deux rivieres franeaises,
habitats natusadu peuplier noir, le mic®baainaire du peuplier, Bimpact du climat sur ces masaiot

le r™Mle potentiel du miceobiats I0atklitZ des jeunes plants aux variations clim@écpieget est

rZalisZ en collaboration avec les Zquipes du Dr Lional RanjaMRINGAZcologie Dijoryhemge de

|Oanalyse du micrehitt sol, du Dr Marc Villar BNRMR BioForA) et du Dr RZgis Fichot (UniversitZ
dOO0rlZans) en charge des analyses gZnZtiques et Zcophysiologiques. Au moment du dZp™t de mon n
|IOensemble des donnZes expZrimentales a ZtZ acquis mais les analyses couplant Ztudes Zcophysiolog
Ztudes microbiologgugont pas encore ZtZ rZalisZes. Ne seront donc prZsentZes ici que les donn:

concernant I6Ztude du mierobiot

! II+*!



Nous avons essayZ de rZpondre " plusieurs questions
.l Quelleest la composition du micelagainaire du peuplier hoir
.Y atil un effetle IQorigine dussolla composition du microbiote racinaire et duendarobiot
sol?
1Y atil un effet de la transplantation darsolin nouveau cliswatle microbéotacinair@
.l Le microbiote du sol et le mierabicinaire du peuplier rwitils influencZs par les conditions

climatiques de la Loire et de le Dr™me

ll. DZmarche expZrimentale

Afin de rZpondre Sscpiestionnemesnhous avons profitZ d'une expZrience de transplantation rZciproque mise
en place par 'UAGPF (UnitZ di>@e=cherche Biologie intZgrZe pour la valorisation de la diversitZ des arbre
et de la foret, INEA/al de Loire) au printemps 2017. Dans le but dOZtudier les mZcanismes gZnZtiq
d'adaptation des plants de peupliers noirs au changement climat@nes dis geupliers noirs
gZnZtiguement caractZrisZs (via des marqueurs SSR et SNP) provenant de deux rZgions de Fi
climatiguement contrastZes (Dr'™me et Loire) ont ZtZ prZlevZes sur 2 x 10 arbres meres et plantZes d:
conteneurs contenant lesrseids bruts des deux rivieres. Des copies de chaque conteneur ont ZtZ faites €
transportZes dans les deux sites aux climats contrastZs.

Les parametrede dZveloppement (croissance, mise en dormance) et des paopmysietogiques
pertinents powdyuisition de I'eau (efficacitZ de I'utilisation de I'eau, rZpartition de la biomasse, architecture
racines, anatomie du xyleme) ont ZtZ neesw&sx saisons de croiss&rcaovembre Z)les systemes

racinaires ont Zizhantillonn§in de esurer leur dZveloppement et dOZvaluer la composition du microbiom:

racinaire des diffZrents gZnotypes.

Les rZsultats de cette Ztude sont dZcrits sous la forme dOun article scientifique actuellement en prZparatic
Les tableaux et tableaux supplZmestairel§sponibles en Annéxaéxe e la page 9 " la page.26
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Abstract

Trees and their ragsociated microorganisms are tightly interconnected. They play imipatatt roles
otheOswtrition and protection against stresses. Host factors such as tree genotype but also environm
factors particularly sodtrix and climate are key determinants of root microbiome structure and compositic
Our understanding of the effects of soil origin and climate on the soil and the root microbiome and o
physiology is incomplete. In the current context of aligetdt éb not clear whether the soil and root
microbiome react directly to the climatic variations and to the@dwhpbgsizmperties and indirectly to the

tree physiology alteration. To address this question, we analysed the sedimechsriokte/doEated in

two climatically contrasted regions Dr'™me and Loire and the root microbiome structure and compositit
pioneer tree from riparian ecosystem, the European bld&bpphmanigta) cultivated in mesocosms in
different setf soil and climate conditions. Seeds were collected in the two contrasted regions and belonge
genetically characteriPegulus nigteees in order to study the relative contribution of host genotype on the
root microbioméfter a season of growth, daboveground size of seedlings was measureedandrg
rhizospher@ndrootassociated fungal and bacterial communities were characterized by high throughput Mis
sequencing of rDNA ITS and 16S rRNA amplicons. Significant shifts of hajeliaziommaurity
composition were observed between native and transplant conditions of the seedlings culture. Enrichm
specific microbial communities in the rhizosptmrtsaecde correlated with increase of the aerial part growth

of seedlings.

Keywords Microbiome, metabarcoding, climate dhapgiels nigraediments, genotype
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Introduction

The European black poplapulusigral., is a natural and pioneer tree species colonizing alluvial sediments
along rivers, where it often exists as a series of metapopulations (Villar & FdPegiidus 209€3.
occupies a keystone position within the riparian ecosystem tlgimlsdieviedoped root system that allow it

to be an efficient sediment trapper, riverbank fixative and natural nutrient purifier (Ruffinoni et al., 2
However, its position is currently hindered by the lack of regeneration due to human ptessuaadn flood

the impact of climate change (Lefevre et al., 1998; Cottrell, 2004). It is important to remind that for most r
tree species, the regeneration is achieved through the colonization of river sediment along the rive
according to the ura periodic flooding of the ecosystem and the lateral movement of the river bed. Se
dispersal combines an initiatmadliated phase with the transport of seeds from the maternal tree to the
ground or the water, followed by a secondary hydrocserdBanaiegretain, 1996; Imbert & Lefsvre,

2003). ThB. nigraffprings are therefore often found several kilometres downstream of the mother tree on r
bank or sediments islands subject to very variable environmentd?@omditionigia casidered as a
fastgrowing and opportunistic species, with a good tolerance to submersion, sediment burial and
temperature (Chamaillard, 2011; Corenblit et al., 2014). These abilities are important to adapt to the
environment, which diffespate and time. Indeed, the place Rdyankis nigiseedlings begin their life

cycle is more frequently disturbed during annual flood events compared to the place where they reached r
(Corenblit et al., 2014). Climate change such as risatgreepémodifications of precipitation patterns
could therefore have consequences on natural regeneration and genetic structuration of the populations ¢
poplars. The juvenile stage (i.e., seedling) is a key step in the development dnivedsdget afuthe

parameters that determine the success of the installation and development remains limited.

