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Résumé des travaux de thèse

Résumé des travaux de thèse

1. Introduction

1.1 Rôle des phytohormones dans le développement de la symbiose 
ectomycorhizienne

Pour pallier aux limitations nutritives des sols des forets tempérées et boréales, la plupart

des espèces d'arbres forment des associations mutualistes avec les champignons présents

dans  le  sol.  Dans  ces  écosystèmes  forestiers,  environ  6000-7000  espèces  d'arbres

interagissent avec plus de 20 000 espèces de basidiomycètes et d'ascomycètes pour former

des structures symbiotiques appelées ectomycorhizes (ECM). Ces tissus sont composés à la

fois de tissus racinaires et fongiques (van der Heijden et al., 2015 ; Martin et al., 2016). Les

champignons ectomycorhiziens contribuent au développement et à la santé des arbres en (i)

améliorant  leur  nutrition  minérale  (N,P)  et  hydrique,  en  échange  de  carbone  issu  de la

photosynthèse (Tibbett & Sanders, 2002 ; Plassard & Dell, 2010 ; Lehto & Zwiazek, 2011) ;

(ii) augmentant leur résistance aux stress biotiques et abiotiques (Luo et al., 2009 ; Pena et

al., 2013 ; Danielsen & Polle, 2014 ; Luo et al., 2018 ; Gonthier et al., 2019) ; (iii) participant

via leur réseau de mycélium extramatriciel au réseau appelé "wood wide web", permettant

l'échange de nutriments et de molécules de signalisation entre arbres voisins (Simard et al.,

1997  ;  Klein  et  al.,  2016)  ;  (iv)  participant  aux  cycles  des  éléments  minéraux  par  la

séquestration  du  carbone  atmosphérique  dans  le  sol  et  la  dégradation  de  la  matière

organique (Lindahl & Tunlid, 2015 ; Nehls et al., 2016).

Les ECM sont des organes mixtes composés d'hyphes fongiques et de fines racines

latérales d'arbres. L’ontogenèse d’une ECM nécessite plusieurs étapes : d’abord l’échange

de  signaux  pré-symbiotiques,  suivie  de  la  formation  d’un  manteau  fongique  et  enfin  la

colonisation  de l’apoplaste par les hyphes pour former le réseau de Hartig,  zone où les

échanges  de  nutriments  entre  les  partenaires  symbiotiques  ont  supposément  lieu.  Ainsi

avant le contact direct, les deux partenaires échangent des flavonoïdes, des phytohormones

et des petites protéines sécrétées pour une reconnaissance mutuelle et pour déclencher le

développement  de racines latérales  (Garcia  et  al.,  2015).  Ensuite,  les hyphes fongiques

agrégées  adhèrent  à  la  surface  des racines  latérales  et  formant  un  épais  manteau.  La

formation  du  réseau  d’Hartig  s’accompagne  de  l'allongement  radial  des  cellules

épidermiques et corticales de la racine et d’une modification de la composition des parois

des  cellules  fongiques  et  végétales  permettant  aux  hyphes  fongiques  de  croître  dans

l'apoplaste des cellules corticales (Balestrini & Kottke, 2016). Le développement d’une ECM
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fonctionnelle nécessite donc un dialogue moléculaire sophistiqué et finement ajusté entre les

deux partenaires de l’interaction. Ce dialogue implique un échange de molécules volatiles et

solubles,  ainsi  que la  sécrétion de protéines effectrices et  d'enzymes. Ces échanges de

signaux ont un double objectif : (i) reprogrammer le développement des racines de l’hôte et

des cellules fongiques et (ii) détourner l'immunité des plantes hôtes. 

Les premiers champignons ectomycorhiziens sont apparus il y a environ 140-180 millions

d'années, associés aux racines de Pinaceae (Brundrett, 2002). Depuis lors, les champignons

ectomycorhiziens ont évolué à plusieurs reprises à partir  d'ancêtres saprotrophes. Malgré

leur  origine  polyphylétique,  les  champignons  ectomycorhiziens  ont  subi  une  perte

convergente d'enzymes dégradant la paroi cellulaire des cellules végétales (PCWDE) et de

peroxydases  de  classe  II  oxydant  la  lignine,  tout  en  développant  un  arsenal  de  petites

protéines sécrétées (SSPs) spécifiques pour chaque lignée phylogénétique (Kohler et al.,

2015). L'expression au cours de la mycorhization de gènes fongiques codant des PCWDE,

des transporteurs de nutriments (N,  P,  C) et  de petites protéines sécrétées (Mycorrhiza-

induced  Small  Secreted Proteins,  MiSSPs)  est  nécessaire  au  développement  de l’ECM,

même si des mécanismes moléculaires spécifiques d'établissement de symbiose peuvent

aussi dépendre de l’espèce et résultent probablement d'une co-évolution avec l'arbre hôte

(Martin et al., 2010). 

Si la formation d’une ECM nécessite une reprogrammation générale du transcriptome

des cellules  fongiques,  celui  des cellules  racinaires  est  également  fortement  modifié.  La

modulation de l'immunité et du développement des racines des arbres se produit en partie

par l'accumulation et/ou une perception modifiée des phytohormones. Par exemple, lors de

la mycorhization la signalisation induite par l'auxine dans les racines de l'arbre hôte favorise

le développement des racines latérales, probablement en lien avec la voie de signalisation

de l'éthylène (Felten et al., 2009 ; Splivallo et al., 2009). De plus, la protéine MiSSP7 de

Laccaria bicolor inhibe la voie de signalisation de l’acide jasmonique (AJ) dans les racines de

l'hôte, en stabilisant le co-récepteur de signalisation de l’AJ du peuplier, PtJAZ6. Ainsi, la

protéine  effectrice  MiSSP7  est  nécessaire  au  développement  du  réseau  de  Hartig,

probablement pour supprimer au moins en partie les réponses immunitaires des cellules

racinaires (Plett et al., 2014a). Cependant, la reprogrammation transcriptomique des racines

de peuplier  déclenchée par MiSSP7 reste à identifier,  ainsi  que les relations pendant  le

développement  d’ECM  entre  la  voie  de  signalisation  de  l’AJ  et  les  autres  voies  de

signalisation hormonale. 
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1.2. Objectifs de ces travaux de these

Cette thèse a pour objectif d’élucider le rôle de la voie de signalisation de l’AJ et de celles

interagissant avec l’AJ comme l’acide gibbérellique (GA), l’acide salicylique (SA) et l'éthylène

(ET),  dans  la  régulation  du  réseau  transcriptomique  associé  au  développement  de

l'interaction  mutualiste  entre  le  basidiomycète  ectomycorrhizien  L.  bicolor et  l’arbre

angiosperme P. tremula x alba. 

Pour ce faire, j’ai concentré mon travail sur trois aspects principaux : (i) comprendre le

mécanisme  moléculaire  par  lequel  l'effecteur  fongique  sécrété  MiSSP7  supprime  les

réponses du peuplier médiées par l’AJ ; (ii) évaluer si un(des) segment(s) de la signalisation

de l’AJ sont sélectivement réprimés pendant le développement d’ECM ; (iii) caractériser les

voies  de  signalisation  hormonales  et  leurs  interactions  dans  les  racines  du  peuplier  et

clarifier leur fonction pendant la colonisation fongique.

Pour l'étude du rôle moléculaire de MiSSP7 dans le complexe de perception de l’AJ des

racines de peuplier,  nous avons d'abord identifié l'interactome de PtJAZ6 par des études

d'interaction  protéine-protéine.  En  effet,  chez  la  plante  modèle  Arabidopsis,  l'activité

transcriptionnelle de différents facteurs de transcription (FT) contrôle des réponses distinctes

à l’AJ (Chini et al., 2016). Ainsi, l'identification des FT interagissant avec PtJAZ6 dans les

racines de peuplier apparait cruciale pour comprendre l'influence de MiSSP7 sur l'expression

génique des racines hôtes.  De plus,  pour mieux comprendre l'activité  de MiSSP7 sur la

perception  de  l’AJ  au  niveau  moléculaire,  nous  avons  testé  par  triple-hybride  si  les

interactions entre PtJAZ6 et chacune des autres protéines du complexe étaient modifiées ou

non en présence de MiSSP7.

J’ai ensuite étudié le rôle des FT associés à PtJAZ6 pendant le développement de l'ECM,

en générant des lignées transgéniques de peuplier surexprimant les FT d'intérêt, ainsi que

des peupliers chimériques dont les racines expriment significativement moins (silencing) ces

mêmes FT. L'analyse de l'architecture racinaire, du développement des ECM et du réseau

de Hartig des ECM de ces peupliers transgéniques a fourni des indications sur l'importance

de ces régulateurs de l'expression génique pour le développement de la relation mutualiste.

D'autre part, j’ai évalué si la colonisation fongique supprime sélectivement un sous-ensemble

des réponses dépendantes de l’AJ. L'objectif était de déterminer si une manipulation par le

champignon  de  l'immunité  des  plantes  et/ou  d’autres  réponses  (développement)

déclenchées  par  l’AJ  est  nécessaire  pour  la  symbiose  ECM.  Ainsi,  j’ai  examiné,  par

séquençage d'ARN à haut débit, les transcriptomes de racines de peuplier colonisées ou non

par L. bicolor et traitées par l’ajout exogène de MeJA. Dans le même contexte expérimental,

j’ai également défini des gènes de réponse à l’AJ dans les racines de peuplier et inspecté la

dynamique de leur expression au cours du développement de l'ECM.
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Enfin,  j’ai  également  étudié  le  rôle  des  voies  de  signalisation  de  l’acide  salicylique,

l’éthylène et l’acide gibbérellique et de leur interaction avec la voie de signalisation de l’AJ,

dans la reprogrammation transcriptionnelle ayant cours pendant la formation de l'ECM. Dans

la même série d'expériences, les concentrations de JAs, SA, GAs, cytokinines et abscisates

ont  été  quantifiés  par  spectrométrie  de  masse,  pour  obtenir  des  informations  sur  la

dynamique du métabolisme des phytohormones dans le développement de l’ECM.

2. La protéine effectrice MiSSP7 du champignon 
ectomycorhizien Laccaria bicolor impacte l’interactome de 
PtJAZ6, co-recepteur de l’AJ dans les racines de peuplier

L'établissement, le développement et le fonctionnement des racines ectomycorhiziennes

nécessitent une coordination stricte du développement, de l'immunité et de la physiologie

des cellules fongiques et végétales. Le contrôle de ces processus est effectué, en partie, par

les phytohormones.  En exploitant  l'interaction mutualiste entre  L. bicolor et  Populus spp.

comme modèle pour étudier la symbiose ECM au niveau moléculaire, il a été démontré que

les  hyphes  du  champignon  L.  bicolor sécrètent  des  petites  protéines  (MiSSPs)  dans  le

voisinage des racines du peuplier (Martin et al., 2008 ; Martin et al., 2016). L’une d’entre elle,

MiSSP7, est un effecteur symbiotique nécessaire au développement de l’ECM (Plett et al.,

2011).  MiSSP7  interagit  physiquement  avec  la  protéine  JAZ6  de  Populus  trichocarpa

(PtJAZ6) dans le noyau des cellules hôtes (Plett et al., 2014a). Cette interaction inhibe la

dégradation de PtJAZ6 en présence d’AJ et, par conséquent, supprime au moins certaines

réponses dépendantes  de l’AJ  permettant  la  colonisation  fongique  in  planta.  Cependant,

l'influence  de  l'interaction  MiSSP7-PtJAZ6  sur  le  réseau  transcriptomique  des  cellules

racinaires du peuplier reste encore inconnue. En particulier, il n'est pas clair si la stabilisation

de PtJAZ6 a un impact sur l'activité des FT en aval. En effet, différents FT interagissant avec

PtJAZ6 pourraient réguler des segments distincts de la signalisation de l’AJ, dont certains

pourraient être perturbés en présence de la protéine effectrice MiSSP7.

Pour mieux comprendre l'altération de la perception et des réponses à l’AJ au cours du

développement d’ECM, la composition du complexe protéique associé à PtJAZ6 dans les

racines de peuplier a été déterminé. Un crible double-hybride en levure a permis d’identifier

un FT de peuplier  JAM1,  appartenant  à la  famille  basic  helix-loop-helix  (bHLH),  comme

partenaire d’interaction de PtJAZ6. Par la suite, les interactions entre PtJAZ6 et d'autres

protéines de peuplier candidates, selon leur homologie avec Arabidopsis, ont été testées en

levure  et  in  planta par  expression  transitoire  en  feuilles  de  tabac.  Enfin,  j’ai  évalué  en

système levure triple-hybride si MiSSP7 modifie les spécificités de liaison de PtJAZ6 à ses

protéines associées.
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Ces études d'interaction protéine-protéine ont démontré que PtJAZ6 interagit avec une

protéine de la famille TOPLESS, deux protéines NINJA, plusieurs autres protéines JAZ et les

homologues du peuplier des FT bHLH d’Arabidopsis MYC2 et JAM1. Les gènes codant pour

PtMYC2 et  PtJAM1 ont  subi  une duplication  dans le  génome du peuplier,  aboutissant  à

l’existence  de  deux  paralogues  chacun :  PtMYC2.1  (Potri.001G142200),  PtMYC2.2

(Potri.003G092200),  PtJAM1.1 (Potri.014G099700)  et  PtJAM1.2 (Potri.002G172100).  Des

tests  en  levure  simple-hybride  suggèrent  que,  comme  chez  Arabidopsis,  les  PtMYC2

agissent  comme activateurs de transcription  tandis  que les PtJAM1 fonctionnent  comme

répresseurs  de  transcription.  De  plus,  une  étude  triple-hybride  en  levure  a  montré  que

l'effecteur fongique MiSSP7 renforce la liaison de PtJAZ6 à PtMYC2.1 et affaiblit l'interaction

PtJAZ6-PtMYC2.2. Chez Arabidopsis, les protéines JAZ agissent en qualité de répresseurs

transcriptionnels par recrutement d’enzymes de remodelage de la chromatine de la famille

TOPLESS  soit  directement  soit  via  la  protéine  NINJA  (Howe  et  al.,  2018).  Ainsi,  notre

résultat  suggère  qu'au  contact  du  mycélium  de  L.  bicolor l'activité  transcriptionnelle  de

PtMYC2.1 est inhibée, tandis que PtMYC2.2 est libéré de l’inhibition par PtJAZ6. De plus,

MiSSP7 affaiblit l'interaction entre PtJAZ6 et d'autres protéines PtJAZ, mais la fonction de

cette inhibition de l’homo- ou hétérodimérisation PtJAZ6 reste actuellement inconnue.

Nous avons montré qu'un effecteur symbiotique sécrété par un champignon mutualiste

peut favoriser l'interaction symbiotique en modifiant la dynamique des réseaux d'interaction

protéine-protéine associés aux signaux de l’AJ et en maintenant la répression des gènes

régulés par PtMYC2.1. Le rôle de la concurrence possible entre les PtMYC2 et les PtJAM1

pour  la  liaison  à  PtJAZ6 et  aux  promoteurs  des  gènes  cibles  doit  être  étudié  dans  les

recherches futures.

3. Le facteur de transcription PtaMYC2.1, associé à PtJAZ6, 
impacte le développement du réseau de Hartig. 

Les  jasmonates  sont  une  classe  d'oxylipines  dérivées  d'acides  gras  impliqués  dans

l'allongement des racines primaires, la formation de trichomes, la sénescence des feuilles, la

fertilité masculine et la défense (Wasternack & Hause, 2013 ; Howe et al., 2018). Il a été

montré que l’ajout exogène d’AJ est délétère pour le développement de la symbiose ECM

entre les racines de Populus spp. et  L. bicolor (Plett et al., 2014a,b). De plus, nous avons

découvert  que le  co-récepteur de l’AJ  PtJAZ6,  stabilisé  par  l'effecteur fongique MiSSP7,

interagit avec les FT PtMYC2 et PtJAM1. Chez Arabidopsis, le FT de la famille bHLH MYC2

coordonne une cascade transcriptionnelle favorisant la résistance aux insectes, la tolérance

au stress oxydatif et le métabolisme des flavonoïdes tout en ayant un impact négatif sur la

réponse aux pathogènes nécrotrophiques  et  la  biosynthèse  des métabolites  secondaires
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(Dombrecht  et  al.,  2007).  D'autre  part,  les  FT  bHLH  du  sous-groupe  IIId

bHLH17/JASMONATE ASSOCIATED MYC2-LIKE1 (JAM1), bHLH13/JAM2, bHLH3/JAM3 et

bHLH14 agissent comme répresseurs transcriptionnels impliqués pour atténuer les réponses

dépendantes de l’AJ, et sont en compétition avec MYC2 pour leur liaison au promoteur des

gènes cibles (Howe et al., 2018). Ainsi, la vaste gamme de FT qui interagissent avec les

protéines JAZ, leurs différents profils d'expression et leur spectre spécifique de gènes cibles

permettent  une  modulation  précise  des  différentes  réponses  dépendantes  de  l’AJ  aux

différents signaux liés au développement ou de l'environnement (Chini et al., 2016 ; Howe et

al., 2018).

Ayant montré dans le chapitre précédent que la fixation de MiSSP7 sur PtJAZ6 modifie la

force des interactions entre PtJAZ6 et ses FT associés, nous avons émis l’hypothèse que les

FT PtaMYC2 et PtaJAM1 de Populus tremula x alba, respectivement des activateurs et des

répresseurs de transcription, jouent des rôles opposés dans le développement des ECM.

Nous avons également émis l’hypothèse que les deux paralogues PtaMYC2.1 et PtaMYC2.2

régulent l'expression de différents sous-ensembles de gènes cibles et que l'activation ou la

répression de segments distincts  de la  voie  de signalisation  de l’AJ  pourrait  contrôler  la

colonisation fongique des racines des arbres.

Pour évaluer le rôle de PtaMYC2.1, PtaMYC2.2 et PtaJAM1.1 dans le développement

d’ECM, nous avons généré des lignées transgéniques de P. tremula x alba surexprimant ces

FT, ainsi que des peupliers chimériques dont les racines n’expriment plus ces gènes par le

phénomène de silencing via ARN interférent (RNAi). Les peupliers surexprimants PtaJAM1.1

ont montré un développement accru du réseau d’Hartig, tandis que le phénotype opposé a

été observé pour les peupliers  surexprimant PtaMYC2.1.  Il  manque encore des données

concernant la surexpression de PtaMYC2.2 et les lignées composites RNAi pour ces FT.

Ces résultats préliminaires confirment que l'activation de la signalisation de l’AJ est délétère

pour la formation du réseau d’Hartig (Plett et al., 2014a), mais ne démontrent pas que les

paralogues PtaMYC2.1 et PtaMYC2.2 ont un rôle différent. Étonnamment, la colonisation par

L.  bicolor des  racines  des  lignées  transgéniques  témoins  et  surexprimant  PtaMYC2.1

réprime  l'expression  du  gène  PtaMYC2.1.  Puisque  l'expression  de  PtaMYC2.1 dans  les

lignées surexprimant est pilotée par le promoteur CaMV 35S, et non par le promoteur natif

de  PtaMYC2.1,  nous  avons  avancé  l'hypothèse  que  la  diminution  des  transcrits  de

PtaMYC2.1 se produirait par un mécanisme de « silencing » basé sur l'ARN plutôt que par la

répression de la transcription. 

Dans l'ensemble, ces résultats suggèrent que PtaMYC2.1 et PtaJAM1.1 ont un impact

opposé  sur  le  développement  du  réseau  d’Hartig  et  que  de  multiples  mécanismes  de

régulation  influencent  l'expression  génique  dépendante  de  l’AJ  lors  de  l'établissement

d'ECM.  D'autres  études  seront  nécessaires  pour  évaluer  si  PtaMYC2.1  et  PtaMYC2.2
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régulent différemment la pénétration fongique dans l'apoplaste racinaire et pour identifier les

gènes cibles directs et indirects de ces FT dans les racines de peuplier.

4. Laccaria bicolor modifie la sensibilité des racines de peuplier 
aux phytohormones comme les jasmonates, gibbérellines, 
salicylates et éthylène. 

Chez de nombreuses plantes modèles, la voie de signalisation de l’AJ est au centre d'un

réseau de régulation complexe impliquant l'interaction avec d'autres voies de signalisation

hormonale. Par exemple, l’antagonisme entre la voie de signalisation de l’AJ et celle de SA

régule l'équilibre entre la résistance des plantes aux pathogènes nécrotrophes et biotrophes

(Pieterse et al., 2012). La voie de signalisation de l'ET peut amplifier les réponses médiées

par l’AJ contre les pathogènes, mais contrer celles déclenchées par la blessure (Lorenzo et

al., 2003). De plus, l’antagonisme entre la voie de signalisation de l’AJ et celle de GA est

impliquée dans le compromis croissance-défense, empêchant les plantes de déployer des

ressources en croissance végétative dans des conditions de stress environnemental (Guo et

al., 2018). Au cours de l'interaction entre le peuplier et L. bicolor, la biosynthèse constitutive

de  l'ET  inhibe  le  développement  du  réseau  de  Hartig,  probablement  en  empêchant

l'expression des gènes impliqués dans la reconnaissance des deux partenaires et dans la

synthèse des parois cellulaires (Plett et al., 2014b). Dans la même étude, l'existence d'une

synergie entre la voie signalisation de l’AJ et celle de l’ET a été suggérée, en raison de la

signature transcriptionnelle similaire des racines de peuplier traitées par l’ajout exogène soit

d’AJ,  soit  d’ET.  Au contraire,  le  traitement  exogène avec SA n'a pas eu d'impact  sur  le

développement de l’ECM (Plett et al., 2014b). Cependant, de nombreuses questions sur le

rôle exact de la voie de signalisation de l’AJ et son interaction avec les autres voies de

signalisation hormonale pendant la symbiose ectomycorhizienne restent sans réponse. Par

exemple, déterminer si l'inoculation fongique affecte les voies de signalisation hormonales à

des  stades  particuliers  du  développement  de  l’ECM  nécessite  de  connaître  des  gènes

marqueurs pour les différentes hormones. Ces gènes de réponse ne sont actuellement pas

connus pour les racines de peuplier. De plus, l'abondance de AJ, SA, ET et GA endogènes

dans les racines de peuplier colonisées et non colonisées n'a jamais été examinée. Enfin, il

n’y a pas de démonstration de l'existence d’interactions (antagonisme ou synergie) entre les

voies de signalisation des phytohormones dans les racines de peuplier et du rôle de ces

interactions dans le développement d’une ECM.

Ainsi,  pour  élucider  le  rôle  des  phytohormones  impliquées  dans  la  défense  et  le

développement lors de l'établissement de l'ECM, j’ai d’abord examiné le paysage hormonal

d’une  ECM par  hormonomique.  De  plus,  j’ai  identifié  et  défini  les  gènes  de  réponse  à
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différentes phytohormones et à leur antagonisme ou synergie. Les profils d’expression de

ces gènes de réponse ont été ensuite examinés au cours développement de l'ECM. Enfin,

une  analyse  transcriptomique  globale  par  séquençage  d'ARN  de  racines  de  peuplier

colonisées et non colonisées, traitées ou non aux hormones, a été réalisée. 

Nous avons constaté que le développement d’une ECM s’accompagne de l'accumulation

d'auxines, de SA et de cytokinines (sous forme de ribosides) par rapport à des racines non

mycorhizées.  De plus,  l'inoculation  avec  L.  bicolor diminue  la  sensibilité  des  racines  de

peuplier à un traitement exogène par AJ, tout en augmentant leur sensibilité à SA, ET et GA.

Le  traitement  exogène  avec AJ,  seul  ou  en  combinaison  avec  d'autres  phytohormones,

entraîne  une  diminution  du  pourcentage  de  mycorhization  et  une  forte  inhibition  du

développement  du  manteau  fongique  et  du  réseau  de  Hartig.  Ces  inhibitions  de  la

croissance fongique  in planta sont probablement liées à l'activation d'un grand nombre de

gènes liés à la défense dans les racines de peuplier traitées. Néanmoins, une branche de la

voie de signalisation de l’AJ/ET peut être activée pendant le développement d’ECM pour

assurer  l'équilibre  correct  entre  l'intégrité  et  l'élasticité  de  la  paroi  cellulaire  pour  une

pénétration  efficace  de  l'apoplaste  racinaire  par  les  hyphes  fongiques.  Nos  résultats

suggèrent  qu'un  déclenchement  modéré  de  la  voie  de  signalisation  de  l’AJ  pourrait

contribuer à un développement optimal du réseau de Hartig en modulant la composition de

la paroi cellulaire de la plante et en supprimant le développement des poils racinaires, tandis

qu'un déclenchement  intense de cette même voie  inhiberait  la  colonisation  fongique par

activation  des  défenses  des  cellules  racinaires.  De  plus,  nous  avons  démontré  qu’une

homéostasie  hormonale  équilibrée  est  essentielle  au  développement  des  structures

symbiotiques. Les fonctions spécifiques des diverses voies de signalisation hormonales dans

la reprogrammation transcriptomique des racines et des hyphes en interaction mériteraient

plus d'attention dans les recherches futures.

5. Conclusion et perspectives

Dans le cadre de cette thèse, nous avons apporté de nouvelles connaissances sur le rôle

des  hormones  végétales  dans  la  reprogrammation  transcriptomique  associée  au

développement  des ECM entre  Populus spp.  et  le  basidiomycète  L.  bicolor.  Nous  nous

sommes  particulièrement  concentrés  sur  la  phytohormone  AJ.  Puisque  la  voie  de

signalisation de l’AJ régule de nombreux aspects de la physiologie des plantes, notre objectif

principal était de déterminer si un sous-ensemble spécifique de réponses médiées par l’AJ

serait impliqué dans la régulation du développement d’une ECM. Dans une perspective plus

large, nous avons également étudié les interactions possibles entre la voie de signalisation

de l’AJ et d'autres voies de signalisation hormonale dans les racines de peuplier, afin de

22



Résumé des travaux de thèse

mettre en évidence les contributions de l'équilibre entre différents signaux hormonaux au

réarrangement transcriptomique des racines colonisées par les champignons. 

Nous avons procédé à la réalisation de nos objectifs à travers trois axes de recherche.

Tout d'abord,  nous avons caractérisé le  complexe de perception de l’AJ  des racines de

peuplier, en étudiant l'interactome de PtJAZ6 via des études d'interaction protéine-protéine.

Cette approche a permis d'identifier les FT bHLH PtMYC2.1, PtMYC2.2 et PtJAM1.1 comme

étant  potentiellement  impliqués dans la régulation du développement  symbiotique.  Par la

suite, nous avons observé que la surexpression de PtaMYC2.1 limitait le développement du

réseau d’Hartig, tandis que la surexpression de PtaJAM1.1 le favorisait. Enfin, nous avons

constaté que la sensibilité des racines de peuplier à l’AJ est réduite pendant la colonisation

mycorhizienne et qu'un sous-ensemble de gènes de réponse à l’AJ était régulé dans l'ECM.

L’ensemble de nos résultats suggère donc que la voie de signalisation de l’AJ est une voie

cruciale  pour  le  développement  du  réseau  de  Hartig  et  que  différents  segments  de  la

signalisation  de  l’AJ  régulent  différentiellement  la  colonisation  fongique  in  planta.  Nous

émettons l’hypothèse que PtMYC2.1 contrôlerait préférentiellement l'expression des gènes

liés à la défense, et que la suppression de son activité est nécessaire pour la pénétration

fongique intracellulaire. D'autre part, PtMYC2.2 pourrait réguler des gènes dépendants de

l’AJ impliqués dans la suppression des poils racinaires et la modification des propriétés de la

paroi cellulaire végétale, des processus nécessaires au développement des ECM.

Malgré  les  résultats  obtenus,  des  preuves  expérimentales  supplémentaires  sont

nécessaires pour valider notre modèle de travail. Par exemple, le séquençage d'ARN à haut

débit sera utile pour déterminer les réponses transcriptionelles à la surexpression des FT

PtaMYC2 et PtaJAM1 dans les racines de peuplier colonisés, et pour identifier les gènes

cibles de ces FT. De plus, l'immunoprécipitation de la chromatine couplée au séquençage

(ChIP-seq)  en  ciblant  les  protéines  PtaMYC2 et  PtaJAM1 permettrait  de  déterminer  les

cibles  directes  de  leur  régulation  transcriptionnelle.  D'autres  axes  de  recherche  sur

l'identification des cibles d'autres effecteurs MiSSP et sur l'investigation de la communication

basée sur l'ARN entre les arbres et les champignons mutualistes pourraient être poursuivis.

Dans  l'ensemble,  les  résultats  de  cette  thèse  permettent  d'élucider  une  partie  du

réarrangement moléculaire complexe qui se produit lors de l'interaction entre le peuplier et L.

bicolor et ouvrent de nouvelles pistes de recherche dans le domaine de la communication

entre arbres et microorganismes.
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Chapter 1: Introduction

1.The ectomycorrhizal symbiosis

1.1. The mutualism between trees and ectomycorrhizal fungi in forest 

ecosystems

To resist  to  nutrient  limitations  in  forest  soils,  most  tree species  form mutualistic

associations with soil-borne fungi (van der Heijden et al., 2015; Martin, 2016; Brundrett &

Tedersoo, 2018). Indeed, the level of bioavailable phosphorus (P), nitrogen (N) and water in

natural soil is often too low to sustain tree growth (Attiwill & Adams, 1993). Mycorrhizal fungi

promote plant  development  through  intimate  interactions  with  their  roots  and  delivery  of

mineral nutrients and water, in exchange for photosynthetic carbon (C; Bücking et al., 2012;

Nehls et al., 2016). As such, the establishment of mycorrhizal interactions has been pivotal

for  the evolution  of  land plants (Brundrett,  2002;  Bonfante & Genre,  2008;  Feijen  et  al.,

2018). 

Endophytic  and  endomycorrhizal  fungi  can form beneficial  relationships  with  both

deciduous and perennial plants; however, ~6000-7000 tree species developed a unique kind

of interaction with more than 20,000 species of ectomycorrhizal (ECM) basidiomycetes and

ascomycetes (van der Heijden et  al.,  2015;  Brundrett  & Tedersooo,  2018).  The hosts of

ectomycorrhizal fungi (EMF) are mainly tree species belonging to the families of  Pinaceae,

Fagaceae,  Dipterocarpaceae and  Caesalpinoidaceae (Martin,  2016).  The distribution  and

richness of EMF varies widely across biomes, with higher diversity in temperate than tropical

ecosystems (Tedersoo et al., 2012; Steidinger et al., 2019). In fact, EMF are dominant in

boreal  forests where seasonal  cold and dry climates inhibit  the rate of  decomposition of

organic matter, whereas arbuscular mycorrhizal fungi (AMF) preferentially colonize trees of

tropical biomes, where the rate of decomposition is constant throughout the year (Steidinger

et  al.,  2019).  Therefore,  the  ECM  symbiosis  has  a  broad  influence  on  boreal  forest

ecosystems. In fact, EMF can (i) enhance mineral nutrition and possibly water acquisition

of  associated trees  (Tibbett  & Sanders,  2002;  Plassard  & Dell,  2010;  Lehto & Zwiazek,

2011); (ii)  prime host plants for enhanced resistance to biotic and abiotic stress (Luo et

al., 2009; Pena et al., 2013; Danielsen & Polle, 2014; Luo et al., 2014; Kaling et al., 2018;

Gonthier et al., 2019); (iii) mediate ecosystem interactions through an extraradical mycelial

network  informally  termed the “wood-wide  web”,  allowing  the exchange  of  nutrients  and

signaling molecules between neighboring trees (Simard et al., 1997; Klein et al., 2016); (iv)

participate  to  nutrient  cycling by  sequestering  atmospheric  carbon in  the  soil  and
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degrading soil organic matter (SOM; Averill et al., 2014; Lindahl & Tunlid, 2015; Nehls et

al., 2016); (v) modulate the composition and the functionality of root-associated microbiome

by providing a novel ecological niche: the mycorrhizosphere (Vik et al., 2013; Xue et al.,

2019); (vi) alter soil texture and biochemistry via oxidation and depolymerization of SOM,

thereby promoting the formation of stable SOM-mineral associations (Wang et al., 2017).

In conclusion, ECM are beneficial for tree fitness, nutrient cycling and intra- and inter-

kingdom communication  in  forest  ecosystems.  In the next  paragraph,  I  will  describe the

morphology of ECM and introduce the tree and fungal molecular  players implied in ECM

development.

1.2.  Morphology  and  molecular  determinants  of  developing

ectomycorrhizae

ECM are mixed organs composed of hyphae of EMF and fine lateral roots of trees.

Most ectomycorrhizal hyphae show a distinct phenotype composed of three main features: (i)

an  extramatrical  mycelium  gathering  nutrients  from the  soil;  (ii)  a  mantle  of  aggregated

hyphae ensheathing the tree’s lateral roots; (iii) an apoplastic hyphal network between the

rhizodermis and root cortex, the so-called Hartig net. The latter is the putative location of

nutrient exchanges between the symbiotic partners (Blasius et al., 1986; Horan et al., 1988;

Massicotte  et  al.,  1987).  Laser  capture  microdissection,  coupled  with  microarray  gene

expression  analysis,  demonstrated  that  mantle  and  Hartig  net  are  functionally  distinct

compartments  in  Corylus  avellana-Tuber  melanosporum ECM.  Indeed,  fungal  hyphae

forming the mantle expressed genes related to nutrient acquisition from the soil, synthesis of

secondary  metabolites  and detoxification  mechanisms,  while  hyphae from the Hartig  net

enhanced the expression of genes encoding carbon and nitrogen transporters (Hacquard et

al., 2013). The development of ECM proceeds through subsequent steps of symbiotic signal

exchange, mantle formation and fungal apoplastic colonisation (Garcia et al., 2015; Figure

1).
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Prior to direct contact, the interaction partners exchange symbiotic signals, such as

flavonoids, phytohormones and small secreted proteins (Figure 1a; Garcia et al., 2015; Plett

29

Figure 1: The main steps of ECM development. 

(a) The host root and EMF mycelia exchange soluble and volatile signals, e.g. phytohormones, SSPs

and  chitin-derived  molecules.  Plant  signals  influence  the  development  and  metabolism of  fungal

hyphae, while fungal signals induce symbiotic reprogramming of host roots. (b) The physical contact

between  fungal  hyphae  and  the  rhizodermis  culminates  in  the  formation  of  the  fungal  mantle,

ensheathing the tree's lateral  root. In this phase tree immunity must be dampened to ensure full

development  of  symbiotic  interfaces.  Fungal  chitin  deacetylases,  converting  chitin  to  the  less

immunogenic  chitosan,  may  participate  to  this  process.  In  addition,  the  small  secreted  protein

MiSSP7  from  L.  bicolor,  secreted  upon  perception  of  plant’s  flavonoids  rutin  and  quercitin  and

targeting the poplar co-receptor of jasmonic acid PtJAZ6, may trigger the downregulation of plant

immunity during the development of poplar-L. bicolor ECM. (c) Rhizodermal and cortical root cells

elongate  to  increase  the  width  of  the  apoplastic  spaces colonized  by  fungal  hyphae.  Concerted

hydrolysis  of  cell  wall  polysaccharides  by  plant  or  fungal  CAZymes  allows  moderate  cell  wall

loosening and subsequent formation of the Hartig net. (d) The Hartig net is the interface of symbiotic

nutrient exchange. Modified from Garcia et al., 2015 and Martin et al., 2016.
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et  al.,  2017).  Fungal  volatiles,  stimulating  tree  auxin  transport  and  ethylene  signaling,

promote lateral root initiation (Felten et al., 2009; Splivallo et al., 2009; Ditengou et al., 2015)

and suppress the development of root hairs (Ditengou et al., 2000; Balestrini & Kottke, 2016).

In addition, the mycelium of L. bicolor produces auxin, which could be taken up by host roots

(Felten et al., 2009). Also, the genome of L. bicolor codes for 106 Mycorrhiza-induced Small

Secreted  Proteins  (MiSSPs),  specifically  upregulated  in  symbiotic  tissues  (Martin  et  al.,

2008).  One of  these proteins,  MiSSP7,  is  secreted  during early  stages of  the  poplar-L.

bicolor interaction, in response to the plant’s flavonoids rutin and quercitin (Figure 1b; Plett et

al.,  2011).  MiSSP7  penetrates  the  nuclei  of  poplar  roots  and  hijacks  plant  jasmonate

signaling, thereby allowing Hartig net formation (Plett et al., 2014a). On the other hand, the

genes coding for  417 poplar  small  secreted proteins  (SSPs)  were shown to be induced

during ECM formation. Four of these SSPs enter the nuclei of L. bicolor and two of them alter

fungal branching (Plett et al., 2017). Therefore, pre-contact reciprocal exchange of symbiotic

effectors likely triggers transcriptomic and physiologic reprogramming in both tree and fungal

cells.

When in close proximity to the host root, aggregated fungal hyphae adhere to the root

surface, thereby forming the mantle (Figure 1b). Root adherence may be ensured by the

secretion of specialized glycoproteins (Lei et al., 1991; Tagu & Martin, 1996) and/or small

hydrophobic proteins named hydrophobins (Plett et al., 2012; Doré et al., 2017) as well as

other  MiSSPs  (Pellegrin  et  al.,  2019).  Tree  lateral  roots  ensheathed  by  fungal  hyphae

generally become shortened and swollen, possibly because of fungal manipulation of root

auxin metabolism and response (Vayssières et al., 2015). During the early contact phase,

EMF need to avoid triggering plant immunity. They probably achieve so through secretion of

chitin  deacetylases,  enzymes that  convert  the highly  immunogenic cell  wall  carbohydrate

chitin to chitosan, a form less recognized by plant immune receptors (Balestrini et al., 2012;

Veneault-Fourrey et al., 2014; Oliveira-Garcia & Valent, 2015). Also, EMF may deter plant

immunity through secretion of effector proteins (Plett et al., 2014a), similarly to pathogenic

microbes (Stergiopoulos & de Wit, 2009; Kazan & Lyons, 2014).

During fungal apoplastic penetration, the morphology of root epidermal and cortical

cells is modified. Cells elongate radially while decreasing their width, thereby increasing the

volume  of  the  apoplast  for  efficient  fungal  colonisation  (Figure  1c,d).  This  process  is

accompanied by changes in the composition of both fungal and plant cell walls (Balestrini &

Bonfante, 2014; Balestrini & Kottke, 2016; Mello & Balestrini, 2018). For instance, the cell

wall of the ectomycorrhizal basidiomycete  Pisolithus tinctorius, when colonizing Eucalyptus

grandis  roots,  is  enriched  in  symbiosis-regulated  acidic  polypeptides  (SRAPs)  and

hydrophobins (Laurent et al., 1999; Martin et al., 1999; Tagu et al., 2001). In addition, fungal

growth into the middle lamella likely coincides with localized pectin degradation (Sillo et al.,
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2016; Mello & Balestrini, 2018). Fungal secreted phospholipases A2, expansins and cell wall

degrading  Carbohydrate  Active  enZymes  (CAZymes)  may  play  a  role  in  this  process

(Balestrini  et al., 2012; Hacquard et al., 2013; Veneault-Fourrey et al., 2014; Doré et al.,

2017).  In  addition,  fungal  or  plant  CAZymes  may  trigger  loosening  of  cellulose  fibrils

(Veneault-Fourrey et al., 2014; Sebastiana et al., 2014; Doré et al., 2017). In particular, a

cellulose-binding  β-1-4,  endoglucanase  from  L.  bicolor,  GH5-CBM1,  acting  on  cellulose,

mannans and galactomannans, is implied in Hartig net development (Zhang et al., 2018).

In  summary,  the  development  of  ECM requires  a  sophisticated  and  finely  tuned

molecular  dialogue  for  efficient  mutual  recognition  between  trees  and  fungi.  This  likely

involves  an  exchange  of  volatile  and soluble  molecules,  as  well  as  the  secretion  of

specialized  effectors  and  enzymes to  ensure  the  correct  development  of  symbiotic

structures. These exchanges of signals serve the dual purpose of  reprogramming plant

and fungal development and deterring plant immunity. Since the ECM symbiosis evolved

multiple times independently (Tedersoo et al., 2010; Kohler et al., 2015), the specific genes

implied in the metabolic, physiologic and transcriptomic remodeling of the symbionts differ in

distinct plant-fungus pairs (Martin et al., 2010). The establishment of specialized symbiotic

dialogues may rely on the coevolution of EMF and their host trees (Hoeksema, 2010). In the

next paragraph, I will present the hallmarks of the evolution of the ECM lifestyle in forest-

associated fungi.

1.3. The genetic “symbiosis toolkit” of ectomycorrhizal lifestyle

The ancient, monophyletic group of arbuscular mycorrhizal fungi (AMF), belonging to

the  Glomeromycota  phylum, evolved from a common ancestor living  at  least  450 million

years ago (Redecker et al., 2000; Strullu-Derrien et al., 2014) and probably sustained the

transition of plants from the ocean to the land (Brundrett,  2002; Feijen et al., 2018). The

importance of the AM symbiosis for land plant evolution is substantiated by the fact that

approximately  74%  vascular  plant  species  still  form  this  interaction  nowadays  (van  der

Heijden et al., 2015). A common symbiosis signaling pathway is activated in all land plants

upon interaction with AMF. Essentially, the perception of fungal chito-lipo-oligosaccharides,

also termed Myc factors, and short chitin chains by plant leucine-repeat-rich (LRR) protein

kinases generates an intracellular signaling cascade in the root. Such signal is transduced

into a series of nuclear Ca2+ oscillations that trigger symbiotic transcriptional reprogramming

(Oldroyd,  2013).  AMF are obligate  symbionts.  Their  small  genome size,  as well  as their

reduced arsenal of degrading enzymes, indicates loss of saprotrophic ability and suggests
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that it is very unlikely for these species to revert to free-living lifestyle (Tisserant et al., 2012;

2013).

In  contrast,  ECM  symbioses  have  arisen  independently  at  least  eight  times  in

association to angiosperms and six-to-eight times in association to gymnosperms (Hibbett &

Matheny, 2009). The first EMF appeared around 140-180 million years ago, associated to

Pinaceae (Brundrett, 2002). Since then, ECM species evolved repeatedly from saprotrophic

ancestors (Tedersoo et al., 2010; Kohler et al., 2015). Despite their polyphyletic origin, EMF

underwent convergent loss of plant cell wall degrading enzymes (PCWDEs) and lignin-

oxidizing class II peroxidases, while expanding their arsenal of lineage-specific small

secreted proteins (SSPs, Kohler et al., 2015). The loss of cellulose and lignin degrading

enzymes suggests that EMF depend on the host plant for their carbon nutrition. However,

there is evidence of reversion from ECM to saprotrophic lifestyle (Hibbett et al., 2000) and

several  species  of  EMF retained  the  ability  to  degrade  SOM (Lindahl  &  Tunlid,  2015).

Altogether, these observations suggest that the ECM lifestyle has arisen repeatedly upon

convergent loss of  degrading enzymes and convergent gain of  effector proteins,  but that

EMF may not depend on their host to a similar extent than AMF.

In line  with  the polyphyletic  origin  of  EMF,  the specific  molecular  mechanisms of

symbiosis establishment are clade-dependent and probably the result of a co-evolution with

the host tree. For example, the Agaricomycetes L. bicolor and Hebeloma cylindrosporum, as

well as the Dothideomycete Cenococcum geophilum highly express SSPs in ECM root tips

(Martin et al., 2008; Doré et al., 2015; Peter et al., 2016). In contrast, Pezizomycetes like

Tuber spp. do not regulate SSPs during symbiosis establishment (Martin et al., 2010; Murat

et al., 2018). However, all these fungi express specific sets of PCWDEs, aquaporins and

transporters, which possibly constitute  core elements for the development of most ECM

(Martin et al., 2010). The majority of EMF are generalist, colonizing multiple tree species.

However, generalist  EMF can display different degrees of compatibility  with distinct hosts

(Tschaplinski et al., 2014; Plett et al., 2015). In addition to their core gene regulon, these

fungi  also  display  host-specific  gene  expression  patterns,  possibly  to  achieve  the

colonization of recalcitrant hosts (Plett et al., 2015; Liao et al., 2016; de Freitas Pereira et al.,

2018). Likewise, the same host tree can express common and different sets of genes when

colonized by distinct strains or species of EMF (Zhang et al., unpublished results; de Freitas

Pereira et al., unpublished results). Within the gene regulon specific to  Populus tremula x

alba are genes belonging to the Common Symbiosis Pathway (CSP), a molecular cascade

also  exploited  for  recognition  of  other  symbionts  such  as  AM  fungi  and  nitrogen-fixing

rhizobia.  Indeed,  the  CSP genes  CASTOR,  POLLUX and  CCaMK contribute  to  fungus-

induced enhanced lateral root development, as well as to efficient colonization of P. tremula

x alba roots by L. bicolor (Cope et al., 2019). This study also demonstrated that  L. bicolor,
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similarly to AM fungi, produces sulfated and non-sulfated lipochitooligosaccharides  (sLCOs

and nsLCOs), which elicit Ca2+-spiking in poplar rhizodermal cells. Moreover, it was recently

found that  transgenic  expression of  a poplar  G-type lectin  receptor-like  kinase (LecRLK)

gene in Arabidopsis roots allowed apoplastic colonization of this non-host plant by L. bicolor

(Labbé et al., 2019). LecRLKs are transmembrane receptor proteins with roles in microbial

recognition, stress response and plant development (Vaid et al., 2013). Some lysine-motif

RLKs (LysM-RLKs) act as receptors of LCOs of fungal or bacterial origin for the initiation of

AM and root nodule symbioses (Gough et al., 2018). It remains to be demonstrated whether

LecRLKs integrate an ECM-specific version of the CSP in P. tremula x alba by recognizing

fungal LCOs. However, many CSP genes are absent from the genome of other ECM host

plants, such as Pinus pinaster (Garcia et al., 2015). Therefore, the CSP is likely not exploited

for all ectomycorrhizal associations. 

In summary, the ECM symbiosis appeared multiple times across evolutionary history.

Because  of  their  polyphyletic  origin,  EMF exploit  different  molecular  mechanisms during

interaction  with  trees  and  exhibit  diverse  ranges  of  host  specificity.  However,  genome

erosion  for  PCWDEs,  and  evolution  of  nutrient  transporters  and  lineage-specific  SSPs,

appeared  as  hallmarks  of  the  ECM  lifestyle  by  convergent  evolution.  Investigating  the

molecular  determinants of various EMF-tree interactions will  help unravel the biochemical

basis of symbiotic compatibility and will shed some light over the co-evolutionary processes

of forest trees and associated fungi.