In most of plant and tree species, extrinsic factors such as soil properties and climate, but also intrinsic
such plant genotype are t@apbdeterminants of the adaptation of tree seedlings to their environment. Ir
addition, the remdsociated microbiome, which corresponds to the complex microbial communities occurring
the surface and inside the roots, is known to increase nutaiamt aogplisition and to protect host tree
against biotic and abiotic stresses, improving by these ways the growth of the trees (Hacquard & Schadt.
Timm et al., 2018). As seWRplluspecies represent ecologically important speckestifgngcarpar

P. deltoidem the USAR. nigrdan Europe) and/or are used in plantations to produce wood biomass, recen
efforts have been made to characterize their root microbiome and their potential role in the promotion
growth of poplar (Germatral., 2004; Gottel et al., 2011; Danielsen et &hd@k2et al., 2013; Beckers

et al., 2017; Durand et al., 2017; Durand et al., 2018; Cregger et al., 2018; Veadbtabhl, BRifif).et

al., (2014) showed that the soil origin latharstffect on the fungal root community composition than on the
bacterial communities, which were more tightly structured by HespsheQlasrcusndPinu$ than by

the soil origin. Considering mature tRemsubisleltoidesanother ripanigoplar tree species, Shakya et al.,

(2013) revealed that both the soil type, the season and the geographic distance (i.e., several tens of kilor
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between trees were important drivers shaping bacterial and fungal communities in the rieizosphere ar
endosphere. ComparativeR. trichocarpar P. deltoideshe compositiamd the structure of the-root
associated microbiomB.afigrdnas never been or rarely (Tesar et al., 2002) investigattueRomingna

holobiont (i.e., the assemblage formed by the tree host and its associated microbiome; Hacquard & S
2015), could adapt to changing environments. The &apafysofigia currently wkltownThe large-

scale analysis of its distributionledvimat this species colonizes naturally alluvial sediments along rivers in
several temperate climate zones of th& ésipean continent, such as in FranaksobintNorthern Africa.

Those studies evidencedRhatigras able to adapt to diffeesgaphic properties and to variable climates.
Studies on phenotypic plasticity have been less discussed for black poplar, but this process has
demonstrated to be inheritable and has provided an evdkingrespdnse to climate change (Aitken et

al., 2008; Nicotra et al., 2010). In this context, we can wonder whdtmnéne ofetre tree seedlings of

this species is linked to the selection of specific poplar populations (i.e., genqilccadagatiptgsticity

and/or to the recruitment of particular microorganisms (i&sstutatedt microbiome).

As,P. nigrds widespread in France along differentmidergifferent climates, we took the opportunity to
study the factors that may explain their adaptation to @ihianigingnt at the seedling stage. To do it, we
used anesocosm transplant experiment approach considering two different river sediments (i.e., Loire vs D
as soil substrate, two different climates and several different tree progenies. Sduifffemtésanfdtithe

Loire were conditioned in mesocosms, planted withP diffgrggtbgenies coming from the Dr™me or the
Loire region and incubated in natural conditions under the Dr'™me and the Loire climates with a constant ir
In this experimie we evaluated the impact of these different parameters (sediment type, plant progeny,
climate) on the composition and structure of-dglseonimted microbiome of black poplar and on tree
phenologand developmeMWe characterized the micradmaianities.€, bacteria and fungi) colonizing
sediment (BS), rhizosphere (R@radusphere) of the thrdtopulus niggrogenies per origin (i.e., 3 from

the Dr'™Mme and 3 from the Loire) using amplicon 16S rRNA and IT&gBfdé ijanena sequencing. In

each location, the 3 progenies (i.e., the offsgingigrainother trees originating from Dr'™me and Loire)
considered have been selected due to their contrasted above ground growth (i.e., low, medium and high)
native sediment. In our experiment, their growth (roots and shoots) was monitored under each climate anc
two sediments considered anchraical characteristics of the sediments were determined. We hypothesizel
that the growth of black poplar seedlings is influenced by the microbiome recruited in the root system. T
this hypothesis, we organized our analyses to answer to goestionain(i) Is there an effect of the soil
origin on the microbiome composition occurring in the black poplar root system and in the surrounding s
Do the genetic characteristics (i.e., progeny) influence the composition and strucassoahtdad root
microbiome? (iii) Are the black poplar soil-asdowiated microbiome influenced by the contrasted climates

and/or the soil conditions?

! Illl%



Material & Methods

Seed collection

For our transplant experiment, seed3dpoias nigteees have been collected in two climatically contrasted
regions of France (Dr™me and Loire), along the Loire and Dr™me rivers. In each location, seeds were sf
collected ofPopulus nigrenother trees previously genetically characterized lwisghe oncleotide
polymorphism (SNP) or microsatellite analyses and presenting a flowering phenology out of step with the
poplar cv. Italica (FaReenpant et al., 2016). The sampling period was determined to avoid as much &
possible the hybridimatwith black poplar cv. Italica and to maximize the genetic differem@tidnof the
nigraseedlings progenies. In each region, the progeny of 10 mother trees has been collected.