1.4. Ectomycorrhizal symbioses and tree fitness

As stated earlier, the presence of  EMF improves host tree N and P nutrition, in

exchange for photosynthetic C (Nehls et al., 2016; Nehls & Plassard, 2018). Some ECM

hyphae induce weathering of mineral nutrient and/or SOM degradation, thereby producing

small organic molecules that are easily taken up by belowground fungi and roots (Lindahl &

Tunlid, 2015). In addition, EMF can transfer such nutrients to the plant through the Hartig net

(Bücking  et  al.,  2012).  N  is  often  the  major  limiting  element  for  tree  growth  in  boreal

ecosystems (Attiwill & Adams, 1993). In forest soils N is present in mineral forms (ammonia -

NH3 and NH4
+- and nitrates -NO3

-) as well as organic forms (amino sugars, amino acids and

proteins),  about 90% of  which are complexed within the SOM and unavailable  for  direct

absorption from tree’s roots (Schulten & Schnitzer, 1998). Thus, the proteolytic and oxidative

activities  of  EMF are important  for  the release of  N from organic  sources.  SOM-derived

amino acids and inorganic nitrates and ammonia can be directly taken up by the tree’s roots

or indirectly transferred through the ectomycorrhizal network (Näsholm et al., 2009; Chalot &
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Plassard, 2011). The transfer of ammonium, nitrates and amino acids from fungi to trees may

occur  through  the  aspecific  transporters  aquaporins  (Dietz  et  al.,  2011)  or  through

specialized, mycorrhiza-induced transporters (Garcia et al., 2016). Regarding P nutrition, a

major form of P in the soil is represented by organic P (Po) compounds, such as phosphate

esters  (e.g.  sugar-  phosphates,  inositol-phosphates)  or  phosphate  diesters  (e.g.  nucleic

acids and phospholipids; George et al., 2018). However, the ability of EMF to take up Po

forms  has  not  been  demonstrated  experimentally.  On  the  other  hand,  EMF  possess

inorganic P (Pi) transporters, and some high affinity H+:Pi fungal symporters are upregulated

during ECM formation (Garcia et al.,  2016). Such symporters may play a dual role in Pi

uptake from the soil and Pi  transfer to the host (Becquer et al., 2018). In alternative, fungi

may  secrete  polyphosphates  in  the  symplastic  space  via  the  Vacuolar  Transporter

Chaperone Complex (Vtc) or through vesicle-mediated secretion (Torres-Aquino et al., 2017;

Nehls & Plassard, 2018).

In the arbuscular mycorrhizal (AM) symbiosis and the root nodule symbiosis (RNS),

upon which nutrient transfer also occurs, the plant systemically controls the colonization level

depending on nutrient availability and/or the efficiency of nutrient exchanges (Reid et al.,

2011;  Kiers  et  al.,  2011;  Carbonnel  &  Gutjahr,  2014).  However,  a  nutrient-based

reward/suppression mechanism might not exist for the ECM symbiosis.  Indeed, the

amount of mobilized N by soil microbes towards host trees is correlated to the soil N content,

but not to the amount of tree-delivered C (Näsholm et al., 2013). In contrast, reduced tree C

fixation and belowground allocation, with consequent diminution of fungal biomass, increases

N transfer from the soil to tree leaves (Hasselquist et al., 2016). Finally, nutrient transfer can

be influenced by direct competition between EMF strains (Hortal et al., 2017). Altogether,

these data  suggest  that  the fungus,  whose development  is  limited by the environmental

supply of C and N, supports symbiotic N transfer only upon favorable C:N balance for its own

growth.  As  a  consequence,  increased  C  sequestration  in  forest  soils  may  reduce  N

availability for trees, posing a limit for the increase of future plant productivity upon predicted

higher atmospheric CO2 concentrations (Oren et al., 2001; Norby et al., 2010).

In  addition  to  the  amelioration  of  nutrient  uptake,  the  establishment  of  the  ECM

symbiosis provides protection against biotic and abiotic stress to the host tree.  In

particular,  ECM can  contribute  to  drought  resistance through  enhanced  root  hydraulic

conductivity (Bogeat-Triboulot et al., 2004), possibly via induced expression of tree or fungal

aquaporin-coding genes (Marjanović et al., 2005; Xu et al., 2015). However, several ECM

interactions  do  not  promote  drought  tolerance  (Parke  et  al.,  1983;  Kipfer  et  al.,  2012;

Danielsen  & Polle,  2014).  Therefore,  the  effect  of  ECM on water  deficiency  stress  may

depend on the genotypes of the symbionts. Indeed, drought-tolerant trees naturally select

communities of EMF conferring resistance to water limitations (Gehring et al., 2017). ECM-
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mediated drought resistance may rely on improved mineral nutrition (Alvarez et al., 2009;

Lehto & Zwiazek, 2011) or molecular priming through the induction of abiotic stress-related

genes and accumulation of the phytohormones salicylic acid (SA) and abscisic acid (ABA;

Luo et al., 2009). 

Moreover,  ECM  enhance  tree  resistance  to  belowground  and  aboveground

pathogens  and  pests (Sylvia  &  Sinclair,  1983;  Kaling  et  al.,  2018)  as  well  as  toxic

concentrations of heavy metals (Luo et al., 2014) and osmotic stress (Luo et al., 2011; Li

J.  et  al.,  2012).  Such  systemic  responses  likely  rely  on  ECM-dependent  promotion  of

phytohormone signaling, enzymatic activities and biosynthesis of secondary metabolites. For

example, enhanced resistance of poplar leaves to herbivores might depend on ECM-induced

upregulation  of  several  jasmonate-responsive  genes  as  well  as  on  the  accumulation  of

protease inhibitors, chitinases and insect-repellent aldoximes in the aerial part of colonized

trees (Kaling et al., 2018).

Despite its centrality in forest ecology and plant fitness, the ECM symbiosis has been

poorly  investigated  with  respect  to  other  types  of  beneficial  plant-microbe  interactions.

Indeed, only in the last two decades considerable effort has been invested to unravel the

genomic bases of the ectomycorrhizal lifestyle and the molecular mechanisms underpinning

the establishment of this interaction (van der Heijden et al., 2015; Garcia et al., 2015; Martin

et al., 2016).

1.5. The modulation of tree metabolism, development and defense upon

ectomycorrhizae formation depends on phytohormonal signaling

The  formation  of  ECM  includes  a  general  reprogramming  of  fungal  and  tree

metabolism,  development  and  transcriptome.  For  example,  the  compatible  interaction

between  Populus trichocarpa and  L. bicolor results in the accumulation of specific organic

acids  and  fatty  acid  metabolites,  as  well  as  in  decreased  accumulation  of  defense

compounds in poplar roots (Tschaplinski  et al., 2014). In addition, colonized roots initiate

specific developmental programs, leading to altered root system architecture, ontogeny of

symbiotic surfaces and establishment of nutrient exchanges (Garcia et al., 2015; Balestrini &

Kottke, 2016). Also, defense responses must be dampened in order to accept mutualistic

colonization  (Plett  et  al.,  2014a).  In  the  model  species  Arabidopsis  root  morphogenetic

processes and initiation of plant defense are mainly driven by alterations in phytohormone

content, distribution and/or signaling. In particular, lateral root initiation is obtained through

the interplay between auxin basipetal  transport,  ethylene (ET)  biosynthesis  and cytokinin

(CK)  signaling  (Aloni  et  al.,  2006).  Phytohormone  signaling  also  influences  cell  wall
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composition  and  elasticity.  Indeed,  auxin,  gibberellin  (GA),  abscisic  acid  (ABA),  ET  and

brassinosteroid (BR) signaling induce the expression and/or the activation of hemicellulose

remodeling enzymes and expansins, promoting cell elongation. Conversely, JA signaling is

induced in cellulose-deficient mutants and is implied in lignin deposition (Sánchez-Rodríguez

et al., 2010; Nafisi et al., 2015). On the other hand, Arabidopsis defense to belowground and

aboveground pathogens and pests is modulated through a finely tuned crosstalk between

JA, salicylate (SA) and ET signaling (Pieterse et al., 2009; 2012). In Section 2, I will describe

the biosynthetic and signaling pathways of selected phytohormones involved in defense and

root development of Arabidopsis. In addition, I will provide current information of the role of

such  signaling  pathways  in  regulating  physiology  and  development  of  poplar  species

(Paragraphs 2.1 and 2.2). I will also illustrate the molecular basis of the interaction between

JA, SA, ET, GA and auxin signaling in the regulation of Arabidopsis defense and growth

(Paragraph 2.3). Given the role of phytohormone signaling in remodeling of root architecture,

modification of cell wall properties and regulation of defense in the model plant Arabidopsis,

it is likely that tree hormones are involved in ECM development. Current knowledge about

the impact of phytohormone signaling on ECM interactions is provided in Section 3 of this

Chapter.
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2. Phytohormonal regulation of plant development and defense

2.1. Jasmonate biosynthesis, signaling and responses

2.1.1. Jasmonate signaling in plant defense and development

Jasmonates (JAs) are a class of fatty acid-derived oxylipins implied in primary root

elongation, male fertility and defense (Wasternack & Hause, 2013; Howe et al., 2018). JAs

have a well-acknowledged role in stimulating plant immunity upon attack from herbivorous

insects and necrotrophic pathogens (Howe & Jander, 2008; Antico et al., 2012; Yan &

Xie,  2015).  In  the  model  plants  Arabidopsis  and  tomato,  JAs  confer  resistance  to  leaf

chewing insects, such as caterpillars and beetles, as well as to a wide panel of piercing-

sucking insects,  such as leafhoppers,  spider  mites and aphids.  In  addition,  JAs mediate

defense  against  necrotrophic  fungal  pathogens  such  as  Alternaria  brassicicola,  Botrytis

cinerea, Plectosphaerella cucumerina and Fusarium oxysporum (Campos et al., 2014; Yan &

Xie,  2015),  as  well  as  against  some  (hemi)biotrophic  pathogens,  e.g.  the  fungus

Xanthomonas oryzae  in rice and the bacterium Pseudomonas syringae  in Arabidopsis (De

Vleesschauwer  et  al.,  2013;  de Torres Zabala  et  al.,  2016).  Plant  mechanical  wounding

results in a quick accumulation of JA via the activation of mitogen-activated protein kinase

(MAPK) cascades  (Glauser et al., 2009; Koo et al., 2009; Chauvin et al., 2013). Depending

on the main transcription factor (TF) driving the response, in Arabidopsis  and tomato JA

signaling can proceed along the MYC2 branch, eliciting responses to wounding and insects,

or along the ERF branch, resulting in responses against necrotrophic pathogens (Lorenzo et

al., 2003; 2004; Dombrecht et al., 2007; Pré et al., 2008; Du et al., 2017). Interestingly, in

Arabidopsis the TF MYC2 represses the ERF branch of JA signaling, resulting in enhanced

defenses against Pieris rapae (Verhage et al., 2011). However, tomato resistance to Botrytis

cinerea  requires  simultaneous  activation  of  both  the  MYC2 and  the  ERF branch  of  JA

signaling (Du et al., 2017). MYC2 negatively regulates the biosynthesis of tryptophan (Trp)-

derived  indole  glucosinolates  (IGs),  while  enhancing  the  biosynthesis  of  flavonoids.  In

addition,  MYC2 positively  regulates  responses to wounding,  insects and oxidative  stress

(Dombrecht et al., 2007; Kazan & Manners, 2013). On the other hand, the AP2/ERF-family

transcription factors ERF1 and ORA59 trigger the expression of defense-related genes, such

as PLANT DEFENSIN1.2 (PDF1.2; Penninckx et al., 1998).

In  addition  to  their  role  in  plant  immunity,  JAs  are  also  implied  in  several

developmental processes, such as the inhibition of primary root growth, trichome formation,

leaf senescence and male fertility (reviewed in Wasternack & Hause, 2013). JA signaling can
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also affect the progression of the cell cycle (Pauwels et al., 2007; Noir et al., 2013), resulting

into  growth  arrest  upon  pathogen  attack  in  the  model  plants  Arabidopsis  and  Nicotiana

attenuata (Huang et al., 2017; Machado et al., 2013). However, it was recently shown that JA

signaling also acts through a RETINOBLASTOMA-RELATED (RBR)- SCARECROW (SCR)-

SHORT ROOT (SHR) protein network to promote stem cell activation and regeneration upon

wounding (Zhou et al., 2019). Finally, through a complex network of downstream TFs, JAs

regulate the biosynthesis of several secondary metabolites (Wasternack & Strnad, 2019).

In leaves of  Populus  spp.  herbivory and wounding trigger the activation of the JA

biosynthetic pathway, as well as the expression of many genes implied in defense (Major &

Constabel, 2006; Frost et al., 2008; Hu et al., 2009). Also, wounding and exogenous methyl-

jasmonate  (MeJA)  on  poplar  leaves  induce  the  expression  of  the  putative  antiherbivore

enzyme  polyphenol  oxidase,  with  consequent  protection  from  forest  tent  caterpillars

(Constabel  et  al.,  2000).  In  addition,  JA  treatment  of  leaves  triggers  carbon  allocation

towards roots and young sink leaves (Arnold & Schultz, 2001; Babst et al., 2005; Appel et al.,

2012), possibly to prevent herbivores from consuming the plant’s carbohydrates and/or to

deploy energy into the biosynthesis of defensive compounds. These findings suggest that,

similarly to Arabidopsis, JA signaling controls plant defenses against insects in poplar leaves.

However, it is still unknown whether JA signaling is important for poplar immunity against

root pathogens or necrotrophs, or for poplar development.

Interestingly, JA signaling also plays a role in the establishment of root-microbe

mutualistic symbioses (Gutjahr & Paszkowski, 2009; Basso & Veneault-Fourrey, 2019). In

particular, it has been shown that JA accumulates in arbusculated cells during AM symbiosis

development, possibly enhancing their carbon sink status (Hause et al., 2002; Stumpe et al.,

2005).  Moreover,  JA  signaling  contributes  to  the  systemic  autoregulation  of  nodulation

(Kinkema & Gresshoff, 2008) and to the induction of microbe-induced systemic resistance

(ISR) against biotic and abiotic stress (Pieterse et al., 2014). The role of JA signaling in the

ECM symbiosis will be discussed in paragraph 3.2.

JA signaling  is  a  central  hub  of  an  extensive  crosstalk  network  with  other

hormone signaling pathways, such as GA, SA, and ET signaling, regulating plant immunity

and growth (Pieterse et al., 2012; Guo et al., 2018a). The molecular mechanisms at the base

of such crosstalks will be discussed in paragraphs 2.3.1 and 2.3.2.

2.1.2. Jasmonate metabolism and perception

The bioactive JAs in dicotyledons are the amino acid conjugated forms (+)-7-iso-JA-

Ile,  (+)-7-iso-JA-Leu,  (+)-7-iso-JA-Val  (+)-7-iso-JA-Met,  (+)-7-iso-JA-Ala (Fonseca et al.,

2009;  Yan  et  al.,  2016).  However,  plants  can  respond  to  exogenous  JA  and  MeJA by

converting them into bioactive JA-Ile (Stitz et al., 2011). 
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In  Arabidopsis  the  biosynthesis  of  JA  occurs  through  the  13-LOX branch  of  the

lipoxygenase (LOX) pathway, starting from esterified or free fatty acids of the chloroplast

membrane (Figure 2a; Wasternack & Feussner, 2017). To liberate JA precursors, these fatty

acids need to be processed by either specific or aspecific acyl-lipid hydrolases and thiolases.

The main free fatty acid precursor of JA is α-linolenic acid (18:3) (α-LeA). α-LeA is oxidized

into (13S)-hydroperoxy octadecatrienoic acid (13-HPOT) by the action of 13-lipoxygenase

(13-LOX) enzymes. Subsequently, 13-HPOT is rearranged into  cis-(+)-12-oxo-phytodienoic

acid (cis-(+)-OPDA) by action of the atypical cytochrome P450 allene oxide synthase (13-

AOS) and the enzyme allene oxide cyclase (AOC). OPDA is exported from the chloroplast

and  imported  into  the  peroxisome.  Here  OPDA  is  converted  into  3-oxo-2-(2-pentenyl)-

cyclopentane-1-octanoic acid (OPC-8) by the action of the enzyme 12-oxophytodienoic acid

reductase3 (OPR3). Subsequent cycles of β-oxidation shorten the carboxyl side chain of JA,

giving rise to (+)-7-iso-JA, which is then exported in the cytosol. Here, the jasmonoyl amino

acid  conjugate  synthase  JASMONATE  RESPONSE  LOCUS1  (JAR1)  conjugates  JA  to

isoleucine, producing the main bioactive form of jasmonate (Staswick & Tiryaki, 2004). JA-Ile

is transported into the nucleus by the ABC transporter JAT1 (Li et al., 2017). The observation

that  the  Arabidopsis  opr3  mutant  could  still  accumulate  JA  in  response  to  necrotrophic

pathogens like  Botrytis cinerea (Chehab et al., 2011) prompted the discovery of a second,

OPR3-independent pathway for biosynthesis of bioactive JA, starting from the oxidation of

the fatty acid hexadecatrienoic acid (16:3) into dinor-OPDA (dnOPDA) and the conversion of

the latter into 4,5-didehydro-JA (4,5-ddh-JA), subsequently reduced into JA in the cytosol

(Figure 2a; Chini et al., 2018). On the other hand, OPDA is by itself an active compound and

stimulates a set of responses distinct from JA (Wasternack & Strnad, 2016).

Bioactive  JA-Ile  is  bound  by  a  co-receptor  complex  formed by  a  JAZ signaling

repressor and the  CORONATINE INSENSITIVE1 (COI1) F-box protein belonging to the

Skip/Cullin/F-box SCFCOI1 ubiquitin E3 ligase complex (Figure 2b; Xie et al., 1998; Xu et al.,

2002; Chini et al., 2007; Thines et al., 2007; Yan et al., 2007).  JA-Ile perception triggers

ubiquitin-tagging of JAZ proteins and their degradation through the 26S proteasome

(Chini et al., 2007; Thines et al., 2007). Upon JAZ degradation, downstream TFs, belonging

prevalently to basic helix-loop-helix (bHLH) and MYB families, are released from repression

(Chini  et al.,  2016;  Howe et  al.,  2018). Within this wide array of  TFs, the mechanism of

transcriptional  activation  mediated  by  MYC2  and  APETALA2/ETHYLENE  RESPONSE

FACTORS (AP2/ERFs) has been unraveled. MYC2, AP2/ERF59 and ERF1 interact with the

MED25 subunit of the mediator complex, recruiting the RNA polymerase II as well as the co-

activator histone acetyltransferase1 (HAC1) to initiate JA-dependent gene expression (Figure

2b; Çevik et al., 2012; Chen et al., 2012; An et al., 2017).
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Figure 2: Jasmonate biosynthesis and signaling. 

(a) The main steps of JA biosynthesis in Arabidopsis. The OPR3-dependent pathway begins with

several  cycles  of  β-oxidation  of  plastid  membrane-derived  galactolipids,  followed  by  13-HPOT

oxidation by the AOS and AOC enzymes. The resulting cis-(+)-OPDA is exported to the peroxisome

where  it  undergoes  reduction  by  OPR3  and  further  β-oxidationto  7-(+)-iso-JA.  This  molecule  is

exported to the cytosol, where the enzyme JAR1 conjugates it with isoleucine. The resulting JA-Ile is

the bioactive JA. The OPR3-independent pathway proceeds along the oxidation of galactolipids to

dnOPDA, tnOPDA and 4,5-ddh-JA in the peroxisome. The latter is exported to the cytosol, where

OPR2converts it to 7-(+)-iso-JA. (b) JA signaling. At low JA-Ile concentrations, the co-repressors of

the JAZ family  recruit,  either  directly  or  indirectly,  the general  repressors TPL to  repress MYC2-

dependent gene expression. In presence of high JA-Ile, the perception of this molecule by the co-

receptor complex formed by a JAZ protein and the F-box COI1, part of a SCF E3 ubiquitin ligase,

triggers  proteasomal  degradation of  the JAZ protein.  As a  consequence,  the activity  of  MYC2 is

derepressed. MYC2 interacts through the bridge protein MED25 with the RNA polymerase II and the

coactivator HAC1, thereby inducing JA-dependent gene expression. Among JA-induced genes are

degradation-resistant JAZ proteins and JAM transcriptional repressors, which hamper MYC2 activity

to ensure signal attenuation. Modified from Wasternack & Feussner, 2017 and Howe et al., 2018.

2.1.3. Structure and function of JAZ repressors

JAZ proteins are key repressors of JA signaling belonging to the larger family of TIFY

proteins (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) and they have partially

redundant roles in controlling responses to JA (Pauwels & Goossens,  2011; Chini  et al.,

2016).  The  Arabidopsis  genome  contains  12  canonical  JAZ genes,  bearing  conserved

domains, as well as the divergent  JAZ13, classified into five phylogenetic groups (Chico et

al., 2008; Thireault et al., 2015). Canonical JAZ proteins show three structural domains

mediating  protein-protein  interactions:  a  conserved  C-terminal  JA-associated  (Jas)

domain, a highly conserved  ZIM domain and a variable  N-terminal (NT) domain (Figure

3a). The Jas motif mediates the hormone-dependent interaction of JAZ with COI1. A 20-

amino acid string within this domain is necessary for JAZ degradation upon JA perception

and has thus been named JAZ degron. Two positively charged amino acids on the JAZ1

degron, R205 and R206, are crucial for its binding to COI1 (Melotto et al., 2008). On the other

hand, the Jas domain is also necessary for the interaction between JAZ and several TFs that

mediate different subsets of JA responses (Pauwels & Goossens, 2011; Chini et al., 2016;

Howe et al., 2018) and may be implied in the nuclear localization of JAZ proteins (Thines et

al., 2007; Grunewald et al., 2009).  The ZIM domain contains a highly conserved TIFY

motif (TIF(F/Y)XG) that mediates homo- and heterodimerization of JAZ proteins (Chung &

Howe, 2009), as well as their interaction with Novel Interactor of JAZ (NINJA), an adaptor

protein recruiting the general repressors TOPLESS (TPL) and TOPLESS-RELATED (TPR)
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through  a  conserved  Ethylene-responsive  element  binding  factor-associated  Amphiphilic

Repression  (EAR)  domain  (Pauwels  et  al.,  2010).  The  weakly  conserved  NT domain  is

required  for  interaction  with  signal  transduction  factors  from  other  hormonal  signaling

pathways (e.g. DELLA proteins repressing GA signalling; Hou et al., 2010). Five Arabidopsis

JAZ proteins (JAZ5, JAZ6, JAZ7, JAZ8 and JAZ13) contain an EAR motif  (Kagale et al.,

2010; Thireault et al., 2015) and can directly interact with TPL and TPR (Causier et al., 2012;

Shyu et al., 2012; Thireault et al., 2015; Ke et al., 2015; Thatcher et al., 2016). Remarkably,

JAZ8 and splice variants of JAZ2, JAZ3 and JAZ10 bear a mutated or truncated version of

the canonical degron and are therefore resistant to ubiquitin-mediated degradation (Shyu et

al.,  2012;  Chung & Howe,  2009;  Chung et  al.,  2010).  The corresponding transcripts  are

accumulated upon active JA signaling and mediate de-sensitization to this hormone (Chung

et al., 2010; Moreno et al., 2013). The fact that these proteins could still bind the downstream

TF MYC2 led to the discovery of a cryptic MYC2-interaction domain (CMID) in the NT region

of the JAZ10.4 protein (Moreno et al., 2013), binding MYC2 with higher affinity than the Jas

domain and effectively hampering its transcriptional activity (Zhang F. et al., 2017).

JAZ  proteins  can  repress  downstream  gene  expression through  multiple

mechanisms: (i) direct inhibition of MYC TFs activity through clamping of their transcriptional

activation domain and prevention of their  interaction with MED25 (Zhang F. et  al.,  2015;

2017); (ii) recruitment of the general repressors TPL and TPR, either directly or through the

adaptor  protein  NINJA (Pauwels  et  al.,  2010);  (iii)  direct  interaction  with  the  RPD3-type

histone deacetylase 6 (HDA6) (Wu et al., 2008; Zhu et al., 2011). TPL and TPR also mediate

the interaction with histone deacetylases (HDACs),  which induce chromatin modifications

leading to gene silencing (Krogan et al., 2012; Wang et al., 2013).

2.1.4. JAZ-interacting transcription factors and signaling components

The wide range of JAZ-interacting TFs, their differential regulation and their specific

spectrum of target genes allow precise modulation of different JA-dependent responses to

developmental or environmental cues (Figure 3b; Pauwels & Goossens, 2011; Chini et al.,

2016; Howe et al., 2018). 

The first TF found to be interacting with JAZ proteins is MYC2, also known as JA-

INSENSITIVE1 (JIN1; Lorenzo et al., 2004). This TF is a master regulator of JA-mediated

responses (Kazan & Manners, 2013). In particular,  MYC2 coordinates a transcriptional

cascade  involving a  number  of  other  TFs,  like  AP2/ERFs,  MYBs,  zinc  fingers  and

WRKYs (Dombrecht  et  al.,  2007).  Through these downstream TFs,  MYC2 promotes JA-

dependent  insect  resistance,  oxidative  stress  tolerance  and  flavonoid  metabolism  while

negatively impacting JA-dependent response to necrotrophic pathogens and biosynthesis of

secondary metabolites (e.g. IG metabolism; Dombrecht et al., 2007). The structure of MYC2
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is typical of bHLH proteins, harboring a conserved bHLH domain in its carboxyl terminus

(Figure 3c). The HLH domain consists of two amphipathic α-helices joined by a loop region

and is required to form homo- and heterodimers, functional in transcription (Fernandez-Calvo

et  al.,  2011).  Finally,  a  transcriptional  activation  domain  (TAD)  and  a  neighboring  JAZ-

interacting  domain  (JID)  in  the  amino  terminus  are  essential  for  the  regulation  of  the

transcriptional activity of MYC2: indeed the JID and the TAD domains form a continuous

groove that is bound by the Jas helix or the cryptic MYC-interacting domain (CMID) of JAZ

repressor  proteins  (Zhang  F.  et  al.,  2015;  2017).  Structural  and  biochemical  analyses

revealed that JAZ proteins compete with the transcriptional cofactor MED25 for binding to the

TAD domain of MYC2 (Çevik et al., 2012; Chen et al., 2012; An et al., 2017).

 

Figure 3: JAZ proteins and associated transcription factors. 

(a) Schematic model of the structure of canonical Arabidopsis JAZ proteins. Functional domains are

highlighted in colors. Beside the domains the signaling proteins (orange box) and the TFs (blue box)

interacting with each domain are schematically represented. (b) Overview of the signaling proteins

(orange  section)  and  the  TFs  (blue  section)  interacting  with  JAZ proteins  and  their  function.  (c)

Schematic model of the Arabidopsis TF MYC2. Functional domains are highlighted in colors. Modified

from Howe et al., 2018 and Kazan & Manners, 2013.

The observation that  JA-insensitive phenotypes associated to  myc2  mutants were

weaker than those of coi1-1 (Lorenzo et al., 2004) prompted the discovery of MYC3, MYC4

and MYC5 TFs (Cheng et al., 2011; Fernandez-Calvo et al., 2011; Niu et al., 2011). MYC2-5

are functionally  redundant  with respect  to  leaf  senescence,  resistance to herbivores and

necrotrophic pathogens and contribute to the production of IGs and anthocyanins as well as
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to the regulation of stamen development and pollen viability (Howe et al., 2018). All these

TFs belong to the same subgroup IIIe of bHLH proteins (Heim et al., 2003) and bind to the G-

box or G-related elements with very similar DNA-binding specificity (Fernandez-Calvo et al.,

2011; Figueroa & Browse, 2015; Godoy et al., 2011). Despite their functional redundancy,

MYC TFs retain some specificity, mostly through tissue- or stage-specific accumulation. For

example,  MYC2 and  MYC3 are  expressed  in  epidermis,  cortex  and  endodermis  of

Arabidopsis roots, while the expression of MYC4 is restricted to the columella and lateral root

cap (Gasperini et al., 2015). Consistently, MYC2 and MYC3 play a more significant role than

MYC4 in JA-dependent root growth inhibition (Fernandez-Calvo et al., 2011; Gasperini et al.,

2015). Another source of specificity is due to the ability of MYC proteins to dimerize with

other  TFs.  For  instance,  specific  MYC-MYB  complexes  are  implied  in  JA-derived

biosynthesis  of  glucosinolates  (Schweizer  et  al.,  2013)  and  the  regulation  of  stamen

development (Figure 3b; Qi et al., 2015).

Phylogenetic analyses and interactome studies of Arabidopsis JAZ proteins revealed

the bHLH subgroup IIId  TFs  bHLH17/JASMONATE ASSOCIATED MYC2-LIKE1(JAM1),

bHLH13/JAM2,  bHLH3/JAM3  and  bHLH14.  In  agreement  with  the  lack  of  activation

domains in these TFs, genetic and biochemical studies demonstrated that they are negative

regulators of JA responses (Song et al., 2013; Nakata et al., 2013; Sasaki-Sekimoto et al.,

2013; Fonseca et al., 2014). They interact with JAZ proteins and antagonize transcriptional

activators, such as MYC2 and the WD-repeat/bHLH/MYB complex, by competitively binding

their target promoter sequences (Song et al., 2013; Nakata et al., 2013). The corresponding

genes are regulated by JA in a COI1- and MYC2-dependent manner (Sasaki-Sekimoto et al.,

2013; Fonseca et al., 2014; Liu et al., 2019). Therefore, JAM proteins are likely part of a

feedback loop mechanism required for  the deactivation  of  JA signaling  (Figure 2b).  The

ability of JAM proteins to bind JAZ repressors through a conserved JID domain suggests that

their activity is controlled by the abundance of regulatory JAZ proteins. Indeed, it has been

shown  that  JAM-mediated  transcriptional  repression  is  counteracted  by  JAZ  in  a  dose-

dependent manner (Song et al., 2013).

In addition to MYC and JAM transcriptional regulators, JAZ proteins also interact with

clade IIIf bHLH TFs TRANSPARENT TESTA8 (TT8), GLABRA3 (GL3) and ENHANCER OF

GL3 (EGL3). Moreover, several JAZ proteins interact directly with the R2R3 MYB proteins

PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1)/MYB75 and GL1. These proteins

are part of a MYB-bHLH-WD40 (MBW) complex regulating anthocyanin accumulation and

trichome formation (Qi  et  al.,  2011).  Interactions between JAZ repressors and other TFs

mediate  JA-dependent  stamen  maturation,  senescence  and  regulation  of  flowering  time

(Song et al., 2011; Jiang et al., 2014, Zhai et al., 2015).
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Moreover,  JAZ  proteins  directly  interact  with  ET-responsive  TFs and  the  GA

signaling repressors  DELLAs,  thereby mediating  molecular  crosstalk  between different

hormone  signaling  pathways.  In  Arabidopsis  at  least  JAZ1,  JAZ3,  and  JAZ9  can  bind

ETHYLENE  INSENSITIVE3  (EIN3)  and  EIN3-LIKE1  (EIL1).  Since  ET  is  needed  for

EIN3/EIL1 stabilization and JA for their release from repression, this mechanism may be at

the basis of the ET-JA synergy (Zhu et al., 2011). Also, the DELLA proteins GIBBERELLIC

ACID INSENSITIVE (GAI),  REPRESSOR OF GA (RGA) and RGA-LIKE1 (RGL1) interact

with JAZ proteins and compete with MYC2 for JAZ binding, providing the molecular basis of

GA-JA antagonism during plant immune responses (Navarro et al., 2008; Hou et al., 2010).

On  the  other  hand,  both  JAZ  and  DELLA  proteins  interact  with  members  of  the  MBW

complex and work in synergy in the regulation of trichome development (Qi et al., 2014).

Also, the interaction between DELLA and MYC2 was proposed to explain JA-GA signaling

synergy in the expression of two sesquiterpene biosynthetic genes (Hong et al., 2012).

In summary, the multifaceted role of JA signaling in plant development and defense

relies on the multitude of JAZ-interacting transcriptional regulators and their specific targets

(Chini et al., 2016). bHLH TFs are master regulators of JA-mediated responses to wounding,

pathogens and root development. On the other hand, bHLH/MYB complexes execute JA-

dependent anthocyanin biosynthesis and trichome emergence. Finally, the interaction of JAZ

repressors with EIN3/EIL1 and DELLA proteins provide the molecular basis of the JA-ET and

the JA-GA crosstalks.

2.2. Biosynthesis and signaling of phytohormones involved in defense

and growth

2.2.1. Salicylic acid biosynthesis and signaling

SA is a major phytohormone regulating disease resistance in plants (Vlot et al., 2009;

Klessig et al., 2018). Indeed, SA is important for the activation of both pathogen-associated

or  microbe-associated  molecular  pattern  (PAMP/MAMP)-triggered  immunity  (PTI)  and

effector-triggered immunity (ETI), respectively the first, aspecific and the second, specialized

layer of plant immunity (Chisholm et al., 2006; Jones & Dangl, 2006; Vlot et al., 2009). Plant

perception of specialized effector proteins from fungal and bacterial pathogens induces the

accumulation  of  reactive  oxygen  species  (ROS),  which  trigger  SA  biosynthesis  and

consequent  expression of  pathogenesis-related (PR)  genes. SA signaling during ETI can

trigger  the hypersensitive  response (HR),  in  which necrotic  lesions  appear  at  the site of

pathogen entry (Vlot et al., 2009; Pieterse et al., 2012). Plants under pathogen attack often
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display a long-lasting high basal expression level of PR genes, leading to quicker and more

efficient  immune response to  subsequent  infections  by  a  wide  array  of  pathogens.  This

process is called systemic acquired resistance (SAR) and SA signaling is one of its central

components (Shah & Zeier, 2013; Klessig et al., 2018).

SA biosynthesis in Arabidopsis is triggered upon pathogen attack through regulation

by the interacting lipase-like proteins ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1)

and PHYTOALEXIN DEFICIENT 4 (PAD4;  Aarts et  al.,  1998;  Wiermer  et  al.,  2005)  and

downstream transcription factors  calmodulin binding protein 60g (CBP60g) and its related

protein SYSTEMIC ACQUIRED RESISTANCE DEFICIENT1 (SARD1; Zhang et al.,  2010;

Wang et al., 2011). SA biosynthesis occurs through one of two distinct pathways dependent

on the primary precursor chorismate (Figure 4; Wildermuth, 2006). Chorismate-derived L-

phenylalanine  can  be  converted  into  SA  through  the  activity  of  phenylalanine  ammonia

lyases (PAL) and benzoic acid-2-hydroxylases (BA2H). Alternatively, SA can be synthetized

by  isochorismate  synthases  (ICS)  and  isochorismate  pyruvate  lyases  (IPL)  through  the

intermediate  isochorismate.  Recently,  a  third  SA  biosynthetic  pathway  was  discovered,

mediated  by  avrPphB  Susceptible  3  (PBS3)-dependent  conjugation  of  isochorismate  to

glutamate  and  subsequent  spontaneous  decay  of  Isochorismate-9-glutamate  (ISC-9-Glu)

without  the  requirement  of  enzymatic  catalysis  (Rekhter  et  al.,  2019).  Therefore,  IPL  is

dispensable for pathogen-induced SA biosynthesis, while Arabidopsis ics1 and ics2 loss-of-

function  mutants  are  severely  impaired in  pathogen  resistance (Wildermuth  et  al.,  2001;

Garcion et al., 2008). SA can be deactivated upon conversion to SA O-β-glucoside (SAG) by

the activity of SA glucosyltransferases (SAGT; Lee & Raskin, 1999); SAG can be also stored

in the vacuole and be converted back to SA (Dean & Mills, 2004; Hennig et al., 1993). SA

can also be methylated into MeSA, a biologically inactive form (Koo et al., 2007; Song et al.,

2008). However, systemic transport of MeSA and its reversion to SA may be implied in SAR

under certain environmental conditions (Park et al., 2007; Attaran et al., 2009).

SA  receptors  remained  elusive  for  many  years.  Indeed,  biochemical  screens  in

tobacco led to the identification of several SA-binding proteins, consisting mainly of catalase,

ascorbate  peroxidase,  glutathione-S-transferases  and  other  enzymes  implied  in  redox

reactions (Durner & Klessig, 1995; Tian et al., 2012). However, genetic evidence for the role

of these enzymes as bona fide SA receptors is lacking. In alternative, it has been proposed

that SA signaling may be transduced through modifications of the cell redox state (Caarls et

al.,  2015).  In  fact,  the  transcriptional  cofactor  NONEXPRESSOR  OF  PR1 (NPR1),

fundamental  for  SA-dependent  defense  (Pieterse  &  Van  Loon,  2004;  Wu  et  al.,  2012),

responds to SA-induced biphasic fluctuations in cell redox with switches between monomeric

and  oligomeric  state  (Figure  4;  Mou et  al.,  2003;  Tada  et  al.,  2008).  Oligomerization  is

induced  by  the  activity  of  S-nitrosoglutathione  (GSNO),  while  the  SA-induced  NPR1
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monomerization is catalyzed by thioredoxins (TRXs, Tada et al., 2008). NPR1 monomers

enter  the nucleus and interact  with TGA TFs to initiate the expression of  SA-dependent

genes (Figure 4; Kinkema et al., 2000; Zhang et al., 2003; Després et al., 2003). Also, the

activity  of  NPR1  requires  direct  binding  to  SA  (Wu  et  al.,  2012;  Ding  et  al.,  2018).

Additionally, NPR1-related NPR3 and NPR4 have been identified as SA receptors (Fu et al.,

2012). NPR3/4 are negative regulators of SA responses and have been proposed to either

function  as E3 ubiquitin  ligases  regulating  cytosolic  NPR1 levels  (Fu et  al.,  2012)  or  as

NPR1-independent co-repressors of TGAs (Ding et al., 2018). Other negative regulators of

NPR1 include the NIM1-INTERACTING1 (NIMIN1) and its related proteins NIMIN2 and 3

and the SUPPRESSOR of  npr1 INDUCIBLE 1 (SNI1;  Li  et  al.,  1999;  Pape et  al.,  2010;

Weigel et al., 2005). Interestingly, proteasome-mediated turnover of NPR1 is necessary for

both prevention of SAR in absence of signal and its execution upon SA perception (Spoel et

al., 2009). Therefore, the mechanism through which NPR receptors carry out SA responses

is not yet completely understood. Downstream of NPR proteins, TGA TFs, in complex with

the proteins SUPPRESSOR OF sni1 2 (SSN2), RAS ASSOCIATED WITH DIABETES51D

(RAD51D) and BREAST CANCER2A (BRCA2A), regulate the expression of  PR genes, as

well  as of  several  WRKY TFs (Figure  4;  Johnson  et  al.,  2003;  Wang et  al.,  2005).  PR

proteins are small (5-75 kDa) secreted or vacuole-targeted proteins with antimicrobial activity

(Sels et al., 2008) and their secretory system is also controlled by NPR1 (Wang et al., 2005).

On  the  other  hand,  distinct  WRKY  TFs  may  be  involved  in  the  amplification  or  in  the

termination of SAR (Wang et al., 2006; van Verk et al., 2011).
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Figure 4: SA biosynthesis and signaling in Arabidopsis. 

Upon pathogen perception, SA biosynthesis is initiated via the phenylalanine ammonia lyase (PAL) or

the isochorismate synthase (ICS) pathway. The latter can proceed through the isochorismate pyruvate

lyase (IPL) or the avrPphB Susceptible 3 (PBS3) branch. SA alters the redox status of the cytosol

prompting thioredoxins (TRXs) to release monomers of NONEXPRESSOR OF PR1 (NPR1). In the

monomeric form NPR1 can enter the plant cell nucleus, where it interacts with TGA TFs. Both nuclear

entry and proteasomal degradation of NPR1 are required for the activation of SA-dependent gene

expression. Such degradation may depend on the activity of NPR3 and NPR4, which could also serve

as independent repressors of  TGAs. The activity of NPR1 is further  repressed by other regulator

proteins such as NIM1-INTERACTING1 (NIMIN1) and SUPPRESSOR of npr1 INDUCIBLE 1 (SNI1).

Downstream of NPR1, the cofactors SUPPRESSOR OF sni1 2 (SSN2), RAS ASSOCIATED WITH

DIABETES51D (RAD51D), and BREAST CANCER2A (BRCA2A) associate with TGA TFs to promote

the expression of pathogenesis-related (PR) genes and WRKY TFs. Modified from Pieterse et al.,

2012.

Not much is known about SA biosynthesis and signaling in poplar roots or shoots.

However,  poplars and other Salicaceae are characterized by high basal levels of salicin-

based phenolic glycosides in leaves and bark (Palo, 1984). These compounds may derive

from SA and function as herbivore toxins, but their mechanisms of biosynthesis and action

are not yet elucidated (Constabel & Major, 2005; Yuan et al., 2009). Other major compounds

implied in poplar defense against herbivores are flavonoids and proanthocyanidins (PA or
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condensed  tannins).  Recently,  the  biosynthesis  of  PA  and  their  precursors  flavan-3-ols

(catechin,  epicatechin  and  gallocatechin)  has  been  shown  to  be  triggered  by  increased

endogenous  SA  levels  upon  infection  of  poplar  leaves  by  the  biotrophic  pathogen

Melampsora larici-populina (Ullah et al.,  2019). The expression of the poplar orthologs of

Arabidopsis  NPR1,  MYB,  WRKY and  PR genes  was  also  enhanced  by  pathogen

colonization, indicating active SA signaling through the MYB-bHLH-WD40 complex (Ullah et

al., 2019). SA biosynthesis is also implied in poplar response against the fungal agent of the

apple bot rot, Botryosphaeria dothidea (Li et al., 2018). In fact, inoculation of poplar bark with

B. dothidea  induced SA and MeSA accumulation in both infected and uninfected sites. In

addition,  the  expression  patterns  of  SA methylases  and de-methylases  suggest  that  SA

produced at the infection site is converted into MeSA for systemic transport; MeSA is then

de-methylated to SA in uninfected sites, allowing systemic activation of plant defenses (Li et

al., 2018). Finally, genetic manipulation of SA biosynthesis and degradation demonstrated

that this phytohormone is involved in responses to oxidative stress in poplar, but, unlike in

Arabidopsis,  such  response  is  not  accompanied  by  growth  inhibition  (Xue et  al.,  2013).

Altogether,  these studies suggest  that SA signaling is a major pathway mediating poplar

defense against oxidative stress, aboveground herbivores and pathogens. 

2.2.2. Ethylene biosynthesis and signaling

ET is a gaseous hormones implied, among other processes, in plant development,

fruit ripening, senescence and defense against biotic and abiotic stressors (Broekaert et al.,

2006; Iqbal et al., 2013; Dubois et al., 2018). For instance, MAPK cascades, in response to

oxidative burst, induce ET biosynthesis upon nutritional stress (Lynch & Brown, 1997; Liu &

Zhang, 2004). In particular, ET signaling mediates low P-related promotion of Arabidopsis

root hair development (Zhang et al., 2003), through the induction of the key transcription

factor ROOT HAIR DEFECTIVE 6-LIKE4 (RSL4; Song et al., 2016; Feng et al., 2017) and

alterations in auxin transport or metabolism (Rahman et al., 2002; Růžička et al., 2007). On

the other hand, ET is a major modulator of plant immunity, and especially promotes plant

resistance to necrotrophic  pathogens (Broekaert  et  al.,  2006).  The role of  ET in disease

resistance depends on an extensive crosstalk network involving mainly JA and SA signaling

(Glazebrook et al., 2005; Pieterse et al., 2009; 2012).

ET  biosynthesis  occurs  through  conversion  of  the  precursor  methionine  into  S-

adenosyl-methionine and subsequently into 1-Aminocyclopropane-1-carboxylic acid (ACC),

the  direct  precursor  of  ET.  Two  classes  of  enzymes,  ACC  synthases  (ACS)  and  ACC

oxidases (ACO), catalyze the rate limiting steps of ACC production and ACC conversion into

ET,  respectively  (Wang  et  al.,  2002).  The  activity  of  these  enzymes  is  regulated  both

transcriptionally and post-translationally by MAPKs in response to pathogens (Figure 5; Liu &
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Zhang, 2004; Li G. et al., 2012). The pool of ACC is also modulated by reversible conjugation

(van de Poel & van der Straeten, 2014), as well as by LYSINE HISTIDINE TRANSPORTER1

(LHT1)-mediated xylematic transport (Shin et al., 2014). 

ET is perceived by receptors localized in the endoplasmic reticulum (ER) and Golgi

membrane:  ERS1  (ETHYLENE  RESPONSE  SENSOR1),  ERS2,  ETR1  (ETHYLENE

RESISTANT1), ETR2 and EIN4 (ETHYLENE INSENSITIVE4). In the absence of ET, these

proteins  bind  and  activate  the  CONSTITUTIVE  TRIPLE  RESPONSE1  (CTR1)

serine/threonine kinase, which inhibits downstream signaling through phosphorylation of the

ER transmembrane protein ETHYLENE INSENSITIVE2 (EIN2; Merchante et al., 2013; Lacey

&  Binder,  2014).  The  presence  of  ET  inactivates  the  receptors  and  CTR1.  As  a

consequence, EIN2 is dephosphorylated and cleaved, releasing a C-terminal fragment that

either moves to P-bodies or to the nucleus (Li et al., 2015; Merchante et al., 2015). The C-

terminal fragment of EIN2 affects the translation of the EIN3-BINDING F-BOX proteins EBF1

and EBF2. EBF1/2 target the primary ET-responsive TFs EIN3 and EIL1 for proteasomal

degradation in the absence of ET (Guo & Ecker, 2003; Potuschak et al., 2003). ET-induced

degradation  of  EBF1/2  triggers  EIN3/EIL1  activity  and  the  consequent  expression  of

numerous secondary TFs, the ETHYLENE RESPONSE FACTORS (ERFs; Figure 5; Nakano

et al., 2006).

ER

EBF1/2

ACS

ACO

MAPK

Met

ACC

ER
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Figure 5: ET biosynthesis and signaling in Arabidopsis.

MAPK signaling cascades induce the expression of 1-Aminocyclopropane-1-carboxylic acid (ACC)

synthase  (ACS)  and  ACC  oxidase  (ACO),  coding  for  two  rate-limiting  enzymes  of  ethylene

biosynthetic  pathway.  The  ET  receptors  ETHYLENE  RESPONSE  SENSOR1  (ERS1),  ERS2,

ETHYLENE RESISTANT1 (ETR1), ETR2 and ETHYLENE INSENSITIVE4 (EIN4) are localized in the

endoplasmic reticulum (ER) and Golgi membrane. Upon ET perception, such receptors are prevented

to  activate  the  CONSTITUTIVE  TRIPLE  RESPONSE1  (CTR1)  serine/threonine  receptor  kinase.

CTR1 inactivation results in the dephosphorylation of the ER transmembrane protein EIN2, cleaving

its C-terminal fragment. The fragment of EIN2 enters the nucleus and affects the translation of the

EIN3-BINDING F-BOX proteins EBF1 and EBF2. This results in the stabilization of the TFs EIN3 and

EIL1, which trigger the transcription of the TFs ETHYLENE RESPONSIVE FACTORS (ERFs). ERFs

mediate the expression of ET-responsive genes. Modified from Iqbal et al., 2013. 