For the experiments presented in this study, only 3 progenies@dresin considered. The Loire progenies
were selected to present contrasted growth (low, medium and high) in the Loire sediment and under the
climate. The Dr'™me progenies were selected to present contrasted growth (low, mediunn™nukhigh) in the
sediment and under the Dr™me climate.

In the Loire region, the seeds from L04 progeny were collected from a mother tree located in the Natural r
of Saint PryvZ Saint Mesnin (1.8415j/ 47.8824) while the seeds from L06 and L08 priegésies were col
from a mother tree located Guilly (2.2877i/ 47.8069j).

In the Dr'™Mme region, the seeds from D11, D13 and D15 were collected from mother trees located in
reserve of Les Ramisres (4.9488i/ 44.7427;). Seeds collections were performed $eddayw2da7

stored in 4;C until germination assays in Petri dish with filter paper and water in order to check the seed vie

Plant and soil material

In each location, raw sediments were collected using an excavator in the river bedsédiinoernis, ditkse

not follow paedogenesis steps, we will refer in our manuscript to BS as bulk sediment, in the sense of hi
(i.e., soil without roots). In the Loire region, sediment sampling was done in Saint Pere sur L
(2.3667{/47.7667;) in OctdH 6. In the Dr™me region, the sampling was done in Livron (4.8399{/44.7682;)
December 2016. After the sampling of the sediments were transferred to the INRA Center of OrlZan
conserved 4 months under ambient conditions and below a canvast thkeesédonents dry. After 4
months, the sediments were homogenised and conditioned in mesocosms (Im x 1m x 1m). A total
mesocosms (6 containing the Dr'™me sediment and 6 containing the Loire sediment) has been prepared t
our transplant experiment. A sediments sample (called OT0O) was collected in each mesocosm and conse
20jC until DNA extraction. After conditioning, half of the mesocosms was installEdCantdreofNRA
OrlZans (1.5452i/47.4942;; Loire region), while thesottemms were installed in the Natural reserve of Les
Ramieres (RMN) in Allex (4.9151i/44.7621;; Dr™me region). The details of the experimental desigr
presented rigure26.
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Chapitre I: Effet du type de sol, du gZnotype et du climat sur le microtacteaire du
Peuplier noir Populus nigra..)

Climate

— = = Dr'Mme

Loire

Sediment

Loire

Progenies

-I Dr™Mme

Loire

Endosphere (E)
Rhizosphere (R)

Bulk sediment(BS)

Figure 26 Experimental desigin function of the question, the nofmbesocosms treated varied from 1 to

4. To allow analysis, a minimum of n=3 samples have been collected for each sample type (compart
progenie, climate; 39n&g.Comparmentalization of the different samples (BS, R and E) collected in eacl
Populus nigseedlings (b).
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To avoid seedlings mortality or an absence of germination, seeds were first planted in soil plugs and incub
greenhouse (20jC, 16 h light) at the end of the spring in 2017 with an unlimited watering. After two wet
germination, seedlings were acclimated by shading with watering for one week. These seedlings were
transferred in the different mesoceguseR6). Mesocosms were heavily watered along the full length of the

experiment. Mesocosms located inwkeoirevatered 5 times a day for 5 minutes while mesocosms located in
Dr'™Mme were watered 5 times a day for 10 minutes due to a lower pressure of the pump. Mesocosm

sprinkled from above with 5 sprinklers in unlimited quantities.

Physicechemicabnalyses of the sediments and temperature and luminosity monitoring

The physiethemical properties of the two sediments used in our study were determined by the Laboral
dOAnalyses des Sols @NRAS, France) according to standard procedusesex@tiafigeable cations

were extracted in either 1M KCI (Magnesium, Calcium, Sodium, Iron, Manganese) or 1M NiH4CI (Potassiu
determined by KAIES (JY180 ULTRACE). The 1M KCI extract was also titrated using an automatic titrime
(Mettler TS2DL25)assess exchangeable H+ and aluminium cétjoihéApH of the soil samples was
measured in water at a soil to solution ratio of 1:2 (pH meter Mettler TSDL25). Exchangeable acidity
calculated by taking the sunt ahdl A. The catieexchange capacity (CEC) was determined by using
cobaltihexamine chloride. Titration of the cobaltihexamine chloride soil extract was performed at 472 ni
compared to a reference of 0.05 N cobaltihexamine chloride extract.

Temperature and luminosity monitoripgrieesed on each site. The temperature and the Photosynthetically
Active Radiation (PAR) of each site was taken once an hour from the beginning of the experiment (June

until the seedlings were harvested (October 2017).

Seedlings aerial growth nitaming

In each location (Loire or Dr'™me) and after 10 weeks of growth in the mesocosms, tliRopahie growth of
nigraseedlings of each progeny from Loire (L04, L0O6, LO8) and Dr'me (D11, D13 and D15) was measu
September th& @able S)L

Sampling strategy

Before the transplant experiment, a total of 3 spatially distant BS samples were collected in each mesocos
3 spatially distant areas free of seedlings roots. The BS samples of each mesocosm were pooled, giving a
12 BSsamples corresponding to the TO in our study.

After five months of growth in the Loire and Dr™me regions, all the mesocosms were tranEferred to the
Center of OrlZans. Each mesoscosm was opened to collect: bulk sediment (BS), root ddherent soil (i
rhizosphere; R) and root samplénhé.ehizoplane atite endosphere; E). In each mesocosm, a total of 3
spatially distant BS samples were collected in each mesocosm from 3 spatially distant areas free of see
roots. The BS samples were pagidnl a total of 12 BS samples. For each seedling considered, the root

system was harvested, shaken a sieve of 2 nnremove neaxdherent soil. The rhizosphere (R) was



recovered by washing the root system with 40 mL of a steril&Na@lu{iinig), as previously described
by Gottel et al., 2011. Finallyydlsbed roots were conserved for each seedling to access to the endospher¢

(E). After conditioning, all the sample types were-2@pdril DNA extraction.