Current knowledge on the functions of ET signaling in poplar is limited to its role in

wood formation. Indeed, both ACC content and the expression of the poplar  PttACO1 and

two  PttACS  genes,  orthologous  to  the  Arabidopsis  ACC  oxidase  and  ACC  synthase,

respectively, are enhanced in developing secondary xylem, especially during wood formation

(Andersson-Gunnerås et al., 2003; Seyfferth et al., 2018). Moreover, PttEIN3D and 11 ERF

genes were identified  as  hubs in  transcriptional  networks related to  xylem development,

suggesting  that  different  modules  of  ET  signaling  perform  different  functions  during

secondary growth (Seyfferth et  al.,  2018).  The use of  transgenic  ET-insensitive  and ET-

overproducing hybrid aspens demonstrated that the main functions of ET signaling during

wood development are to stimulate cell divisions in the cambial meristem (Love et al., 2009)

and to induce the formation of the gelatinous layers (G-layers) typical of tension wood of

aspen  trees  (Felten et  al.,  2018).  In  addition,  JA/ET signaling  is  likely  implied  in  poplar

resistance  to  salt  stress.  Indeed,  hybrid  poplars  transformed  with  a  tomato  ERF gene,

encoding a TF mediating the crosstalk between JA and ET signaling, were more resistant in

soil with excessive salt concentration (Li et al., 2008).

2.2.3. Auxin biosynthesis and signaling

Auxin  is  a  major  phytohormone  implied  in  most,  if  not  all,  developmental  and

physiological  processes  of  plants  (Benjamin  &  Scheres,  2008).  Auxin  gradients  are

particularly important for the maintenance of quiescent cells in shoot and root meristem and

the differentiation of cell types (Wang & Jiao, 2018). For instance, auxin gradients are implied

in lateral root patterning and emergence (De Smet et al., 2007; Laskowski et al., 2008). Such

differential accumulation of auxin is achieved through finely tuned regulation of PIN efflux

transporters and AUX/LAX influx transporters (Kramer, 2004; Swarup & Peret, 2012).
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The bioactive auxin form, indole-3-acetic acid (IAA), is synthesized mainly via four

Trp-dependent pathways: the indole-3-pyruvic acid (IPyA), the indole-3-acetamide (IAM), the

tryptamine (TRA) and the indole-3-acetaldoxime (IAOx) pathway (Figure 6; Ljung, 2013). IAA

catabolism can occur via conjugation to amino acids or sugars through the action of GH3

auxin-amido-synthetases (Staswick  et  al.,  2005) or  via degradation to oxIAA through the

activity of dioxygenases (Zhang et al., 2016; Porco et al., 2016; Mellor et al., 2016). 

IAA is perceived by a co-receptor complex formed by the F-box protein TRANSPORT

INHIBITOR  RESPONSE  1/AUXIN  SIGNALING  F-BOX  PROTEIN  (TIR1/AFB)  and  a

transcriptional  inhibitor  of  auxin  signaling  of  the  Auxin/INDOLE ACETIC  ACID  (Aux/IAA)

family. Upon IAA binding, The SCFTIR1 E3 ubiquitin ligase complex labels Aux/IAA proteins for

proteasome  26S-mediated  degradation,  thereby  releasing  the  repression  over  AUXIN

RESPONSE  FACTORS  (ARFs)  and  allowing  the  expression  of  IAA-responsive  genes

(Figure 6; Dharmasiri et al., 2005; Kepinski & Leyser, 2005). In Arabidopsis, combinatorial

interactions between six TIR1/AFBs, 29 Aux/IAAs and 23 ARFs contribute to the complexity

of auxin responses (Calderón Villalobos et al., 2012).

Figure 6: auxin biosynthesis and perception. 

The biosynthesis of auxin starts from the precursor tryptophan (TRP) along one of four pathways: the

indole-3-pyruvic  acid  (IPyA),  the  indole-3-acetamide  (IAM),  the  tryptamine  (TRA)  or  the  indole-3-

acetoaldoxime (IAOx) pathway. In the nucleus auxin is perceived by a co-receptor complex formed by

one  of  the  Auxin/INDOLE  ACETIC  ACID  (Aux/IAA)  repressor  proteins  and  the  F-box  protein

TRANSPORT INHIBITOR  RESPONSE  1/AUXIN  SIGNALING  F-BOX  PROTEIN  (TIR1/AFB).  The

latter is part of a Cullin-Skip-F-box E3 ubiquitin ligase complex, which targets Aux/IAA proteins for

proteasomal  degradation.  Consequently,  Aux/IAA-mediated  repression  over  AUXIN  RESPONSE

FACTORS  (ARFs)  is  released  and  auxin-dependent  transcription  can  take  place.  Modified  from

Mockaitis & Estelle, 2008.
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In poplar roots the repression of auxin signaling is implied in the decrease of vessel

lumina and in the synthesis of lignin and phenolic compounds during abiotic stress. Indeed,

the concentration of free IAA decreases in the xylem of different poplar species under salt

stress (Junghans et al., 2006), while the IAA-conjugating enzyme GH3 displays enhanced

expression  in  the  xylem  of  cadmium-stressed  poplar  roots  (Elobeid  et  al.,  2012).  In

Arabidopsis,  auxin  signaling  enhances  the production  of  reactive  oxygen species  (ROS)

upon stress perception while  auxin conjugation contributes to attenuate this stress signal

(Peer et al., 2013). It is not yet clear whether a similar mechanism is conserved in woody

plants. Interestingly, even though IAA levels do not vary during the formation of tension wood

in poplar (Hellgren et al., 2004), exogenous IAA application enhances xylem width (Björklund

et al., 2007), suggesting a role of auxin signaling in the proliferation of the cambial meristem.

Finally,  auxin  signaling  through an AP2/ERF TF may play  a  role  in  the development  of

adventitious and lateral roots of poplar cuttings (Trupiano et al., 2013).

2.2.4. Gibberellin biosynthesis and signaling

The plant  hormone GA controls  many aspects  of  plant  development,  from pollen

maturation  and  seed  germination  to  stem  elongation,  leaf  expansion  and  trichome

development (Yamaguchi, 2008; Davière & Achard, 2013; Hedden & Sponsel, 2015). More

than 130 chemical species of GAs have been discovered in plants, but evidence of biological

activity has been obtained only for GA1, GA3, GA4 and GA7 (Yamaguchi, 2008). In addition,

GA5 and GA6 are effective during floral development of the grass  Lolium spp. (King et al.,

2003; 2008). In the past decade, GA signaling has been shown to constitute a regulatory hub

for many other signaling pathways, mediating developmental responses to external stimuli

(Campos et al., 2016).

GA biosynthesis begins from the diterpenoid precursor geranylgeranyl diphosphate

(GGDP;  Figure  7;  Yamaguchi  et  al.,  2008;  Hedden & Thomas,  2012).  Three classes of

enzymes are required for the conversion of GGDP into bioactive GAs: terpene synthases

(TPSs),  cytochrome  P450  monooxygenases  (P450s)  and  2-oxoglutarate-dependent

dioxygenases (2ODDs). Two plastidial TPSs, ent-copalyl diphosphate synthase (CPS)  and

ent-kaurene  synthase  (KS)  mediate  the  conversion  of  GGDP  into  ent-kaurene.  This

tetracyclic  intermediate is  then converted into GA12 by action  of  two P450s:  ent-kaurene

oxidase (KO) and ent-kaurenoic acid oxidase (KAO). During these reactions the location of

GA biosynthesis switches from the plastidial membrane to the endoplasmic reticulum. GA12,

the precursor of all  bioactive GAs, can be the substrate of different types of cytoplasmic

2ODDs, according to the C residue they oxidize. Sequential oxidation of G12 on C-20 by GA

20-oxidase (GA20ox) leads to the eventual loss of the C-20. Therefore, GA20ox catalyzes

the biosynthesis of C-19 GAs starting from C-20 GAs. Finally, the addition of a 3β-hydroxyl
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group by the action of  GA 3-oxidase (GA3ox) converts inactive precursors into bioactive

GAs. The biosynthetic  pathway of GAs is divided into two main branches, depending on

whether the general precursor GA12 is oxidized on C-13 by GA 13-oxidase (GA13ox) or not

before  undergoing  a  series  of  C-20  oxidation  reactions.  In  the  first  case,  the  early  13-

hydroxylation (13-OH) branch of GA biosynthesis culminates with the production of bioactive

GA1,  GA3,  GA5 and  GA6 through  the precursor  GA20.  Alternatively,  GA biosynthesis  can

proceed  along  the non-13-hydroxylation  (13-H)  branch,  leading  to  the conversion  of  the

precursor GA9 into bioactive GA4 and GA7 (Figure 7). The inactivation of GAs occurs through

C2-hydroxylation  by  GA  2-oxidases  (GA2oxs),  but  GA3,  GA5,  GA6  and  GA7 cannot  be

substrates of such enzymatic reaction. Alternatively, 16α,17-epoxidation and methylation of

GAs have been proposed as inactivation mechanisms (Yamaguchi et al., 2008; Hedden &

Thomas, 2012).

Many of the components of the GA signaling pathway have been identified through

genetic screens in rice and Arabidopsis (Figure 7; Sun & Gubler, 2004; Davière & Achard,

2013).  Bioactive  GAs  bind  the  nuclear  receptor  GIBBERELLIN  INSENSITIVE  DWARF1

(GID1), inducing a conformational change of its N-terminal extension domain (N-ext). Such

spatial rearrangement allows GID1 to interact with DELLA proteins, GRAS family repressors

of  GA signaling.  The  formation  of  the  GA-GID1-DELLA complex  enables  the  interaction

between DELLA and the SCFSLY1/GID2 complex through the F-box protein SLEEPY1 (SLY1, in

Arabidopsis)/ GIBBERELLIN INSENSITIVE DWARF2 (GID2, in rice). The SCF complex is a

E3 ubiquitin ligase catalyzing the polyubiquitination of the DELLA protein and its subsequent

degradation  through  the  proteasome  26S.  The  degradation  of  DELLA  releases  the

repression over several GA-responsive TFs, leading to the activation of GA-dependent gene

expression. In particular, the activation of PHYTOCHROME INTERACTING FACTOR (PIF)

transcriptional activators mediates many of the GA-dependent growth responses (Figure 7;

Sun & Gubler, 2004; Davière & Achard, 2013).
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(b)(a)

Figure 7: GA biosynthesis and signaling. 

(a) GA biosynthesis proceeds from intermediates of the carotenoid biosynthetic pathway. In the plastid

the enzymes ent-copalyl  diphosphate synthase (CPS) and ent-kaurene synthase (KS) induce the

synthesis  of  ent-kaurene.  This  molecule  is  translocated  to  the  endoplasmic  reticulum,  where  it

undergoes a series of oxidation reactions by the ent-kaurene oxidase (KO) and the ent-kaurenoic acid

oxidase (KAO). The resulting molecule is GA12, the precursor of all bioactive GAs. In the cytosol GA12

is  oxidized in  its  C-13,  C-20 and C-3 by GA 13-,  20-  or  3-oxidases (GA13ox,  GA20ox,  GA3ox),

originating the various GA species, among which the bioactive GA1, GA3, GA4 and GA5 (highlighted in

yellow). (b) In the nucleus GA is perceived by the receptor GIBBERELLIN INSENSITIVE DWARF1

(GID1),  inducing  a  conformational  change of  its  N-terminal  extension  domain  (N-ext).  GID1 then

interacts  with  DELLA  transcriptional  repressors,  enabling  its  interaction  with  the  F-box  protein

SLEEPY1(SLY1)/GID2.  This  triggers  proteasomal  degradation  of  DELLA proteins  and  release  of

repression for  GA-dependent  TFs,  such as the PHYTOCHROME INTEGRATING FACTOR (PIF).

Modified from Hedden & Thomas, 2012 and Davière & Achard, 2013.

In poplar GA signaling regulates shoot and root growth in response to environmental

stimuli,  similarly  to  Arabidopsis  (Colebrook et  al.,  2014).  Indeed,  genetic  manipulation  of

tissue-specific  GA2ox  catabolic  enzymes  differentially  altered  poplar  shoot  and  root

development. In particular, the overexpression of shoot-specific  GA2ox genes produced a

dwarfing  phenotype,  while  silencing  of  root-specific  GA2ox genes  reduced  root  biomass

(Busov et al.,  2003;  Gou et al.,  2011). Similarly,  transgenic poplars bearing degradation-
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resistant versions of the DELLA proteins gai and rgl1 were dwarfed and showed enhanced

root growth, possibly mediated by increased respiration (Busov et al.,  2006). Constitutive

suppression of GA signaling also resulted in diminished feeding of the lignin biosynthesis

pathway and in preferential resource allocation towards secondary storage compounds and

defense  metabolites  in  poplar  shoots  (Busov  et  al.,  2006).  Physiological  and  genetic

evidence showed that the suppression of GA signaling mediates poplar responses to drought

stress  and  short-day-induced  bud  dormancy  (Zawaski  &  Busov,  2014),  while  active  GA

signaling may promote shoot growth through increased IAA basipetal transport (Björklund et

al., 2007). Altogether, these results suggest that in poplar the repression of GA signaling

drives shoot growth inhibition, increased root system development and activation of chemical

defenses in response to abiotic stress. Whether this effect is due to a negative crosstalk

between GA and JA signaling,  similarly  to  Arabidopsis  (Guo et  al.,  2018a),  is  yet  to  be

demonstrated.

2.3. The molecular basis of phytohormone crosstalk during defense and

growth

2.3.1.  The  crosstalk  between  jasmonate,  salicylate  and ethylene  signaling  in  the

defense against biotrophic and necrotrophic pathogens

Activation of  specific plant  defenses in  Arabidopsis  shoots relies on the prevailing

activity  of  determined  hormone signaling  pathways,  with  SA signaling  inducing  immunity

mainly  against  biotrophs  and  JA/ET signaling  preferentially  promoting  resistance  against

necrotrophic  pathogens  and  herbivores  (Glazebrook,  2005;  Pieterse  et  al.,  2009;  2012).

However,  additional  layers  of  defense  are  guaranteed  by  concerted  induction  of  both

signaling  pathways  (van  Wees  et  al.,  2000;  Mur  et  al.,  2006).  Remarkably,  adapted

pathogenic microbes learned how to take control of the JA/SA negative crosstalk in order to

promote their own infection. Indeed, the virulent strain of  P. syringae pv.  tomato DC3000

(PstDC3000)  produces the phytotoxin  coronatine (COR),  a  molecular  mimic  of  JA-Ile,  in

order to suppress SA-dependent production of PR proteins (Kloek et al., 2001; Brooks et al.,

2005). However, the output of the crosstalk between JA and SA signaling in defense relies

on the respective concentration of the two hormones (Mur et al., 2006), as well as on the

timing and the sequence of  signaling initiation (Koorneef et al.,  2008;  Leon-Reyes et  al.,

2010a). In any case, the relationship between SA and JA signaling is mostly antagonistic in

several dicotyledonous plant species (Thaler et al., 2012), while SA-JA antagonism seems

less conserved in monocots (Tamaoki et al., 2013).
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The molecular  mechanism of  JA/SA antagonism in Arabidopsis  has been partially

unraveled and occurs through the interaction of several components of JA and SA signaling

along  the  signaling  cascade  (Figure  8a).  For  instance,  the  MAP KINASE4  (MPK4)  is  a

negative regulator of SA signaling and a positive regulator of JA signaling (Petersen et al.,

2000). It has been shown that the phosphorylation of MPK4 SUBSTRATE1 (MKS1) and the

suppression of EDS1 and PAD4 are involved in MPK4-mediated suppression of SA signaling

(Andreasson  et  al.,  2005;  Brodersen  et  al.,  2006).  However,  the  mechanism  of  MPK4-

mediated promotion of JA signaling has not yet been elucidated. The redox status of the cell

is also a major regulator of defense responses. In fact, both SA and JA affect the levels of

the redox buffer glutathione (Spoel & Loacke, 2011) and SA-mediated suppression of JA

signaling depends on glutathione biosynthesis (Koornneef et al., 2008). Since glutathione-

dependent reduction of NPR1 is necessary for its nuclear import (Tada et al.,  2008) and

several  glutaredoxins  (GRXs)  interact  with  TGA transcription  factors  (Ndamukong et  al.,

2007; Zander et al., 2012), cell redox status may indirectly influence JA signaling through

promotion of the SA pathway. Interestingly, nuclear localization of NPR1 is necessary for SA-

dependent gene expression, but its suppressive activity over JA signaling is mainly cytosolic

(Spoel et al., 2003). However, its molecular mechanism is not yet known. In addition, the

activation of nuclear SA pathway participates to this process. Indeed, SA-responsive TGA

TFs are necessary for the JA/SA crosstalk (Zander et al., 2012; Leon-Reyes et al., 2010a).

Interestingly, the expression of the TF ORA59, the master regulator of the ERF branch of JA

signaling, is promoted upon ACC treatment through functional class II TGAs, while SA supply

inhibits ORA59 transcript and protein accumulation (van der Does et al., 2013; Zander et al.,

2014). The same TGAs are also required for JA- and OPDA-dependent gene expression

(Zander et al., 2010; Stotz et al., 2013). Therefore, some TGAs may serve as hubs for the

promotion of SA-sensitive, JA/ET-dependent transcription. WRKY50 and WRKY51 are also

necessary for SA-mediated inhibition of JA signaling, possibly through downregulation of JA

biosynthesis  (Gao  et  al.,  2011),  while  other  WRKY  factors  may  act  redundantly  in  this

process (Li et al., 2004; Mao et al., 2007; Ren et al., 2008).

The interaction between JA and ET signaling can also influence the output of plant

immunity  (Figure  8b).  Indeed,  through  concerted  activation  of  ERF  TFs,  simultaneous

production of JA and ET can reinforce resistance against necrotrophs; on the other hand, in

Arabidopsis ET signaling antagonizes the MYC branch of JA signaling, implied in response

to wounding (Lorenzo et al., 2004; Pré et al., 2008). However, ABA signaling acts in synergy

with JA signaling for the promotion of MYC-dependent defenses (Abe et al. 2003; Anderson

et al. 2004). In addition, ET signaling can also influence the outcome of the JA/SA crosstalk:

indeed, ET applied exogenously or produced by pathogens renders NPR1 redundant for SA-

mediated suppression of JA responses (Leon-Reyes et al., 2009). However, simultaneous
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activation of JA and ET signaling impedes subsequent SA-mediated suppression of the JA

pathway  in  Arabidopsis  (Leon-Reyes  et  al.,  2010b).  Conversely,  the  attenuation  of  JA

signaling  can  restrict  also  ET-related  responses  through  JAZ-mediated  repression  of

EIN3/EIL1  TFs  (Zhu  et  al.,  2011).  Since  EIN3/EIL1  repress  the  expression  of  the  SA

biosynthetic gene ICS1 (Chen et al., 2009), this may constitute a possible mechanism for JA/

ET-driven suppression of SA signaling.

In  conclusion,  plant  modulation  of  immunity  through  phytohormone  signaling  is

determined by a complex network of interacting proteins, with specific outputs depending on

hormone  levels,  timing  and  combinations.  In  general,  SA  and  JA  signaling  act

antagonistically, inhibiting each other, while ET signaling contributes to the activation of the

ERF branch of JA signaling. The existence of crosstalk between JA, SA and ET signaling in

poplar has not yet been investigated.

2.3.2. Jasmonate, auxin and gibberellin signaling control defense-to-development 

trade-offs

As sessile organisms, plants must rely on drastic immune and stress responses to

optimize fitness in challenging conditions. On the other hand, the biosynthesis and transport

of defensive chemicals can represent a considerable energetic cost for the plant. Therefore,

the balance between the activities of different phytohormone signaling pathways is exploited

for  punctual  activation  of  defense  and  stress  responses.  In  particular,  JA  signaling

constitutes a hub for  defense-to-development  energetic  trade-offs  (Figure 8c;  Guo et  al.,

2018a).

JA signaling can promote plant defense at the expense of root and shoot growth. In

fact,  JA signaling represses root elongation through several mechanisms, some of  which

linked  to  auxin  signaling  and  transport.  On  one  hand,  JA  treatment  suppresses  the

expression and membrane accumulation of the auxin efflux carrier PIN2 (Sun et al., 2011).

Additionally, MYC2 represses the expression of auxin-responsive AP2-domain PLETHORA

(PLT) transcription factors, essential for the maintenance of the quiescent centre (Aida et al.,

2004; Gasperini et al., 2015; Chen et al., 2011). In leaves, MYCs repress the expression of

photosynthesis-related genes (Attaran et al., 2014) and possibly constraint the completion of

the cell cycle (Pauwels et al., 2007; Noir et al., 2013). Finally, a decuple Arabidopsis JAZ

deficient mutant (jazQ), displaying constitutive responses to JA, showed robust resistance

against herbivores and fungal pathogens, but slow vegetative growth and poor reproductive

performance (Guo et al., 2018b). Interestingly, genetic manipulation allowed uncoupling the

activation  of  defense  mechanisms  from  growth  repression  upon  pathogen  challenge

(Campos et al., 2016), indicating that the coordination of immunity and development is under

genetic control, rather than determined by energetic constraints.
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The  main  mechanism  for  preferential  allocation  of  resources  towards  defense  or

development is represented by the crosstalk between JA and GA signaling (Figure 8c; Guo

et al., 2018a). Arabidopsis DELLA and JAZ proteins interact, sequestering each other in the

cytoplasm. The degradation of DELLA proteins releases JAZs, thus inhibiting downstream JA

signaling, and vice versa (Hou et al., 2010; Yang et al., 2012). Therefore, the JAZ-DELLA

interaction  effectively  mediates  JA-GA  signaling  antagonism,  as  evidenced  by  several

genetic studies (Navarro et al., 2008; Hou et al., 2010; Yang et al., 2012). The release of

DELLA proteins, inhibiting GA-mediated growth responses, upon activation of JA signaling

may thus explain the correlation between defense induction and growth suppression (Guo et

al.,  2018a).  On  the  other  hand,  the  JAZ-DELLA  interaction  supports  promotion  of  JA

signaling in Arabidopsis via a positive feedback loop. Indeed, upon JA perception, MYC2

induces the expression of the gene coding for the DELLA protein RGA-like3 (RGL3; Wild et

al.,  2012).  This  protein  sequesters  JAZ repressors  in  the  cytosol,  further  promoting  JA-

dependent responses (Navarro et al., 2008; Wild et al., 2012). Adding further compexity, the

JA-GA  signaling  network  is  integrated  with  the  shade  avoidance  response  through

phytochrome B (phyB)-mediated perception of changes in the ratio of red to far red (R:FR)

light. Low R:FR ratios indicative of leaf shading reduce phyB activity to relieve repression on

PIFs, thereby promoting rapid growth through the concerted action of hormones such as

auxin  and brassinosteroid,  as  part  of  the  shade avoidance  syndrome (Figure  8c;  Casal,

2013; Ballaré,  2014; Oh et al.,  2012). In addition,  inactivation of phyB is associated with

depletion of DELLA proteins, increased JAZ stability, accelerated turnover of MYC TFs, and

suppression of JA-triggered immune responses (Moreno et al., 2009; Leone et al., 2014).

This  effect  of  light  signaling  may  be  indirect,  since  PIFs  enhance  auxin  accumulation

(Franklin et al., 2011; Li L. et al., 2012) and auxin signaling induces the expression of JAZ1

(Grunewald et al., 2009). Remarkably, the concomitant activation of the Arabidopsis MYC2

and the PIF transcriptional  modules through genetic  engineering results  in the rescue of

developmental  responses  without  diminished  resistance  against  insects  (Campos  et  al.,

2016).  These  data  suggest  that  the  hardwired  molecular  network  of  JA,  GA and  phyB

signaling can integrate developmental cues, stress stimuli and light perception in order to

optimize plant fitness (Guo et al., 2018a).

In conclusion,  JA signaling  emerged as a central  regulatory hub in  the energetic

trade-off  between growth and  immunity.  Rather  than by  actual  resource constraints,  the

balance between development and defense relies on hardwired molecular crosstalk between

JA, GA and phyB signaling. Such complex signaling network integrates developmental and

environmental  cues in  order to  regulate  the activity  of  the MYC2 and PIF transcriptional

modules for optimal plant fitness. It remains to be demonstrated whether a similar regulation

of the growth-defense trade-off is conserved in woody plants.
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Figure 8: Molecular mechanisms underlying the crosstalk between JA, SA, ET, auxin

and GA signaling in defense and development. 

(a) The antagonism between JA and SA signaling in the activation of plant defenses is based on (I)

MPK4-dependent suppression of SA signaling, (ii) differential regulation of the cell redox status by JA

and SA,  and (iii)  the  repression  of  some SA-responsive  TGA and WRKY TFs on JA-dependent

transcription. (b) JA and ET signaling act in synergy in the defense against necrotrophic pathogens,

but they antagonistically regulate responses against insects. Synergy depends on the control by both

ET and JA signaling over  the activity  of  EIN3/EIL1, while antagonism is based on the reciprocal

negative regulation of the MYC branch and the ERF branch of JA signaling. (c) The crosstalk between

JA, GA and phyB signaling, involving also auxin and BR signaling, regulates the trade-off between

plant growth and defense. Such crosstalk largely depends on the interaction between JAZ and DELLA

proteins as well as on the activity of light signaling. Modified from Pieterse et al., 2012 and Huot et al.,

2014.
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3. Defense and development phytohormones in the 
establishment of the ectomycorrhizal symbiosis

3.1. Auxin, ethylene and sesquiterpenes mediate tree developmental 

responses to ectomycorrhizal fungi

The phytohormones auxin and ET are implied in root architecture remodeling upon

perception of EMF by the host tree. Several species of EMF have been reported to produce

IAA  from  Trp  (Frankenberger  &  Poth,  1987;  Niemi  et  al.,  2002;  Splivallo  et  al.,  2009;

Vayssières  et  al.,  2015).  Fungal  auxin  is  beneficial  for  root  colonization,  since  an  IAA-

overproducing  strain  of  Hebeloma  cylindrosporum increases  lateral  root  density  and

develops deeper Hartig net when colonizing  Pinus pinaster (Gay et al., 1994; Gea et al.,

1994; Tranvan et al., 2000). Indirect contact with fungal mycelium enhances auxin signaling

in  columella  and epidermal  cells,  suggesting  perception  of  fungal  auxin  (Splivallo  et  al.,

2009).  However,  fungal  volatiles  and/or  soluble  signals  may  also  alter  tree  auxin

homeostasis,  transport  and  signaling.  Indeed,  differential  expression  of  GH3 conjugating

enzymes, of auxin influx carriers (AUX/LAX) and auxin efflux carriers (PIN), as well as of

auxin-responsive Aux/IAA proteins has been reported in ECM (Reddy et al., 2006; Felten et

al.,  2009; Heller et al.,  2012). Induced auxin signaling in host roots promotes lateral root

development  (Felten  et  al.,  2009),  possibly  in  crosstalk  with  ET.  Indeed,  a  mixture  of

exogenous ET and IAA was necessary to reproduce the full range of root morphogenetic

responses to Tuber spp. soluble molecules (Splivallo et al., 2009). However, it is not yet clear

whether ET production occurs in the fungal mycelium or in the host root in response to fungal

signals.

On the other hand, other fungal volatile organic compounds (VOCs) may be involved

in root morphogenetic processes. Among these molecules, the sesquiterpene (-)-tujopsene

was identified as a biologically active agent in  L. bicolor-mediated lateral root proliferation

(Ditengou et al., 2015). Sesquiterpenes are a class of terpenoid compounds produced by

plants, fungi and insects; they play roles in both plant protection and signaling (Cheng et al.,

2007).

Fungal  manipulation  of  root  auxin  biosynthesis  and  signaling  has  also  been

demonstrated  in  mature  ECM  between  poplar  and  L.  bicolor  (Vayssières  et  al.,  2015).

Indeed,  progressive shortening and swelling  of  colonized lateral  roots coincided with the

diminution  of  auxin-responsive  DR5:GUS activity  in  the  lateral  root  meristem,  while  the

content of bioactive auxin, its precursors and degradation products increased. Moreover, a

series of auxin-responsive genes was activated upon  L. bicolor  colonization,  while others
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were repressed. These results indicate that fungal signals stimulate poplar auxin metabolism

and trigger the activation of specific auxin responses, possibly involved in the arrest of lateral

root growth (Vayssières et al., 2015).

In conclusion, fungus-driven modifications of tree hormone metabolism, transport and

responses affect root architecture in both the pre-contact phase and the maturation phase of

the ECM symbiosis. Altered auxin gradients and responses seem to play a major role in this

process (Splivallo et al., 2009; Felten et al., 2009; Vayssières et al., 2015). In addition, the

perception of mycelial volatile sesquiterpenes and the activation of tree ET signaling may

contribute to EMF-induced remodeling of root architecture (Splivallo et al., 2009; Ditengou et

al.,  2015).  To  date,  it  remains  to  be  assessed  whether  other  phytohormone  signaling

pathways may be implied in root morphogenetic responses to EMF.

3.2. The pivotal role of jasmonate signaling in the Populus-L. bicolor 

interaction

During  the  past  decade  the  fundamental  role  of  JA  signaling  in  controlling  the

establishment of the ECM symbiosis between Populus spp. and Laccaria bicolor  has been

unraveled (Plett et al., 2011; 2014a,b). The genome of  L. bicolor revealed an expansion in

the repertoire of < 300 amino acid-long cysteine-rich proteins carrying a secretory signal

peptide (Martin et al., 2008). The genes coding for some of these small secreted proteins are

upregulated  upon  contact  with  roots  of  the  host  tree  Populus  trichocarpa:  thus,  the

correspondent  products  have  been  named  Mycorrhiza-induced  Small  Secreted  Proteins

(MiSSPs; Martin et al., 2008). 

The most highly upregulated MiSSP gene in colonizing L. bicolor hyphae is MiSSP7

(MiSSP of 7 kDa).  L. bicolor hyphae secrete MiSSP7 upon perception of diffusible signals

from the host root. The small protein is then imported into root cells via phosphatidylinositol

3-phosphate-mediated endocytosis and targets the nuclei, where it alters the transcriptome

of the plant cell (Plett et al., 2011). The fact that L. bicolor strains with reduced expression of

MiSSP7 via RNAi-mediated gene silencing failed to form the Hartig net indicates that this

protein is essential for the completion of ECM development (Plett et al., 2011). Pathogenic

bacteria and fungi utilize similar small secreted proteins as virulence factors: these proteins

are  named effectors.  Some of  them act  in  the  cell  wall,  for  instance  by  masking  chitin

residues  that  trigger  plant  basal  immunity,  while  other  hamper  immunity  by  targeting

signaling components inside the host cell (Stergiopoulos & de Wit, 2009; Shames & Finlay,

2012). Effector proteins often alter the perception of phytohormones implied in plant defense

(Kazan & Lyons, 2014). Altogether, the role of virulence effectors is to hijack plant immunity
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and promote pathogen infection. Similarly, MiSSP7 has been proposed to be a mutualistic

effector,  altering  plant  phythohormone-related  responses  in  order  to  promote  the

establishment of symbiotic structures (Plett et al., 2011). 

A yeast-two-hybrid screen for poplar targets of MiSSP7 identified the co-receptor of

JA PtJAZ6 (Potri.003G068900)  as  a  MiSSP7-interacting  protein  (Plett  et  al.,  2014a).  As

mentioned in paragraph 2.1.2, JAZ proteins are repressors of JA-induced gene expression,

targeted for proteasome-mediated degradation when interacting with the F-box protein COI1

in a JA-dependent  fashion.  MiSSP7 inhibits the interaction between PtJAZ6 and PtCOI1,

thus enhancing the stability of PtJAZ6, in a dose-dependent manner (Plett et al., 2014a).

Therefore,  this  small  secreted  protein  likely  impairs  JA  signaling.  Indeed,  MiSSP7-

overexpressing transgenic poplar lines showed reduced expression of a subset of JA marker

genes,  mainly  coding  for  predicted  cell  wall  active  enzymes  (Plett  et  al.,  2014a).  The

importance of  suppressed  JA signaling  for  Hartig  net  development  is  highlighted  by  the

observation that  PtJAZ6-overexpressing poplar transgenic lines display deeper Hartig nets,

while  PtJAZ6-silencing transgenic lines show an opposite phenotype (Plett et al.,  2014a).

Also,  exogenous  MeJA  treatment  of  colonized  poplar  cuttings  impairs  Hartig  net

development and induces the expression of genes with a putative role in defense and cell

wall remodeling (Plett et al., 2014b). Therefore, it has been proposed that MiSSP7 hijacks

JA-mediated  plant  immunity  and/or  regulates  cell  wall  composition  to  ensure  apoplastic

growth of fungal hyphae (Plett et al., 2014a,b).

3.3. Opposing effects of ethylene and salicylic acid signaling in the 

development of the Hartig net

The discovery that fungal manipulation of JA signaling is necessary for Hartig net

development prompted the investigation of the function of SA and ET signaling during the

establishment of ECM. Indeed, as described in paragraph 2.3.1, JA, SA and ET signaling in

Arabidopsis regulate an extensive crosstalk network activating selected branches of plant

immunity. It was found that exogenous SA treatment of  L. bicolor-P. tremula x alba ECM

does not impact fungal colonization or Hartig net depth. On the other hand, ET treatment, in

the  form  of  the  ET  precursor  ACC,  as  well  as  transgenic  overexpression  of  the  ET

biosynthetic enzyme PttACO1, greatly reduced Hartig net depth (Plett et al., 2014b). These

plants displayed enhanced expression of pathogen-related genes and repression of genes

implied in plant-microbe recognition and cell wall biosynthesis (Plett et al., 2014b). Therefore,

it was proposed that JA/ET signaling may reduce fungal colonization through induction of

plant defense and inhibition of cell wall expansion. It remains to be demonstrated whether L.
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bicolor produces additional MiSSPs targeting ET signaling, similarly to the AMF Rhizophagus

irregularis (Kloppholz et al., 2011).
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4. Aims of the PhD project

The overarching goal of this PhD project is to elucidate the function(s) of JA signaling

and of  its  manipulation  by fungal  signals  in  the regulation  of  the  transcriptomic  network

associated to the development of the ECM symbiosis between Populus tremula x alba and

Laccaria  bicolor.  Novel  findings  will  complement  current  knowledge  of  the  molecular

mechanisms driving the establishment  of  this  fundamental  interaction between trees and

fungi.

4.1. The Populus tremula x alba - Laccaria bicolor model system

The model system consisting of Populus spp. and the ECM basidiomycete L. bicolor

has proven useful to investigate the genomic, physiologic and transcriptomic basis of ECM

development (Martin et al., 2016). These model organisms present a series of advantages:

(i)  P. trichocarpa and  L. bicolor were the first  ECM partners whose genomes were fully

sequenced (Tuskan et al., 2006; Martin et al., 2008) and nowadays the genomes of other

poplar  species,  such as  P.  tremula  x  alba,  P.  alba var.  pyramidalis, P.  tremula and  P.

tremuloides are also available (Xue et al., 2015; Malder et al., 2016; Lin et al., 2018; Ma et

al., 2019); (ii) a specific database assembles publicly available genomic and transcriptomic

data for several poplar species (PopGenIE; Sundell  et al., 2015); (iii)  both  L. bicolor  and

several  Populus  spp.  can  be  genetically  manipulated  through  Agrobacterium-mediated

transformation (Parsons et  al.,  1986;  Confalonieri  et  al.,  2000;  Kemppainen et  al.,  2005;

Cseke  et  al.,  2007;  et  al.,  2010);  (iv)  the  symbiosis  can  be  reproduced  in  vitro  or  in

greenhouse (Felten et al., 2009; Veneault-Fourrey et al., 2014). For all  the reasons cited

above,  we  selected  this  model  system  to  pursue  detailed  studies  on  the  role  of  plant

hormones in the establishment of the ECM symbiosis.

4.2. Open questions on the impact of phytohormone signaling in the 

establishment of the ectomycorrhizal symbiosis

Current  knowledge  on  the  role  of  phytohormones  like  auxin,  ET  and  JA  in  the

establishment  of  the ECM symbiosis  between poplar  and  L. bicolor is  significant  but  not

exhaustive. In this respect, many research questions remain open.

First of all, knowledge on the dynamics of phytohormone metabolism in developing

ECM is limited to auxins (Felten et al., 2009; Vayssières et al., 2015). Monitoring hormone
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biosynthesis,  degradation  and  signaling  in  different  stages  of  ECM  establishment  may

disclose new pathways/mechanisms differentially regulated by fungal signals.

Regarding  the  fundamental  importance  of  the  MiSSP7-PtJAZ6  interaction,  the

molecular mechanism through which the fungal effector stabilizes PtJAZ6 is not yet clear.

Indeed, MiSSP7 could inhibit  the PtJAZ6-PtCOI1 interaction by competitive binding to the

JAZ degron. Alternatively, MiSSP7 may disrupt or enhance interactions of PtJAZ6 with other

components  of  the  JA  perception  complex  via  competition,  bridging  or  induction  of

conformational changes. Such differences in the composition of the PtJAZ6 interactome may

prevent proteasomal degradation of this co-receptor.

Moreover,  the  impact  of  MiSSP7 on  the  modulation  of  JA  signaling  during  ECM

development has not been fully elucidated. Indeed, even if the transcriptome of MeJA-treated

ECM has been investigated, the extent to which MiSSP7 hijacks JA signaling in unknown. JA

responses in Arabidopsis require the activity of specific TFs, driving the expression of distinct

branches of JA signaling (Howe et al., 2018). It remains to be demonstrated whether similar

JA signaling subsets exist in poplar roots and, if so, which of them are differentially regulated

by MiSSP7 activity.

Finally, the molecular crosstalk between JA, GA, SA and ET signaling during ECM

development has not yet been comprehensively explored. In fact, it is still unclear whether

interactions between JA, GA, SA and ET signaling exist in poplar roots, and what their role

might be during fungal colonization.

4.3. Elucidating the role of JA signaling, and its interacting hormone 

signaling pathways, in ectomycorrhizal development

This doctoral project aimed at elucidating the role of JA signaling, as well as of JA-

interacting  GA,  SA  and  ET  signaling,  in  the  mutualistic  interaction  between  the  ECM

basidiomycete  L. bicolor  and the angiosperm tree  P. tremula x alba. For this purpose, we

focused on three main aspects: (i) understanding the molecular mechanism through which

the  secreted  fungal  effector  MiSSP7  suppresses  poplar  reponses  to  JA;  (ii)  assessing

whether  specific  branches  of  JA  signaling  are  selectively  repressed  during  ECM

development;  (iii)  verifying  the  presence  of  phytohormone  crosstalk  in  poplar  roots  and

elucidating its function during fungal colonization.

For  the  study  of  the  molecular  role  of  MiSSP7  within  the  poplar  JA  perception

complex, we first set out to define the structure of such complex. A yeast-two-hybrid screen

allowed identifying one poplar TF interacting with PtJAZ6. Subsequently, based on homology

with Arabidopsis,  we selected other  candidate  interaction  partners of  PtJAZ6.  Yeast-two-
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hybrid and co-immunoprecipitation showed that JA perception in poplar roots is ensured by

an ensemble of PtJAZ proteins, bHLH-like TFs and a TOPLESS co-repressor. Further, to

comprehend the activity of MiSSP7 on root JA perception at the molecular level, we tested

via yeast-three-hybrid whether the interactions between PtJAZ6 and any of the other proteins

of the poplar JA perception complex were altered in presence of MiSSP7 (Chapter 2).

Secondly,  we sought whether different  branches of JA signaling specifically  affect

ECM colonization. On one side, we altered the expression level of the bHLH TFs PtMYC2

and PtJAM1, both interacting with PtJAZ6, in transgenic poplar roots. We then determined

the phenotype of these transgenic plants in terms of root architecture and ECM morphology

(Chapter 3). On the other hand, we wished to assess whether fungal colonization selectively

suppressed  a  subset  of  JA-dependent  responses.  Thus,  we  examined,  through  high-

throughput  RNA sequencing,  the  transcriptomes  of  L.  bicolor-colonized  and  uncolonized

poplar roots under exogenous MeJA treatment. This analysis allowed to highlight symbiosis-

dependent differences in JA sensitivity. In the same experimental setting, we also defined

JA-responsive genes in poplar roots and inspected the dynamics of their expression during

ECM development (Chapter 4). 

Finally,  we investigated the role of SA, ET and GA, and of their crosstalk with JA

signaling, in the transcriptional reprogramming occurring during ECM formation (Chapter 4).

In  the  same  series  of  experiments,  we  also  quantified  through  mass  spectrometry  the

concentration of JAs, SA, GAs and some additional phytohormone species, like cytokinins

and abscisates,  to get hints on the dynamics of phytohormone metabolism in developing

ECM (Chapter 4).
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6. Appendix: jasmonate in beneficial microbe-root interactions

In the following appendix we review the role of jasmonate in the establishment and

development of different symbiotic associations between roots and microbes. This text has

been accepted as a chapter in the book “Jasmonate in Plant Biology”, currently in press by

the editor Springer. 

The  role  of  jasmonate  in  beneficial  microbe-root
interactions

Veronica Basso and Claire Veneault-Fourrey

UMR 1136 INRA-Université de Lorraine ‘Interactions Arbres/Microorganismes’, Laboratoire 

d’Excellence ARBRE, Centre INRA-Lorraine, 54280 Champenoux, France

Keywords: jasmonate, mutualism, root-microbe interactions, phytohormone, mycorrhiza, root

nodule symbiosis, autoregulation, PGPR, PGPF, systemic induced resistance, mycorrhiza-

induced resistance.

Running head: Jasmonate in beneficial microbe-root interactions

6.1. Abstract

The  phytohormone  jasmonate  (JA)  modulates  various  defense  and  developmental

responses of plants, and is implied in integration of multiple environmental signals. Given its

centrality  in  regulating  plant  physiology  according  to  external  stimuli,  JA  influences  the

establishment of interactions between plant roots and beneficial bacteria or fungi. In many

cases, moderate JA signaling promotes the onset of mutualism, while massive JA signaling

inhibits it. The output also depends on the compatibility between microbe and host plant and

on nutritional or environmental cues. Also, JA biosynthesis and perception participate to the

systemic regulation of mutualistic interactions and to microbe-induced resistance to biotic

and  abiotic  stress.  Here  we  review  current  knowledge  of  the  role  of  JA  biosynthesis,

signaling and responses during mutualistic root-microbe interactions.
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6.2. Introduction

Optimal plant  nutrition and resistance to biotic and abiotic stresses result  from an

interplay  between  direct  plant  adaptation  and  the  effects  of  beneficial  plant-interacting

microbes.  Since  root  systems  absorb  water  and  mineral  nutrients,  the  root-associated

microbiome is of particular interest for the fitness of agricultural and silvicultural crops (1, 2).

The root microbiome can improve plant nutrient uptake (3), resistance to abiotic stress like

drought (4) and salinity (5) and to belowground and aboveground diseases and pests (6, 7,

8, 9).

Understanding  the  molecular  mechanisms  of  beneficial  plant-microbe  interaction

establishment  is  pivotal  in  order  to  engineer  stress-resistant  crops  (1).  In  this  respect,

simplified  models including one host  and one microbial  species have long been used to

investigate  beneficial  interactions  with  high  ecological  relevance,  like  the  arbuscular

mycorrhizal (AM) symbiosis (10) and the root nodule symbiosis (RNS; 11). Phytohormones

play a prominent role in modulating root-microbe interactions as well as in determining the

development  of  symbiotic  structures  (11,  12,  13).  They are  also  major  regulators  of  the

growth-defense  balance.  Plant  defense  is  mainly  orchestrated  by  a  molecular  crosstalk

between  jasmonate  (JA),  salicylate  (SA)  and  ethylene  (ET)  signaling  (14).  SA  and  JA

signaling mainly act antagonistically, inhibiting each other (14), and some pathogens hijack

plant defense by manipulating the JA-SA crosstalk (15, 16). Since some symbiotic microbes

have  common  ancestors  with  pathogens  or  saprotrophs  (17,  13),  it  is  interesting  to

investigate if tuning of host JA-mediated defense allows colonization by beneficial microbes

while  blocking  excess  invasion  (18).  Also,  jasmonic  acid  and  its  derivatives,  collectively

known as jasmonates (JAs), are emerging as regulatory hubs of the plant development-to-

defense trade-off (19, 20); therefore they likely integrate developmental and environmental

signals in order to modulate interactions whose impact on plant fitness depends on genetic

or environmental factors (21).  Conversely,  beneficial  microbe-induced systemic resistance

(ISR)  to pathogens  often implies  enhanced sensitivity  to  JA/ET signaling  (22),  indicating

multifaceted  roles  of  JA  in  beneficial  interactions.  Indeed,  JA  is  involved  in  both

establishment and functional consequences of symbiotic interactions, even if contradictory

findings have been reported. This review summarizes current knowledge on the diversified

roles of JA in microbial recruitment, symbiosis development and physiological consequences

on host plants throughout different types of root-microbe beneficial associations.
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6.3. JA in arbuscular mycorrhiza development

Arbuscular mycorrhiza are symbiotic associations taking place between the roots of

~80% of land plants and some classes of  fungi of the  Glomeromycota  order. Arbuscular

mycorrhizal fungi (AMF) can increase plant uptake of water, nitrogen (N), phosphorus (P)

and other mineral elements, in exchange for sugar and lipids (23), improving plant nutrition

and health (24). Root infection by AMF begins with the formation of a hyphopodium at the

root  surface,  followed  by  constitution  of  a  pre-penetration  apparatus  (PPA)  and  hyphal

intracellular penetration through epidermal and cortical cell layers. Eventually, AMF spread

longitudinally through the root cortex and generate ramified structure called arbuscules that

are sites of nutrient exchanges between the symbiotic partners (10).

6.3.1. JA biosynthesis and signaling during AM development

JA biosynthesis, secretion and associated responses modulate several stages of AM

symbiosis  development,  with  different  outputs  depending  on  phylogenetic,  genetic  and

environmental factors. 

Firstly,  secretion  of  JA  or  of  JA-induced  compounds  may  induce  fungal  hyphae

elongation for a quicker contact to the host root. In fact, root exudates of  Lotus japonicus

grown in high Red/Far Red (R/FR) light conditions, mimicking optimal light, as well as 0.5 μM

exogenous JA, stimulated hyphal elongation of Rhizophagus irregularis (25). However, since

R/FR light signaling represses JA signaling as part of the shade-avoidance syndrome (SAS;

26), it remains to be understood if light cues influence JA secretion in the early phase of AM

symbiosis and/or if they participate to the systemic regulation of mycorrhization at the mature

stage. 

No  JA  biosynthesis  was  reported  during  early  stages  of  AM  development,  i.e

hyphopodium or prepenetration apparatus (PPA) formation. However,  Gigaspora margarita

inoculation  of  Medicago  truncatula  roots induced  the  expression  of  some JA-responsive

genes during PPA formation (27). JA signaling at this stage might counteract the effect of

transient SA accumulation upon first contact between the symbiotic partners (28, 29, 30).