DNA extraction

Total soDNA was extracted using the DNeasy PowerSoil Kit following the protocol provided by the manufa
(Qiagen, Venlo, the Netherlands). For each DNA extraction, 250 mg of BS and R samples have been ust
the endopshere (E), 50 mg of root tissuesusieeel in liquid nitrogen and DNA was extracted using the
DNAeasy PowerPlant Kit (Qiagen, Venlo, the Netherlands). DNA was quantified with a NanoDrop
spectrophotometer (NanoDrop Products, Wilmington, DE, USA).

DNA amplification and lllumina MiSequseacing

A twestep PCR approach was chosen to barcode tag templates with frameshifting nucleotide primers (Lun
et al., 2013). Primer mixtures for tagging bacterial amplicons were composed of 4 forward 515F (Uni\
Chloroflexi, TM7, Nahable &) and 2 reverse 806R (Universal, Navle; ) primers covering the 16S

rRNA V4 gene region mixed in equal concentrafidf)s(@dgger et al., 2018). Primer mixtures for tagging
fungal amplicons were composed of six ITS3 forward primers (ITS3NGS1, ITS3NGS2, ITS3NGS3, ITS3
ITS3ANGS5 and ITS3NGSable &) and one ITS4 reverse primer (ITSERIGKS SPfor ITS2 rRNA ragio

mixed in equal concentrationsu(@;1Cregger et al., 2018). To inhibit plant material amplification (i.e.,
mitochondria and chloroplast), PCR reaction mix was implemented by a mixture of peptide nucleotide
(PNA, Panagene Korea) blockers. Thadddekers targeted plant mitochondrial and chloroplast 16S rRNA
genes (MtPNA_71B4, pPNA_7-1B4; Lundberg al.,2013;Table &) and plant ITS nuclear rRNA gene
(ITSspacePNA_71B4; Cregger et al., 200&hle ). The mitochondrial PNA blocker AnitPRB4;

Table 8) of Lundberg et al., 2013 was adjusted for a 1 bp migroagihthese PNA blockers have been
designed to block mitochondrial and chloroplastic sedRegndas tEmula x aliteey can also be used for
Populus nigra

Polymerasehain reactions (PCR) were performed for two replicates of each sample’ bpfn@érg 12
Phusion flash high fidelity master mix (ThermoScientifid)afitbrivard and reverse primer mix (5 nM final
concentration) and 20 ng of total DNiAahradction volume of BG-or bacteria, 0.750f PNA probe (5

nM) was added. PCR, primer and probes dilutions were performed in DNA fradiletn gh@ UV

treated; Carl Roth, France). For the first amplification of bacterial 16S rRNA, the following cycle parametel
used for bacterial amplificatene 30 cycles of 98;C for 5s, 78;C for 10s, 52;{C for 20s and 72jC for 15s.
Primary PCBondition for fungal amplification were 30 cycles of 98;C for 5s, 78;C for 10s, 55;C for 20s ¢
72iC for 15€PCR products without addition of microbial DNA (negative control) or corresponding to m
communities of known fungal or bacterial compesidoasided as quality controls. After checking
concentration of PCR products and amplicons size (350 pb for 16S rRNA amplicon and 420 pb for ITS amr
on agarose electrophoresis gel, sampled (8®dig DNA p&l) were sent for tagging and MiSetdna
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Next Generation Sequencing (GeT PlaGsédRancing platform, Toulouse, Fr8egeencing was done
on MiSeq 2500 system.

Bioinformatic analyses

Bacterial sequences were further processed with FROGS (Find Rapidly OTU with GataxiiZSetution) (Es
al., 2018) based on the Galaxy analysis platform (Afgan et al., 2016). The 16S rRNA amplicon sequence
demultiplexed, dereplicated and sequence quality was checked. The oligonucleotides, linker, pads and ba
were removed from sequencesddition, sequences were removed from the databatcddeah if they

exhibited ambiguous bases or did not match expectations in amplicon size. The remaining sequences
clustered into operational taxonomic units (OTUs) based on theaterasilgorBhm. Chimeras and
singletons (OTUs supported by one sequence) were removed. Bacterial double affiliation was perform
blasting OTUs against the SILVA database v132 (Quast et al., 2012) and the ribosomal database project
classifier (Wagret al., 2007). OTUs with affiliation <100% at the phylum level (indicated by a RDP bootst
value <1) and corresponding to chloroplasts or mitochondria were removed from the data set. OTUs at
taxonomic ranks than the phylum level were corssidaredeatifiedO, whdRiRebootstrap value was <
0.700TUs with high relative abundances in negative controls were excluded from further analysis. The qu
the sequencing, and of the affiliation were evaluated based on the results ehtaictedalomtitk
community.

Fungal sequences were processed as following. After demultiplexing and quality checking (QC quality scor
minimal size = 200 bp), bioinformatics analyses were performed using standard procedures as descril
PZredzquierdo et al. (2017) by using USEARCH. Briefly, the ITS2 was extracted with the Fungal ITSx v
and partial ITS sequences were discarded &ftbcateon, sequences were shorted by decreasing relative
abundance and singletons discardet. Wdre generated from abundaniesl sequences with997

similarity threshold. Extracted sequences were then mapped against the OTU representative seque
Taxonomic assignation of these representative sequences for each OUT was done leyLosiag the Basi
Alignment Search Tool (BLAST) algorithm against the UNITE database.

For both fungal and bacterial datsamete rarefaction curves were calculated to assess sampling
completeness, using functimturve(h package Vegan vB.@ksanen elt,a2015)n R (version 3.4.R

Core Team, 2018@ased on these, subsequent analyses of diversity and community structure were perforr
on datasets where samples have been rarefied with théMRiMloske, PJ. and Holmes, S., 28d3ge

to achieve equal read nurmdnErsrding to the minimum number of total asgdsaimple. In our study, the
samples were rarefied to 10,733 sequences per sample for the bacteria and 4,162 sequences per sample
fungi.

FUNGuild (Nguyen et al., 2016) was used to classify each fungal OTU into an ecological guild. We follow
same procedure as Cregger et al., 2018. OTUs identified to a guild with a confidence ranking to Ohighly p
or OprobableO were conserved in our analysis, whereas those ranking to OpossibleO or with multiple as

were considered as uncladsifi
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Statistical analysis

Statistical analyses and data representations were performed using R software (R CoAdt@ream, 2016).
checking normal distribution of each dataset withVBkapsty Studerests were used to determine if the
relative abundance of fungal guilds differed between the different compartments considered [sediments (E
rhizosphere (R) and #mosphere (E)] and/or according to the different tréatOremiay ANOVA

followed by Tukey HSD-posttest was used to determine if the relative abundance of dominant bacterial ar
fungal phyla and genera detected in the different comparidezats [sedéments (BS), the rhizosphere (R)

and the endosphere (E)] differed between the different treatments (sediments and climate conditi
Comparison of the relative abundance of bacterial and fungal OTUs in R and in E between two conditior
baed on onesaay ANOVA followed by Tukey HSHwoposést. Venn diagrams were created on
http://bioinformatics.psb.ugent.be/webtoalsfiteabial community structures were analysexhostigen
multidimensional scaling analysis (NMDS) and permutational multivariate analysis of variance (PERMAI

based on Br&urtis dissimilarity matrices.
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Results

Physicechemical analyses of the sediment, temperature and luminosity monitoring and plant growth

Based on the physitemical analyses performed, the two sediments were characteclagdyafosilhe

Dr'Mme amdndy for the Loifeable 8) with alkaline pH. The two sediments strongly differed in terms of
texture, cationic exchange capacity and amount of available nutrients. Estimated fertility was much hig
Dr™me soil than Loire one.

The temperature monitoring performed from June to October 2017 revealed a warmer temperature (+2.6
the Dr'™Mme site compared to the LokFgwie2]). The luminosity (cumulated PAR measure from June to
October 2017) was not significantly different betweer{8f& takdoules/cA and the Dr'™me @81
20.3joules/cA sites (Figurzy).

The measures done on the aerial parts of the poplar seedlings of the 3 progenies considered per site (i.e.,
and Loire) revealed significant diffecérgresvtiANOVA, P<0.0Hgure28). Under their native conditions

of culture (i.e., sediment and climate), D11 and LO8 were the taller progenies, while L04 and D15 wel
smaller (P<0.05), giving a specific pattern of distribution of the progeniethatcabdivg goound size

and for each site (Dr'®h&>D13>D15; Loire: LO6>L08>L04).

We then considered the potential effect of the two sediments on the growth of the seedlings. When the me
were done considering the seedlings growing undeveldimatdi but in the transplanted sediment, both

the Dr™Mme and Loire progerdesnted a different growth pattern than in their native conditions. For the
Dr™™me seedlings we observed the following pattern (D11>D15>D13), while for theoldiffersaedlings n
was observed (L04=L06=L08). Notably, the D15 progeny grew better in Loire sediment than in their native
41%; % expressed according to the native conditions; P<0.05), while the two other Dr™me progenies gre
on the Loire sedim#rdn in their native sedime3@ % for both D11 and D13; P<0.05). Similarly, the L06
seedlings grew better in Dr'™me sediments than their native seélimiex€QA%)/&hile no sediment effect

was observed for the growth of the two other progenies.

The potential effect of climate on the growth of the seedlings was then considered. When the measure
done considering the seedlings growing under-tiaivenatimate, but in their native sediment, the initial
patterns wemnserve(Dr™me: DI113>D15; Loire: L06>L08>HOWeverthe D15 seedlings grew better

under their native climate than under the Loire climate (+ 75 %), while there was no climate effect for tt
other Dr™me progenies (D11 and D13).

Finally, when the combined effects of the transplant condititime @tiomate + Auative sediment) were

tested, the same patterns of growth were observed than under the native climatatisnads&oknmamt
(D11>D15>D11; LO4=L06=kEig8re28). All the Loire seedlings presented a significantly increased growth
when transplanted in the Dr'™me soil and climate (L04 = + 69 %%, 0808=++484 %), while D13
seedlings had a reduced aerial development when transplanted in the limiates(ADarfdb)cl
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Sequencing results

After quality filtering, and chimera and singleton removals a total of 7,370,000 bacterial and 2,740,000
reads with an average of 25,000 bacterial reads per sample (x 234 re839 8HE)gahdedds per sample

(= 135 reads SE) remained. After taxonomy assignment, elimination of contaminants and singletons
completion of rarefactions, 2,479 bacterial and 3,197 fungal Operational Taxonomic Units (OTUS) wi
average of 1,253 baeteDTUs (x 21 SE) and 1,609 fungal OTUs (+ 41 SE) per sample were considered f

further analysis.

Structure and composition of the microbial communities of the Loire and Dr'™me sediments

The NMDS and PERMANOVA analyses revealed that in both.eediolentn@l Dr™me) the fungal and
bacterial community structures varied significantly (P<0.05) between the preconditioning stage of the sedil
mesocosms and after the 5 mimthisation peridedure29, Table 4.