On the other hand, JA biosynthesis and signaling pathway are active in late stages of

AM colonization in several plant species (31, 32, 33, 34, 35). JA accumulation takes place in

arbuscule-containing cells of barley (31) and M. truncatula (34). Local JA production in the

roots  has  a  positive  effect  on  mycorrhization,  as  demonstrated  by  reduced  colonization

and/or  arbuscule  frequency  in  mutant  M.  truncatula and  tomato  roots  impaired  in  JA

biosynthesis (34, 35, 36). Conversely,  constitutive high levels of JA resulted in enhanced

arbuscule frequency in tomato (36) but slightly reduced it in  M. truncatula  (37), suggesting

the involvement of regulatory feedback mechanisms in some plant species. Interestingly, the
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positive  effect  of  JA  signaling  in  AM  symbiosis  is  independent  of  the  canonical  JA-Ile

receptor COI1 in tomato. In fact, jai1-1 mutants, bereft of COI1, are more mycorrhized than

wild type tomato plants (35, 38). Therefore, JA signaling might negatively influence arbuscule

development  through  the  COI1-dependent  signaling  pathway  and  positively  influence  it

through an unknown,  independent  pathway (30).  Also,  it  is  still  controversial  whether  JA

biosynthesis is needed locally or systemically for its promoting action on AM symbiosis. In

fact, moderate, systemic activation of JA signaling may also promote AM, since low dosage

or sporadic application of JA/MeJA on leaves induced higher colonization and/or arbuscule

frequency in garlic, tomato, cucumber and M. truncatula (36, 39, 40, 41).

Overall, the role of JA in AMF colonization depends on plant and fungal genotypes

and on environmental conditions. In fact, JA biosynthesis and/or signaling are not necessary

for the establishment of the semi-parasitical interaction between Nicotiana attenuata and R.

irregularis (42), nor for AM symbiosis in rice (43), indicating the dispensability of JA-mediated

regulation  for  some  fungus-host  plant  pairs.  Moreover,  JAs  differentially  accumulated  in

soybean, tomato and maize inoculated with either  R. irregularis or  Funneliformis mosseae.

Indeed,  colonization  by  the  less  successful  fungus,  F.  mosseae,  promoted  oxylipin

biosynthesis and signaling to a greater extent than by R. irregularis (44). This suggests that

JA  accumulation  suppresses  colonization  by  poorly  compatible  AMF,  possibly  through

induced systemic defense. This hypothesis is supported by the observation that, in several

plant  species,  massive or  repeated JA/MeJA application  to leaves or  roots  reduced AM

colonization with concomitant induction of plant defenses and root growth arrest (38, 40, 43,

45). Interestingly, exogenous JA-triggered promotion or delay of AM symbiosis depend on

the Pi status of cucumber plants (40). Taken together, these results suggest that sustained

JA  signaling  restricts  AM colonization  according  to  the  fungus-host  compatibility  and  to

environmental conditions, as part of a defense-to-development trade-off. 

6.3.2. Possible functions of JA signaling in mature AM

Several possible functions of JA signaling in mature mycorrhiza are emerging. We

propose three non-mutually-exclusive hypotheses supported by several lines of evidence.

First, JA signaling might help reshape cortical cells for arbuscule accommodation. JA

can induce microtubule depolymerization (46) and massive cytoskeletal remodeling occurs

during arbuscule  development  (47,  48).  Moreover,  the  M. truncatula β-TUBULIN gene is

upregulated both during AM symbiosis (49) and in response to JA treatment (37). Also, JAs

might modulate cell wall composition and vacuole osmotic pressure, similarly to their action

during tuber development (50).

Secondly,  JA  accumulation  in  arbuscule-containing  cells  possibly  enhances  the

carbon sink strength of arbuscules in order to sustain symbiotic nutrient exchanges. This
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hypothesis is supported by several pieces of evidence: (i) low JA concentrations sprayed on

a single  leaf  privilege carbon partitioning towards roots in  Populus  tremuloides,  Populus

nigra (51) and tomato (52); (ii)  the JA biosynthetic genes  AOS and  AOC are induced by

glucose in tomato flowers and barley seedlings (53, 54); (iii) AMF inoculation induces carbon

accumulation in tomato roots (55); (iv) JA-responsive genes are simultaneously activated in

arbusculated cells and in phloem companion cells  in mycorrhizal  barley,  suggesting their

involvement in nutrient transport (31); (v) the expression of the cell wall invertase gene Lin6

is induced by both AM inoculation (56) and JA treatment (57); (vi) the structure and proteome

of  plastids  of  arbusculated  M.  truncatula cells  display  a  nutrient  starvation  signature:

therefore  JA  biosynthesis  might  be  induced  to  increase  shoot-to-root  carbon  flux  in

consequence  of  amyloplastic  stress  (58).  We  propose  that,  if  the  main  function  of  JA

signaling in arbusculated cells was to enhance carbon sink strength, overexpressing genes

involved in symbiotic sugar transport  and conversion in  a JA-deficient  background would

compensate the reduced arbuscule frequency phenotype.

Finally,  JA  signaling  may  inhibit  excessive  in  planta fungal  colonization.  This

hypothesis is supported by the fact that treatment with a high dose of JA/MeJA reduces or

delays  AM  colonization  (38,  43,  45)  and  that  JA-insensitive  tomato  mutants  are  more

mycorrhized than wild  type plants (38).  JA signaling can lead to enhanced production of

defense flavonoids  in  arbuscule-containing cells  (59).  In addition,  the 9-LOX biosynthetic

pathway, producing a range of antimicrobial oxylipins (60) is activated in mycorrhizal tomato

roots (61), partially depending on functional JA biosynthesis and signaling (35). Alternatively,

AM fungi may induce flavonoids or oxylipin production to prime the host plant for defense

against pathogenic microbes (see paragraph 6.7.2).

In conclusion, JA biosynthesis and signaling may serve different purposes across the

various developmental stages of AM symbiosis. In many plant species, moderate local or

systemic  JA accumulation  promotes arbuscule  formation.  However,  phylogenetic,  genetic

and environmental  factors strongly  influence  the output  of  activated JA signaling  on the

extent of AM symbiosis, up to the point that sustained JA response counteracts mycorrhizal

colonization.  JA  accumulation  in  arbuscule-containing  cells  may  mediate  cell  reshaping,

symbiotic nutrient exchange or regulation of excessive fungal invasion. Systematic studies

on the genetic elements controlling JA production, conversion,  signaling and downstream

gene regulation will be necessary to draw a clear model of the role of JAs in the development

of AM symbiosis (Figure 1).
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Figure 1: The role of JAs in development of AM symbiosis. 

a) High doses of exogenous JAs in leaves inhibit the establishment of AM symbiosis, possibly through

activated systemic resistance; however, low doses promote it, through unknown mechanisms. b) JA

may promote fungal hyphae elongation, thereby facilitating hyphae-root contact.  c) The level of JA

rises in arbusculated cells of model plant species, from tomato to M. truncatula. In the same species,

JA biosynthesis or JA-mediated responses are important for the occurrence of arbuscules at high

frequency. JA accumulation in arbuscule-containing cells may help (i) reshape the cell for arbuscule

accommodation;  (ii)  induce  a  carbon  sink  status,  reinforcing  the  flow  of  nutrients  from shoot  to

arbuscules; (iii) suppress excessive fungal invasion.  d) Some late-stage mycorrhizal plants increase

their shoot JA level. This possibly mediates mycorrhiza-induced resistance (MIR) to abiotic and biotic

stress.

6.4. JA in root nodule symbiosis development

There are two types of root-nodule symbioses (RNS), the rhizobia-legume symbiosis

and  the  actinorhizal  symbiosis.  Rhizobia-legume  symbiosis  is  the  mutually  beneficial

interaction  between  several  species  of  the  Rhizobia  paraphyletic  group  of  α-  and  β-

proteobacteria and the roots of most legumes. The actinorhizal symbiosis results from the

interaction between some members of the Cucurbitales, Fagales and Rosales orders and N-

fixing actinorhizal bacteria of the Frankia genus. In both cases, the outcome of the interaction
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is the generation of  a novel  organ,  the N-fixing nodule,  in  which bacteria differentiate to

convert atmospheric N into an organic form, available for the plant (62). Given the lack of

evidence of any role of JA in the establishment of actinorhizal symbiosis, in the following

paragraphs we will focus on JA-mediated modulation of the rhizobia-legume symbiosis.

6.4.1. JA biosynthesis and signaling during RNS 

As in the case of AM symbiosis, there are reports of a positive (63), negative (64, 65,

66) and neutral (41) role of JA biosynthesis and signaling in RNS. 

In  legumes,  JA regulates  the  early  stages  of  bacterial  colonization,  i.e.  root  hair

curling and infection thread (IT) formation, by influencing the plant-bacteria communication

mechanism represented by bacterial Nod factor-triggered Ca2+-spiking in root cortical cells

(67). Exogenous JA treatment stimulated Nod genes expression and Nod factor production

by isolated rhizobia (68, 69). Also, very moderate JA application (0.1 μM) to growth medium

slightly increased IT and nodule number in L. japonicus (63). Therefore, secreted JA or JA-

derived flavonoids may stimulate rhizobial expression of Nod genes and chemoattraction to

the host root (70). However, increasing doses of exogenous MeJA inhibited root curling, IT

formation and nodule primordia organogenesis of L. japonicus in a concentration-dependent

manner  (64)  and  progressively  decreased  M.  truncatula  sensitivity  to  Nod  factor  (65).

Conversely, 1h treatment with Nod factor decreased the M. truncatula root content of oxylipin

precursors (71). Altogether, these results suggest that active JA signaling in the pre-contact

phases of RNS helps to activate the symbiotic molecular dialogue; and that subsequently,

upon  Nod  factor  signaling,  reduced  oxylipin  biosynthesis  allows  bacterial  infection.  This

hypothesis is supported by the finding that the L. japonicus JA biosynthetic genes AOC and

12-OPDA reductase were  strongly  upregulated  at  2-4  days post  rhizobial  inoculation,  to

almost revert to uninfected control expression levels later on (72). We thus propose that,

similarly to AM symbiosis, moderate and transient JA signaling promotes RNS while massive

or sustained JA signaling dampens RNS, by influencing the success of early colonization

events.

In distinct  N-fixing bacteria-plant  interactions,  oxylipin  biosynthesis  is  enhanced in

parenchymatous cells of mature nodules (73, 74, 75, 76, 77), although this phenomenon may

be transient  or  species-specific  (72,  78).  Since  bioactive  JA-Ile  levels  do not  vary  upon

nodulation (76, 79) and neither impaired nor enhanced root JA biosynthesis does impact

RNS in M. truncatula (79), the production of other oxylipins may play a more significant role

in nodulation. However, JA signaling seems to negatively affect bacteroid performance, since

Astragalus  sinicus hairy  roots  silencing  the  JAZ1 gene,  thus  constitutively  activating  JA

signaling  (80),  displayed  reduced  bacteroid  differentiation  and  subsequent  decrease  in

nitrogenase  activity  (81).  AsJAZ1  interacts  with  the  leghemoglobin  AsB2510  (81).
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Leghemoglobins generate the microaerobic environment necessary for nitrogenase activity

(82) and are fundamental for RNS (83). Therefore, JA signaling may modulate symbiotic N

fixation  through  tuning  of  leghemoglobin  activity.  The  contradiction  between  absence  of

phenotype during constitutive JA biosynthesis (79) and severe nodulation phenotype when

JA signaling is constitutively activated (81) hints at a modified JA sensitivity in nodules and

needs further investigation.

6.4.2. JA signaling in the autoregulation of nodulation (AUT)

JA  signaling  contributes  to  the  autoregulation  of  nodulation  (AUT),  a  pathway

suppressing nodule formation upon already established RNS (84). The fundamental genetic

component of the AUT pathway is the LjHAR1/MtSUNN/GmNARK CLAVATA1-like leucine-

rich repeat (LRR) receptor kinase (85, 86, 87, 88), acting in the shoot to perceive a RNS

root-derived  signal  mediated  by  CLE  peptides  (89,  90).  Subsequently,

LjHAR1/MtSUNN/GmNARK codifies still partially unknown signals that suppress nodulation

systemically. The corresponding mutants, the L. japonicus har1, the M. truncatula sunn and

the soybean nark  mutants, are hypernodulating (85, 86, 87, 88). Non-inoculated  nark/sunn

mutants show high JA levels and expression of JA biosynthetic/response genes (66, 91),

whereas  the  same  genes  are  downregulated  in  the  leaves  of  nodulating  wild  type  M.

truncatula  (91).  This  indicates  that  LjHAR1/MtSUNN/GmNARK-dependent  systemic

dampening  of  JA  biosynthesis/signaling  may  restrict  nodulation.  Since  decreased

accumulation of the miR2111 microRNA has been proposed to be the AUT shoot-derived

signal in L. japonicus (92), it is worth verifying if the expression of the MIR2111 genes is JA-

dependent. However, additional AUT mechanisms must exist, since shoot treatment with the

JA biosynthesis  inhibitor  n-propyl  gallate inhibited nodulation  in the hypernodulating nark

mutant, but failed to suppress it to wild type levels (91). Moreover, optimal JA homeostasis in

shoots is crucial for RNS: in fact, both impaired JA biosynthesis and exogenous JA treatment

reduce nodule number, both in wild type and hypernodulating AUT mutants (64, 66, 91, 93).

Moderate JA signaling could counteract AUT through inhibited auxin synthesis and transport

(94). Indeed, hypernodulating  nark mutant roots failed to increase their auxin content upon

rhizobial inoculation (95); and long-distance auxin transport is inhibited in sunn mutants (96),

suggesting that auxin accumulation in roots inhibits excessive nodulation.  To integrate all

these results, we propose that: (i) moderate or transient JA systemic signaling, as in non-

nodulating plants, alters auxin gradients to promote nodulation; (ii) very low levels of foliar

JA, induced by action of LjHAR1/MtSUNN/GmNARK, fail to restrain auxin accumulation in

roots, with a consequent inhibition of nodulation; (iii) massive and sustained JA signaling in

the shoot, as obtained through exogenous application, induces a systemic immune response

preventing  rhizobial  colonization.  The  latter  assumption,  however,  contrasts  with  the
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observation that attack by the foliar chewing insect Spodoptera exigua, supposed to trigger

JA-dependent defenses, increases nodulation of M. truncatula plants (97). Nevertheless, JA-

mediated responses to herbivore attack result from the integration of multiple environmental

signals,  for  example  light  availability  (19).  Similarly,  phytochrome  signaling  probably

dampens JA signaling in order to repress RNS, as suggested by decreased nodulation, JA-

Ile levels and/or JA marker gene expression in shade-grown wild type  L. japonicus and in

light-insensitive  phyB roots  (63).  The  interaction  between  LjHAR1/MtSUNN/GmNARK-

mediated and PHYB-mediated inhibition of nodulation has not yet  been investigated.  We

propose  the  restriction  of  JA  biosynthesis  to  be  downstream  of  both  pathways.  This

hypothesis can be verified through phenotyping of hypernodulating,  phyB  and JA-deficient

mutant legumes and their crossings.

In conclusion, moderate JA accumulation may promote the RNS molecular dialogue,

while  excessive  JA  accumulation  inhibits  RNS,  probably  through  enhanced  systemic

defense. JA signaling, but not JA biosynthesis, might regulate symbiotic N fixation. Finally,

the inhibition of JA biosynthesis, by either the AUT pathway or light signaling, contributes to

the systemic restriction of nodulation, possibly through altered auxin homeostasis. Therefore,

the correct balance of shoot oxylipins is crucial for optimal RNS (Figure 2).
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Figure 2: The role of JAs in RNS. 

a) Exogenous JAs treatment of  leaves reduces the number of bacterial  IT,  nodule primordia and

mature nodules in several plant species, possibly through enhanced systemic defense.  b) JA may

promote  the  production  of  rhizobial  Nod  factor,  but  impair  its  perception,  thus  counteracting  the

formation of nodule primordia.  c) Oxylipin biosynthetic enzymes are not expressed in N-fixing cells

and repression of JA signaling through JAZ1 is necessary for bacteroid differentiation and nitrogenase

activity: this suggests a negative impact of JA signaling in bacteroid development and N fixation.  d)

AUT, triggered by CLE peptides, and SAS, triggered by low R/FR radiation, may systemically inhibit

JA biosynthesis/signaling, thus releasing the repression over auxin biosynthesis and transport towards

the roots; in turn, root auxin accumulation may repress RNS.

6.5. JA in ectomycorrhizal symbiosis development

The ectomycorrhizal symbiosis, or ECM, is a mutually beneficial interaction occurring

between the roots of about 6,000 tree species and more than 20,000 species of fungi of the

Basidiomycota  and  Ascomycota phyla (13).  ECM fungi  are crucial  for forest ecosystems,

since (i) they enhance tree mineral nutrition (98, 99), (ii) they provide protection against biotic

and abiotic stress (100) and (iii) they participate to the carbon and nitrogen cycles (101, 102).

Fungal hyphae form a mantle around lateral roots and subsequently penetrate through the

apoplastic space between epidermal and cortical cells to generate a ramified structure called

the Hartig net, the probable site of nutrient exchange between the symbiotic partners (103).

The molecular determinants of ECM development are much less known with respect to other

intimate kinds of plant-microbe symbioses, and may vary considerably, since ECM evolved

multiple times (104).

In  the  model  system  constituted  by  trees  of  the  Populus  genus  and  by  the

Basidiomycete Laccaria bicolor, suppression of JA signaling is pivotal for the establishment

of the symbiosis. In fact, the effector Mycorrhiza-Induced Small Secreted Protein 7 (MiSSP7)

from L. bicolor, secreted upon initiation of the symbiotic program (105), penetrates the nuclei

of poplar root cortical cells and interacts with the poplar co-receptor of jasmonic acid JAZ6,

stabilizing its repression over JA signaling (105, 106). Since both inoculation with  missp7

silenced strains of L. bicolor and very low concentrations of exogenous MeJA impaired Hartig

net  formation  (105,  107),  MiSSP7-mediated  inhibition  of  the  JA  signaling  pathway  is

necessary for ECM development.

However, JA signaling may have distinct functions at different mycorrhizal stages. At

early  mycorrhizal  stage  (1  week  post  inoculation)  JA  signaling  may  promote  moderate

immunity (Basso et al., in preparation). On the other hand, JA-downregulated genes involved

in biosynthesis of and/or response to auxin, gibberellin, ethylene, cytokinin, strigolactone and

brassinosteroid  are  induced  in  early  ECM  (Basso  et  al.,  in  preparation),  suggesting
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suppression of the crosstalk between JA and other phytohormone signaling pathways during

ECM development. In mature ECM (2 weeks post inoculation), JA signaling may play a role

in root cell reshaping necessary for Hartig net formation (Basso et al., in preparation). Also, it

has been suggested that active JA signaling triggers plant immunity in order to restrict fungal

growth within the root at late stages (107). The use of poplar mutants defective in different

branches  of  JA  signaling  will  possibly  highlight  a  multifaceted  role  of  JA  during  ECM

development.

6.6. JA in other beneficial rhizospheric/endophytic interactions

In the era of omics technology it has become easier and easier to tackle complex

systems. It is thus possible to expand the field of plant-microbe interactions from the study of

single  host-single  microbe systems to investigation  of  rhizospheric  community  dynamics.

Indeed, N-fixing rhizobia and mycorrhizal fungi are just part of a highly diversified group of

root-associated beneficial microbes called plant-growth promoting rhizobacteria (PGPR) and

fungi (PGPF).  Such microbes are attracted towards the rhizosphere,  i.e.  the area of  soil

occupied by roots, by plant exudates (108) and can become epiphytes colonizing the root

surface, or endophytes populating inner root tissues (109). These microbes are a hidden

reservoir of useful metabolic functions for plant nutrition and health (110, 111) and are being

widely exploited as biocontrol agents in agriculture (112, 113). However, the output of such

interactions on plant fitness depends on plant genotype (114, 115) and environment (55) and

on the type of stress to which the host plant is subjected (116, 117). Therefore, to achieve

optimal  fitness,  plants  must  integrate  developmental  and  environmental  cues  prior  to

regulation of rhizospheric or endophytic interactions. JA signaling, the master switch between

development and defense (19, 20), may contribute to both processes.

Firstly, secreted JA or JA-triggered secondary metabolites may remodel composition,

diversity and richness of microbial communities (108). For example, various diseases due to

necrotrophic  plant  pathogens induce the development  of  disease-suppressive  soils  (118,

119, 120), probably through increased abundance of particular microbial species upon plant-

derived rhizospheric cues; the latter are possibly part of the JA-mediated defense against

necrotrophic pathogens (14). In support of this hypothesis, Arabidopsis leaf treatment with

low concentrations of MeJA increased rhizospheric abundance of bacteria closely related to

pest-protective  species  (121).  The  same  treatment  in  wheat  provoked  a  shift  in  the

endophytic  bacterial  community  (122).  In  both  cases,  the  consequences  of  microbial

recruiting on plant fitness need to be investigated. In addition, JA perception seems to control

the composition  of  root-associated microbial  communities.  Indeed,  roots of  JA-insensitive
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Arabidopsis mutants reduced secretion of asparagine, tryptophan, glutamic acid, ornithine

and galactinol, compounds implied in the chemotaxis of several beneficial bacterial species

(123). These results suggest that JA-mediated production of secondary metabolites, rather

than direct JA secretion, reshapes root-associated microbial communities. 

Secondly, JA signaling may determine the level of compatibility between beneficial

microbes and hosts, as suggested in case of mycorrhizal fungi (44) and N-fixing  Azoarcus

spp. bacteria (124). On the other hand, induction of JA signaling, counteracting SA signaling,

is  advantageous  for  some  beneficial  microbes.  For  example,  shoot  MeJA  treatment

promoted  the  colonization  of  Arabidopsis  roots  by  the  disease-protective  endophyte

Trichoderma  harzianum  T-78  (125).  Also,  the  broad-host-range  basidiomycete

Piriformospora indica,  conferring increased yield,  abiotic stress and disease resistance to

plants (126, 127), must escape SA-mediated hypersensitive response in the first, biotrophic

phase  of  its  root  colonization  and  achieves  so  through  induction  of  JA  signaling  (128),

possibly through small secreted proteins (129). However, JA signaling seems to inhibit the

subsequent, necrotrophic phase of colonization, since several Arabidopsis mutants impaired

in JA biosynthesis and signaling were more colonized by P. indica at a later stage (128). 

In conclusion, evidence suggests that endogenous JA production and its associated

responses are implied in reshaping root-associated microbial communities in various plant

species, especially in case of pathogen attack, with a putative protective outcome. Also, JA

signaling may finely tune the level of colonization by beneficial microbes according to host-

microbe compatibility or environmental cues. 

6.7. JA in beneficial microbe-triggered systemic resistance

Since the first discoveries of disease-suppressive soils (130) it was speculated that

plants  under  pathogen  attack  may  attract  root  microorganisms  capable  of  priming  host

defenses for better performance in case of subsequent biotic stress. Priming is the main

mechanism of  induced systemic resistance (ISR) by plant  growth-promoting rhizobacteria

(PGPR) or fungi (PGPF) (reviewed in 111, 131, 132). A similar phenomenon, triggered AMF,

is mycorrhiza-induced systemic resistance (MIR).

6.7.1. Induced systemic resistance (ISR) by plant growth-promoting rhizobacteria 

(PGPR) and fungi (PGPF)

Priming  by  ISR  usually  does  not  involve  a  direct  induction  of  defense  gene

expression  (132,  133)  or  alteration  of  hormonal  levels  (116,  134)  upon  presence  of  the

beneficial microbe, even if, upon inoculation with some PGPFs, shoot JA accumulation or
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enhanced expression of JA biosynthetic genes have been reported (135, 136). In any case,

in  several  plant-microbe  pairs  ISR increases  sensitivity  to  JA and  ET  upon  subsequent

pathogen  challenge,  enhancing  defense  mechanisms  controlled  by  the  JA/ET  signaling

pathway  (22,  132).  As  a  proof  of  principle,  ISR is  mostly  effective  against  JA-sensitive

chewing insects, rather than against SA-sensitive sap-sucking insects (117, 137, 138), even

though the range of bacteria, oomycetes, fungi and viruses against which ISR is effective

exceeds the variety of organisms usually contrasted through JA signaling (111, 139). For

many PGPR and PGPF genetic evidence in Arabidopsis, tomato, cucumber and rice showed

that JA and/or ET signaling, as well as the master switch of the SA-JA crosstalk, NPR1, are

necessary for ISR (116, 132, 134, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150,

151, 152). In Arabidopsis, the root-specific transcription factor MYB72 is a central node for

early  ISR  signaling  upon  Pseudomonas  simiae  WCS417r,  P.  putida  WCS358r  or

Trichoderma asperellum T34  inoculation  (153,  154).  MYB72 interacts  with  the  ethylene-

responsive  transcription  factor  EIL3  and  acts  upstream  of  ET  and  JA  signaling  (153).