The same analyses only donth@® 5 montiiscubation perioelated samples revealed that the Loire and
Dr'™Mme BS microbiome were significantly different. In additiaivetstyalipldéces (i.e., number of OTU
observed and Shannon ndpgeared significantly higher in the Dr’™me sediment than in the Loire sediment,
both the bacteria and fungi-(@yeANOVA, P<0.6tgure 30, B. Our analyses also revealed that the
climate did not significantly affestrtiroture of tHeoire and Dr™me BS microbiomes when the native and
transplant conditions were compared (FPable58).

A detailed analysis evidenced that the differences between the two sediments (aftarctii®mtiomonths
period) were significant only for the bactéeied, several phyla showed significantly different relative
abundances between the Loire and Dr'™me sediments [Proteobactetaif2bodre: \Is534.0 + % 7n

Dr™me), Acidobacteria (20.44i0.680ire vs 16.3 + %3 Dr'™me), Actinobactieti8 + 1.% in Loire vs

10.2 £ 2.4 in Dr'™me), Chloroflexi (11.84tri 150ire vs 16.1 £+ %.0n Dr™me) and Firmicutes (5.%+ 0.5

in Loire vs 0.1 = 0.0 % in Dr™Hige)le(3@). For the fungi, Ascomycota tended to be more abundant in the
BSrwmthan in the Bse (P>0.05Figure 30d). The Loire and Dr™me sediments appeared dominated by
ectomycorrhizal fungi (EcM; 25.9 = 18.8 % in Loire and 6.3 £ 2.0 % in Dr™me), saprotrophic fungi (3.3 % (
Loire and 8.0 £ 3.0 % in Dr"™me) aaldpfangpathogen (2.7 £ 1.4 % in Loire and 1.8 = 0.5 % in Dr™me,
Figure 3@).

At the genus level (>1 % relative abundance), no significant difference was observed between the two sec
for both the bacteria and the fungi (P>0.05). Howevet) dtviegé @Tigh proportion of the OTUs appeared
significantly enriched in only one sedimeadica®gdy Venn diagram analyses. Indeed, énlyobihe

OTUs (=7% of the 16S rRNA sequences) for bacteri&antithé OTUs (=24of the ITS sequesjcior

the fungi appeared common to the two sedfigeras3Q).
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Structure and composition of the rhizosphere and endosphere microbial communities in the native
conditions

The NMDS and PERMANOVA analyses revealed the rhizgpspleRiand the endosphere{&ys

ELoirg microbial (fungal and bacterial) community structures varied significantly (P<0.05) between the twc
(Tablel). A detailed analysis evidenced that these differences were explained by significant variations ¢
abundances of several bacterial (Chlorsfiext PRid, Verrucomicrobiaofe Ebr~ieand Proteobacteria

[Eormme> Eoid) (Figure 3B) and fungal (Glomeromycatad{BR Roird, Chytridiomycota &> Eorve
Ascomycota ([fze> Ermrjeand Basidiomycotarflze Eoid) Figure 31b) phyla. At the genus level,
AcidibacteAzohydromonasadSteroidobacteere significantly more abundagtnaRd br~mthan in the

Loire samples, willbtaekwangieas significantly moreratant in Reand Eoirethan in the Dr'™me samples
(ANOVA P<0.0mble Sh

For the fungipmentellandTetracladiumere significantly more abundant in Dr'™me samples (R and E) than ir
the related Loire samples (ANOVA PE&05,Sh The funguild analyses revealed thatbtissular
mycorrhizal (AM) fungi were significantly more abundagittimaiénRhedRvmtANOVA, P<0.05, data not
shown), while saprotrophic fungi and plant pathogen were more abupdamnimthiecE:~nmtANOVA,
P<0.05Figure 3k).

Based on OTU analyses, the rhizosphere samples harboured the highest diversity (Shannon) and ric
(OTUobs) values than the endosphere. In addition, the Dr'™me samples showed significantly higher valu
the Loire samples (R and E). Notably, Venn diagram analyses revealed that 84 % and 36 % of the bacter
fungal OTUs (= 92 % of the 16S rRNA 16S and 80 % of the ITS sequences) were common to the
rhizospheres fRm¥s Roird. Similarly, 54 % at®l % of the bacterial and fungal OTUs (= 88 % of the 16S
rRNA and 93 % of the ITS sequences) were common to the two rhizesgh&es. (E
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Figure 29 Impact of preonditioning stage on the Loire and Dr'Mme sediments microdidiDg
ordinations of bacterial and fungal OTUs across sediment type (Dr™me and Loire) and climate (Dr'™me al
Blue circles correspond to BS_TO samples. Variances explanation based on permutational multivariate a
using Euclidean dissimiliandtlyix for bacterial and fungal OTUs are available in Table S4.
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Figure 30 Composition and structure of sediment microbioigha diversity (Richness and Shannon
index) of the bacterial (a) and fungal (b) communities detected in BS sanmplesireo(lectednd Dr™me

(blue). The asterisks denote significant difference in each alpha diversity measure between Loire and Dr™
(ANOVA, P<0.05). Distribution of most dominant baéteirar€taive abundance) (c) and fungal (d) phyla
detectedh BS samples from Dr™me and Loire. The asterisks denote significant difference in relative abun
of each bacterial and fungal phyla between Loire and Dr'™me BS (ANOVA, P<0.05). Venn diagrams
bacterial and fungal OTUs only detected in BS &amplBs™me and Loire or shared by both
(http://bicinformatics.psb.ugent.be). The number in bold represents the number of OTUs whose re
abundance is significantly different between the two types of sediments. This value is converted in percen
bold and in relative abundance of total OTUs in brackets. The asterisks denote significant difference in r
abundance of each bacterial and fungal OTUs between Loire sedinmtsm@NOVA, P<0.05) (e).
Relative abundance of fungal guilds diétettie Loire (in red) and in Dr'™me (in blue) sediments (f).
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Analysis of the compartment effect (BS vs R and R vs E) in each treatment (seedling origin, sediment and
climate)

For each treatment (i.e., LLL, Loire seedlings cultivated in the Loire sediment and und€&Lloire climate
Loire seedlings cultivated in the Dr™me sediment under Loire climate; LDD, Loire seedlings cultivated
Dr'™Mme sediment and under Dr™ee Idlilhat oire seedlings cultivated in the Loire sediment and under
Dr™me climate; DDD, Dr™me seedlings cultivated in the Dr'™me sediment and under Dr™™me climate; D
seedlings cultivated in the Loire sediment and under Loire climate; DLDnd3r Buttigateddh the Loire
sediment and under Dr'Mme cbbateDr™me seedlings cultivated in the Dr'™me sediment and under Loi
climate) analyses were performed to determine whether i) the rhizosphere microbiome differed from ti
microbiome andtlii¢ rhizosphere microbiome differed from the endosphere microbiome.

The NMDS and PERMANOVA analyses revealed for most of the treatments that the bacterial comn
structure varied significantly (P<0.05) between BS and R coimpattmehizospleeeffect) and between
R and E compartmenmts, (the host root filtering effect) whatever the sediments and climateegonditions (
Loire and Dr’'Mnigb(e2). A single exception was observed (BS=R) for the LDL treatmenaljie2).246,
Concerninthe fungal community structure, no difference was observed between R and BS, while the R al
compartmentseg(, the host root filtering effect) significantly differed (P<02)5) (Table

The comparisons done on the taxonomic composition reveatedigfgrainces between the different
compartments (BS vs R and R vs E) in the native damdilibisgnd LLL) for both bacteria and fungi. For
the LLL treatment, a significant gradient of enrichment was observed from BS to E for several bacterial
such as Actinobacteria, Bacteroidetes and Verrucomicrobia (BS<R<E, P<0.05). Proteobacteria appeare
enrichd in R compared to. B8r the DDD treatment, a significant gradient of enrichment was also observe
from BS to E for the Bacteroigbtdam. Chloroflexi appeared more abundant in R than in BS and E, while
Actinobacteria were significantly enrichddgar& 32). Among the dominant bacterial genera detected in
our study, several appeared enriched in rhizospheMNigieBEShaekwangiandSteroidobac)esnd/or

in the endosphere (ES®Reptomyces, ActinoplaNésstellandSteroidobac)diTable 6.
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Figure 31 Composition and structure Bbpulus nigraoot microbiomeDistribution of most dominant
bacterial (> % inrelative abundance) (a) and fungal (b) phyla detected in the rhizosphere (R) and in t
endosphere (E) of the seedlings of Dr'me prmbknies cultivated in their native conditions of sediments
and climate (i.e, DDD and LLL treatment). The dsterigksignificant difference in relative abundance of
each microbial phyla detected in the R or E compartments between the seedlings of the DDD or the
treatment (ANOVA, P<0.05). Relative abundance of fungal guilds detected in the endedipigs®bf the se
the Loire (in red) and the Dr™me (in blue) cultivated in their native conditions (c). The asterisks denote sit
difference in relative abundance of each fungal guild between the DDD and LLL treatment (ANOVA, P<0.0
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Figure32 - Rhizosphere and root filtering effects in the native and transplant conditgtnisution of

most dominant bacterial phyl&(3n2elative abundance) detected in the bulk soil (BS) and in the rhizospher
(R) and the endosphere (Boplulus nigreeedlings of the Loire and the Dclitivated in their native
conditions (i.e., LLL and DDD treatments) (a) and in the transplant conditions (LDD and DLL treatments) (
asterisks denote significant difference in relative abundance of baetviespBfaand R compartments
(ANOVA, P<0.05). The crosses denote significant difference in relative abundance of bacterial phyla betv
and E compartments (ANOVA, P<0.05).

! "$+



For the fungi, the stronger modifications of composition were obeartiezl Retne the E compartments,

and in a lower extent, between the BS and the R. FoiCiastasigeriufplant pathogefd)etracladium
(saprotroph) a@brallomycetellgaprotroph) were significantly more abundant in the R compared to the BS
while Geopora EcM) was significantly more abundant in the E compared Tabtbe3R These
observations were confirmed by the distribution of the fungal guilds identified by Funguild analyses acrc
three studied compartments. The EcM fungi weamtbygmibre abundant in the endosphere (E) of the Loire
and Dr™™me seedlings cultivated in their native conditions (34.3i% 28.9«i6.E % iR Ey)e

Significant modifications were also observed when only one parametesedamedt(DL and DLD] or

climate [LLD and DDL]). When the seedlings were cultivated in another sediment (LDL and DLD) than thei
sediment, several significant differences were observed at the phylum and-gpma383¢valdg 8,

Table $). NotablyProteobacteria presented a significantly higher relative abundance in E than in the otl
compartments whatever the origin of the seedlings (ANOVA, P<0.05). Verrucomicrobia tended to be incre
the root compartments (BS<Redpgcially in the Dit€atment. When the seedlings were cultivated in
another climate (LLD and DDL) than their native climate, several significant differences were observed
phylum and genus levels between compafigare85).Notably, Actinobacteria and Bacteroidetes, were
enriched in E compared to the other compartirieanth DL Verrucomicrobia and Proteobacteria were

only enriched in the endosphé¢he i Dreatment. For the fungi, no difference was obseryed/lainthe

and only few genera appeared affected s@bopma(BS<R<E), andlternariaCorallomycetella
Cladosporiu(R >BS=E) (Figus).

In the complete transplant conditions (i.e., LDD and DLL; climate + sediment), we observed that Proteob:
Choroflexi and Cyanobacteria were enriched in the R of the Loire and Dr'™me seedlings (R>BS),
Proteobacteria, Bacteroidetes, Actinobacteria and Verrucomicrobia were significantly enriched in the E
(Figure 3d). Several genera appeared aimnedant in the endosphéias{ella, Streptomyces, Cellvibrio,
Actinoplangompared to the other compartmentsAllshilzobiumvas only significantly enriched in the
rhizosphereTéble 8). For the fungi, no difference was observed at the pipdued ¢o the native
conditionsT@ble 3). The funguild analyses revealed that EcM fungi significantly dominated the endosph
(BLoire=32.7 £ 3.5 % V$dR=15.7 + 2.1 Y%pkenm2.6 + 4.0 % vorRmY.2 + 1.96).

Comparative analysis of tbempartments between the native conditions and transplant conditions

For each transplantation treatment (i.e., LLD, LDD, LDL, DLL, DDL and DLD), analyses were perforn
determine whether i) the sediment origin, ii) the climate and iii) the shdincBmtatmndiffected the
composition of the rhizosphere and/or the endosphere microbiomes compared to native conditions (i. e., L
DDD)The NMDS and PERMANOVA analyses done directly on the OTUs revealed that the fungal and bau
community structures varied significantly (P<0.05) in the two studied compRronéijtbétween the
seedlings cultivated in their native conditions and the seedlings cultivated in the transplant conditions of se
and/or climate. Exceptions were obserhedeimdosphere for fungal communities for the LLD and DDL
treatments (([5=E.; P=0.377]; §e=Eoos P= 0.052]) (Tatde
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Figure 33 Impact of sediment origin on tRepulus nigraoot microbiome. Distribution of most dominant
bacterial phyla (#4lin relative abundance) (b) and fungal genera (> 1% in relative abundance) (c) detecte
the rhizosphere (R) and in the endosphefRofi)ud nigseedlings of the Loire and the xMireged in

their native sediment conditions (i.e., LLLDatréddDents) and in the other type of sediments (i.e., LDL and
DLD treatments). The asterisks denote significant difference in relative abundance of each bacterial phy
fungal genera between the two conditions of seedlings culture (ANOVA, P<0.05).
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The taxonomic composition of the microbial communities colonizing the R or the E compartments \
significantly between the native condiiphkl{ and DDD) and the transplant conditions of sediment (i.e, LDL
and DLD) and of climate (i.e, LLDRAndfor both bacteria and fungi (ANOVA,; P<0.05).

For the bacteria, the LDL treatment, Proteobacteria were significantly more abundant in the two compar
(i.e, R and E) compared to their related native compartment (LEIgufe<3&)5Fotthe DLD treatment,
Cyanobacteria and Actinobacteria appeared only enricheg>oB, (®ile Chloroflexi, Plantomycetes

and Acidobacteria were significantly enriched.inBmdEP<0.05Figure 33). For the LLD treatment,
Cyanobacteria andidabacteria were significantly more abundant in the R, while Proteobacteria appear:
significantly enriched in the E than in the LLL treatmenfFifRx0.@8a). For the DDL treatment,
Chloroflexi, Plantomycetes and Acidobacteria were significadtly Encompared to the native treatment
(DDD) (P<0.0Bjgure 348). Among the dominant bacterial genera detected in our study, several appeare
enriched in rhizosphere (R) of the seedlings cultivated-iratitie sediment than in the nativéia@ondi
((i.e.,AcidibacteAllorhizobium, Azohydrom@&aadlus, Gaiella, Niastella, or OhtaekwRxgi@hTable

S8). Several dominant bacterial genera appeared also significantly enriched in the endosphere (E) @
seedlings cultivated in thenatine sedime(ite., AcidibacterAllorhizobium, Actinocorallia, Actinoplanes,
AzohydromonaBradyrhizobium, Cellvibrio, Lechevaliera, OhtaeRhadgiaicrobium, Steroidobacter
(P<0.05Table 8).

For the fungforallomycete(lsaprotroph) aibrtierelleendophytes) were significantly enriched in the R of
the nomative treatments (LDL>LLL; DLD>D&tycladiunsaprotroph) antiomentelldEcM) were
significantly enriched in the E of the LDL and the DLD treatments than in theirealatedtsair<0.05;

Figure 33b). Tomentellavere significantly more abundant in the E of the seedlings of the DDL treatmer
compared to the DDD treatment (PRig®¥& 34). The funguild analyses revealed significant differences
between the R compemts for the plant pathogens and of AM fungi (P<0.05; [Basthogen;FR >

Riol; [AM fundR..i> Rou Roop> Roud Figure37).

In the complete transplant conditions (i.e., LDD and DLL), Chloroflexi and Planctomycetes appeared signi
enriched in the R compartment compared to the native treatments (i.e., LDD>DDD and DLL>LLL),
Proteobacteria, Planctomycetes and Aeidabaete significantly enriched in the E of the LDD treatment
compared to native treatment (LLL). For the DLL treatment, Verrucomicrobia and Bacteroidetes were signi
enriched in the R and E compartments compared to the native treatmerg; bR B&).(Geveral

genera appeared more abundant in the rhizosphere and the endosphere of the seedlings of the LDD tre
compared to the native treatmentAtidibacteasind Steroidobac)eFor the DLL treatmeBdcillusand
Nodosilineappeared enriched in the rhizosphereR(ER), whileOhtaekwangend Streptomycesere

enriched the endosphereXEooD.
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