Therefore, a possible model of ISR signaling depicts activity of EIL3-MYB72 at the contact

site with the beneficial microbe, followed by NPR1-dependent systemic priming of JA/ET-

induced defenses (111,  139).  However,  the nature of  the locally  perceived signal,  of  the

systemic priming signal and of the molecular mechanism of priming are still elusive. 

In addition to the widespread JA/ET signaling priming, some beneficial rhizobacteria

prime their host for enhanced SA-dependent defenses (155, 156, 157), while others, as well

as several PGPFs of the Trichoderma genus, are able to prime both the SA and the JA/ET

pathway (125, 158, 159, 160, 161). Other PGPR or PGPF, such as the endophytic fungus P.

indica, prime plant defense through JA/ET and SA-independent mechanisms (127). Given

the wide variety of priming mechanisms, inoculation with multiple beneficial microbes might

enhance  plant  resistance  in  consequence  of  the  activation  of  multiple  pathways.  For

example, in cucumber, co-inoculation of PGPF T. harzianum and PGPR Pseudomonas sp.

enhanced resistance to the stem pathogen Fusarium oxysporum by activating both JA- and

SA-dependent defense responses (162). However, the molecular mechanism of the JA-SA

crosstalk-induced systemic resistance has not been investigated yet.

6.7.2. Mycorrhiza-induced resistance (MIR)

A similar phenomenon to ISR is mycorrhiza-induced resistance (MIR) (reviewed in

163,  164,  165).  Mycorrhized  plants  are  more  resistant  to  a  wide  range  of  soil-borne

pathogens (166), while the impact on resistance to aboveground attackers is highly variable.

In  general,  biotrophic  pathogens  and  pierce-sucking  insects  perform better  on leaves  of

mycorrhizal plants, even if increased tolerance was observed in terms of plant mass and

yield (167). Conversely, AM promote resistance against necrotrophic pathogens (168, 169,
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170)  and  leaf-chewing  insects  (171).  One  leading  mechanism  driving  MIR  is  systemic

priming of plant defenses, occurring both above and belowground (168, 172, 173, 174, 175,

176). Priming leads, upon pathogen challenge, to a more rapid and effective induction of

defense responses, like expression of  pathogenesis-related genes and callose deposition

(168, 174, 175, 177). However, MIR is more effective in specific host-AMF pairs (172, 178,

179, 180, 181). 

The role of JA signaling in MIR is supported by several pieces of evidence: (i) AM

confer protection against necrotrophic pathogens and leaf-chewing insects, the immunity to

which  is  mediated  by  JA (14);  (ii)  MIR-enhanced  defense includes  JA-dependent  genes

(Pozo et al., 2009); (iii) at late stages of AM colonization, JA levels increase in leaves of M.

truncatula (Isayenkov  et  al.,  2005)  and  tomato  (Nair  et  al.,  2015);  (iv) AM colonization

activates JA biosynthesis and responses in leaves of M. truncatula (55, 182, 183); (v) intact

JA biosynthesis is required for MIR in tomato (175, 176); (vi) similarly to ISR, priming by MIR

involves  also  enhanced  JA  sensitivity,  since  shoots  of  mycorrhizal  tomato  plants  highly

expressed  COI1  (176)  and  responded  earlier  to  foliar  JA  application  (182);  (vii)  tomato

susceptibility to Botrytis cinerea was inversely correlated with the production of oxylipins and

flavonoids in mycorrhizal, unchallenged plants (55). However, shoot JA accumulation is not

required for MIR in all plant species (136) and depends on the N nutritional status in tomato

(55). JA signaling may contribute to MIR also through partitioning of nutrient resources. In

fact, herbivore attack (184) and MeJA application (51, 52) enhance carbon allocation towards

roots,  possibly  helping  the  plant  confront  both  nutritional  and  biotic  stress  (185).  Thus,

through priming of defense mechanisms and nutrient allocation, enhanced JA accumulation

or sensitivity upon AM colonization might mediate resistance to both biotic and abiotic stress.

6.8. Conclusion

Jasmonate  biosynthesis  and  signaling  play  very  diversified  roles  in  interactions

between root-associated beneficial microbes and plants. A canonical defense phytohormone,

JA often opposes the formation of root-microbe interactions, probably through the activation

of systemic defense (38, 40, 43, 45, 64, 65, 66, 124). Indeed, endogenous JA levels seem to

inversely correlate with the degree of compatibility between microbe and host (44, 124). To

overcome  plant  immunity,  similarly  to  pathogens,  some  beneficial  organisms  hijack  JA

signaling through the use of effectors to establish symbioses (105, 128). However, low levels

of JA promote AM colonization (36,  39,  40,  41) and attract beneficial  organisms through

modification of root exudation (118, 119, 120, 121, 122). Overall, in many plant species the

fine-tuning  of  JA  accumulation  and/or  signaling  determine  the  colonization  success  of

beneficial microbes.
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JA signaling is often involved in the maintenance of deeply connected interactions.

For  example,  enhanced  JA  signaling  in  arbuscule-containing  cells  of  some  mycorrhizal

species may support cell reshaping or fungal carbon nutrition, necessary for the maintenance

of AM symbiosis (37). On the other hand, reduced shoot JA accumulation may be important

for AUT in nodulating legumes (66, 91). However, sustained JA signaling is deleterious for

many  interactions.  The  interplay  between  JA-mediated  stabilization  or  hampering  of

beneficial  interactions  needs to be further  investigated.  Finally,  beneficial  organisms can

stimulate  JA  biosynthesis  and/or  signaling  in  order  to  prime  the  host  plant  for  better

resistance to biotic and abiotic stress (111, 164, 165).

Since genetic and environmental factors influence the output of JA accumulation and

response in mutualistic plant-microbe interactions, JA signaling may integrate different kind

of environmental stimuli and control the energetic defense-to-development trade-off (19, 20).

Further research is necessary to investigate the multifaceted roles of this major regulator of

plant physiology and beneficial interactions.
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1. Preface

The mutualistic effector protein MiSSP7, secreted by the mycelium of the ectomycorrhizal

fungus Laccaria bicolor upon perception of host root exudates (Plett et al., 2011), can enter

nuclei  of  western balsam poplar  (Populus  trichocarpa)  roots,  interact  with the poplar  co-

receptor of jasmonic acid (JA) and dampen the expression of JA-regulated genes (Plett et

al.,  2014a).  The  functionality  of  the  LbMiSSP7  gene  has  been  proven  crucial  for  the

development of the putative surface of symbiotic nutrient exchange, the Hartig net (Plett et

al., 2014a). In Arabidopsis JAZ proteins repress the activity of JA-dependent transcription

factors  (TFs)  and  are  targeted  for  26S-proteasome-mediated  degradation  upon  JA

perception, releasing such TFs and allowing JA-dependent transcription (Howe et al., 2018).

Since MiSSP7 stabilizes PtJAZ6 in a dose-dependent manner, it has been suggested that

this effector protein hampers JA-dependent gene expression by maintaining the repression

over JA-responsive TFs (Plett et al., 2014a). 

However, the influence of the MiSSP7-PtJAZ6 interaction over the transcriptomic network

of poplar root cells is still unknown. For instance, the composition of the PtJAZ6-associated

protein complex in poplar roots was never investigated. Consequently, it is not clear whether

the stabilization  of  PtJAZ6 impacts  the activity  of  downstream TFs.  In  addition,  different

PtJAZ6-interacting TFs may specifically regulate the expression of a determined group of

target genes. Indeed, in Arabidopsis, JAZ proteins interact with a wide array of TFs, each of

which is responsible for a hierarchical cascade of gene expression leading to the activation

of  specific  JA-dependent  responses (see Chapter 1,  Paragraph 2.1.4;  Chini  et  al.,  2016;

Howe et al., 2018). The identification of PtJAZ6-associated TFs in poplar roots is therefore

crucial for the dissection of the role of JA signaling in ectomycorrhizal development. Different

TFs might regulate distinct branches of JA signaling, some of which could be perturbed in

presence of fungal effector proteins.

To gain insight into the alteration of JA perception and responses during ectomycorrhizal

development, we first set out to determine the composition of the PtJAZ6-associated protein

complex in poplar roots. To this aim, we performed a yeast-two-hybrid screen, and identified

a  poplar  bHLH  TF  interacting  with  PtJAZ6.  Subsequently,  we  tested  further  candidate

PtJAZ6-interacting poplar proteins, based on their  homology to Arabidopsis,  in yeast and

tobacco. We found that PtJAZ6 interacts with the poplar homologs of the main regulators of

JA-dependent defense responses and root development in Arabidopsis: the transcriptional

activators  PtMYC2.1  (Potri.001G142200)  and  PtMYC2.2  (Potri.003G092200)  and  the

transcriptional repressors PtJAM1.1 (Potri.014G099700) and PtJAM1.2 (Potri.002G172100).
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We confirmed these interactions  in planta. Subsequently,  we tested via yeast-three-hybrid

whether MiSSP7 altered the binding specificities of PtJAZ6 to its associated proteins. We

found that the establishment of PtJAZ homo- and heterodimers is impaired in the presence of

the  fungal  effector.  Interestingly,  we  observed  that  MiSSP7  strengthens  the  interaction

between PtJAZ6 and PtMYC2.1, while releasing PtMYC2.2 from this transcriptional inhibitor. 

These interaction dynamics suggest the presence of multiple branches of JA signaling in

poplar  roots,  and  that  MiSSP7  preferentially  represses  the  PtMYC2.1-regulated  branch.

During the course of  this  project,  the existence of  distinct  branches of  JA signaling  with

different  functional  roles  in  the  establishment  of  symbiosis  has  also  been  explored  via

phenotyping of poplar roots with altered expression of PtaMYC2 and PtaJAM1 (Chapter 3),

as well as via transcriptomic analysis of JA-treated poplar-L. bicolor ECM (Chapter 4). The

present  chapter  is  under  review  for  publication  in  the  journal  Scientific  Reports  (16th of

September 2019). 
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2.1. Abstract 

Despite the pivotal role jasmonic acid in the outcome of plant-microorganism interactions,

JA-signaling components in roots of perennial  trees like western balsam poplar  (Populus

trichocarpa) are poorly characterized. Here we decipher the composition of the poplar-root

JA-perception complex centered on PtJAZ6, a co-repressor of JA-signaling targeted by the

effector  protein  MiSSP7  from  the  ectomycorrhizal  basidiomycete  Laccaria bicolor  during

symbiotic development. Through protein-protein interaction studies in yeast and in planta we

determined the poplar  root-specific  interactome of PtJAZ6. We assessed via yeast triple-

hybrid  how  the  mutualistic  effector  MiSSP7  reshapes  the  PtJAZ6-associated  protein

complex. In the absence of the symbiotic effector,  PtJAZ6 interacts with the transcription

factors PtMYC2 and PtJAM1.1, with one TOPLESS-related protein and two NINJA proteins.

PtJAZ6  interacts  with  it-self  and  with  other  Populus JAZ  proteins.  MiSSP7  strengthens

binding  of  PtJAZ6  to  PtMYC2.1  and  antagonizes  PtJAZ6  homo-/heterodimerization.  We

conclude  that  a  symbiotic  effector  secreted  by  a  mutualistic  fungus  may  promote  the

symbiotic  interaction  through  altered  dynamics  of  JA-signaling-associated  protein-protein

interaction networks and maintain the repression of PtMYC2.1-regulated genes. 

Keywords: Ectomycorrhiza; Effector; Jasmonate; JAZ; protein-protein interaction; Symbiosis

2.2. Introduction

As an adaptation to nutrient (N,P)-limiting conditions, the root systems of forest trees

interact with the hyphae of mutualistic ectomycorrhizal (ECM) fungi to form a hybrid organ

called ectomycorrhizal root tip. To build this tissue, ECM fungal hyphae first grow towards

lateral roots and aggregate on the root surface forming a hyphal sheath called the mantle

around root tips. In a second step, fungal hyphae grow within the apoplastic space of root

cortical cells to form the biotrophic interface named the Hartig net. This interface is the site of

bi-directional  nutrient  exchanges between root  cells  and fungal  cells  whereby water  and

growth-limiting nutrients are sourced by the soil-borne extraradical mycelium are exchanged

with photosynthetic carbon from the host tree (Bücking et al., 2007; Nehls, 2007; Nehls et al.,

2008).  In  addition  to  improving  tree  nutrition,  ectomycorrhizal  fungi  stimulate  the  plant

immune system, leading to induced systemic resistance (ISR) against root and shoot fungal

pathogens  and  aboveground  herbivores  (Gange  et  al.,  2005;  Kaling  et  al.,  2018).

Furthermore,  ECM  fungi  enhance  tree  tolerance  to  salinity,  drought  and  heavy  metals

(Beniwal et al., 2010; Li et al., 2012; Pena et al., 2013; Ma et al., 2014; Danielsen and Polle,
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2014; Luo et al., 2014 and references therein). Despite the crucial importance of ECM fungi

for  the  nutrition  and  health  of  trees,  identification  of  master  regulators  involved  in  the

molecular  dialogue  between  plant  and  fungal  cells  is  still  in  its  infancy.  Establishment,

development  and  maintenance  of  functional  ectomycorrhizal  root  tips  require  a  strict

coordination of development, immunity and physiology of both fungal and plant cells. The

control of these processes is likely to occur, in part, through phytohormones. Exploiting the

mutualistic interaction occurring between  Laccaria bicolor and  Populus spp. as a model to

study ECM symbiosis at the molecular level, we have previously demonstrated that hyphae

of the fungus L. bicolor secrete Mycorrhiza-induced Small Secreted Proteins (MiSSPs) in the

vicinity of poplar roots (Martin et al., 2008; Martin et al., 2016). MiSSP7, a symbiotic effector

required  for  ECM  development  (Plett  et  al.,  2011a),  hinders  jasmonate  (JA)-mediated

responses in poplar root cells (Plett et al., 2014a). To do so, MiSSP7 physically interacts with

the  Populus JAZ6  (PtJAZ6)  protein  in  nuclei  of  host  cells.  This  interaction  inhibits

degradation  of  PtJAZ6  in  presence  of  jasmonic  acid  and  consequently  suppresses  JA-

dependent  responses  allowing  in  planta fungal  colonization.  In  addition,  exogenous

treatment with MeJA inhibits the development of ectomycorrhizal root tips; in particular the

formation of the Hartig net (Plett et al., 2014b). These studies highlight that the mutualistic

fungus  L.  bicolor hijacks  the  host  JA-signaling  pathway,  but  in  an  opposite  manner  as

compared to biotrophic plant-pathogenic microbes (Thatcher et al., 2009; Jacobs et al., 2011;

Zheng et al., 2012). 

Jasmonates (JAs) are well-known plant  defense hormones involved in responses to

wounding and herbivory (Bari  and Jones, 2009; De Geyter et al.,  2012;  Wasternack and

Strnad,  2019).  Furthermore,  JAs  regulate  plant  developmental  processes  such  as  root

development (Huang et al., 2017), fertility (Song et al., 2013), senescence (Qi et al., 2015a),

secondary metabolites production (De Geyter et al., 2012) and response to abiotic stress

(Dar et al., 2015; Riemann et al., 2015; Kazan, 2015; Sharma and Laxmi, 2016; Goossens et

al., 2016). During the last decade, considerable effort has been devoted to decipher the JA-

signaling pathway, JA-triggered responses and how the JA-signaling pathway is integrated

with  other  hormone-mediated  responses  (Pieterse  et  al.,  2012;  Wasternack  and  Hause,

2013; Ahmad et al., 2016; Huang et al., 2017; Howe et al., 2018). The majority of studies on

JA pathways have mainly been performed in the leaves of Arabidopsis, tomato or rice. 

In  these  well-studied  model  systems,  the  bioactive  JA-hormone  (i.e.  (+)-7-  iso-

jasmonoyl-L-Ile (Fonseca et al., 2009), is perceived by a co-receptor complex consisting of

dimerized  JASMONATE ZIM-DOMAIN (JAZ)  proteins,  which  form part  of  a  transcription

factor (TF) repression complex, and the F-box protein CORONATIN INSENSITIVE1 (COI1),

which is part of a Skp1/Cullin/F-box E3 ubiquitin ligase (Feys et al., 1994; Xie et al., 1998).

JA perception leads to ubiquitination of the JAZ proteins, tagging them to 26S-proteasome-

132



Chapter 2: MiSSP7 alters the interactome of PtJAZ6 2. Article (submitted)

mediated  degradation,  thereby  releasing  inhibition  of  downstream  TFs  and  initiating

activation  of  JA-mediated  responses.  Therefore,  members  of  the  JAZ  family  are  key

repressors of JA-mediated hormone responses. JAZ proteins interact with a wide range of

transcription  factors  (TFs)  and  are  thus  major  hubs  integrating  environmental  and

developmental cues in order to modulate several developmental and physiological processes

on the basis of  a growth-to-defense energetic trade-off  (Chini  et al.,  2007;  Thines et  al.,

2007; Yan et al., 2007; Howe et al., 2018). 

The JAZ family in Arabidopsis is composed of 12 canonical members and the atypical

JAZ13 repressor (Chico et al., 2008; Thireault et al., 2015). Canonical JAZ proteins show

three structural  domains mediating protein-protein interactions:  a variable N-terminal (NT)

domain, a highly conserved ZIM domain and a conserved C-terminal JA-associated (Jas)

domain.  This  last  domain  is  required  for  binding  to  COI1  and  TFs  (Katsir  et  al.,  2008;

Pauwels and Goossens, 2011; Chini et al., 2016). The central ZIM domain contains a highly

conserved  TIFY  motif  (TIF(F/Y)XG)  required  for  homo-  and  heterodimerization  of  JAZ

proteins as well as for the recruitment of TOPLESS (TPL) or TOPLESS-RELATED (TPR)

transcriptional  repressors,  either  directly  bound  through  an  ETHYLENE  RESPONSIVE

FACTORS-associated amphiphilic  repression (EAR) motif  or  indirectly  bound through the

NOVEL INTERACTOR OF JAZ (NINJA) bridge protein (Chini et al., 2009; Chung and Howe,

2009, Pauwels et al., 2010). 

In  Arabidopsis JAZ-interacting  TFs  include  both  transcriptional  activators  and

repressors modulating several developmental and physiological processes, e.g. suppression

of root elongation, biosynthesis of secondary metabolites, trichome development and pollen

maturation (Pauwels and Goossens, 2011; Chini et al., 2016; Wasternack and Song, 2017;

Howe et  al.,  2018).  JA-signaling  activators include  basic  helix-loop-helix  (bHLH) proteins

such  as  MYC2,  which  are  involved  in  plant  defense,  glucosinolates  biosynthesis,  pollen

development and growth inhibition (Chini et al., 2007; Fernandez-Calvo et al., 2011; Qi et al.,

2015a,b; Figueroa and Browse, 2015; Chini et al., 2016; Howe et al., 2018). JAZ proteins

also  interact  with  the  transcriptional  repressors  JAM1/2/3  and  bHLH14,  which  are

hypothesized to inhibit excessive defense responses to avoid stunted growth (Nakata et al.,

2013;  Sasaki-Sekimoto  et  al.,  2013;  Fonseca  et  al.,  2014;  Song  et  al.,  2013;  Qi  et  al.,

2015a,b). 

A  large  component  of  the  knowledge  generated  on  JA-signaling,  and  JA-signaling-

related  proteins,  involves  the  use  of  the  model  plant  Arabidopsis.  The  diversity  of  JA-

dependent responses in other organs such as roots or in perennial plants, however, is less

well understood (Acosta et al., 2013; Lu et al., 2015). More importantly, to our knowledge,

there are no detailed reports of JA-signaling components in roots of perennial trees that form

mycorrhizal interactions within its root system. This latter point is emphasized a critical hole
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in our knowledge of this pathway as plant-associated organisms are known to manipulate

JA-Ile signaling through the use of effectors, which modify JAZ stability (Jiang et al., 2013;

Ma et al., 2015; Gimenez-Ibanez et al., 2014; Plett et al., 2014a; Yang et al., 2017), interfere

with the activity of jasmonate-regulated TFs (Li et al., 2014; Yang et al., 2017) dependent or

interfere with JA-Ile biosynthesis (Sugio et al., 2011; Geng et al., 2014; Katsir et al., 2008;

Sheard et al., 2010). Therefore, to understand the significance of JA-signaling during the

interaction of  Populus  with its ECM basidiomycete  L. bicolor partner,  and to expand our

understanding of the role of the secreted symbiotic effector MiSSP7 (Plett et al., 2014a), we

aimed in  the present  paper to decipher  the JA-perception complex containing PtJAZ6 in

poplar  ectomycorrhizal  roots.  We intend  to  answer  the  three  following  questions:  Which

poplar proteins are interacting with PtJAZ6 in poplar root cells? Which domains of PtJAZ6

are  required  for  such  interactions?  How  does  the  stabilization  of  PtJAZ6  by  MiSSP7

symbiotic effector MiSSP7 impact the composition and stability of the complex? 

2.3. Materials and methods

Gene cloning and editing of PtJAZ6

PtJAZs,  PtMYC2s,  PtJAM1s,  PtTPLs,  PtNINJAs,  PtCOI1 as well as full-length and domain-

deleted versions of  PtJAZ6 were PCR-amplified from  Populus trichocarpa root cDNA and

cloned into entry (pDONR222/pDONR207)  and destination vectors (pDEST22/  pDEST32/

pB7WGF2.0  or  pK7WGR2.0)  using  Gateway  recombination  (Life  Technologies).  Point

mutations in PtJAZ6 were generated with QuickChange II XL Site-Directed Mutagenesis Kit

(Agilent) on the entry vector pDONR222:PtJAZ6. A list of the primers used in this study is

available in Table S2. The MiSSP7 gene (Lacbi2 protein ID: 298595) lacking its N-terminal

signal peptide was PCR-amplified from Populus trichocarpa root cDNA and cloned into entry

(pDONR222) and destination (pZMU-Dest; Grefen, 2014) vectors. The latter vector bears the

URA3 gene as auxotrophic genetic marker.

Yeast two–hybrid screen and assays

Yeast two-hybrid screens with PtJAZ6 as bait and yeast two-hybrid assays were carried out

as  described  in  Plett  et  al.  (2011b)  and  Walhout  and  Vidal  (2001),  using  cDNA  library

constructed from L. bicolor-Populus ectomycorrhiza root tips. Populus gene and protein IDs

used in this study are listed in Table S1. MaV203 (MATα, leu2-3,112, trp1-901, his3Δ200,

ade2-101,  gal4Δ,  gal80Δ,SPAL10::URA3,  GAL1::lacZ,  HIS3UAS  GAL1::HIS3@LYS2,

can1R,  cyh2R)  and  MaV103 (MATa,  leu2-3,112,  trp1-901,  his3Δ200,  ade2-101,  gal4Δ,
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gal80Δ, SPAL10::URA3,  GAL1::lacZ,  HIS3UAS GAL1::HIS3@LYS2,  can1R, cyh2R) yeast

strains were used. Three control yeasts colonies are included : Krev1/RalGDS-wt as a strong

positive interaction, Krev1/RalGDS-m1 as a weak interaction, and Krev1/RalGDS-m2 as a no

interaction control (ProQuest YTH system, Invitrogen). The three reporter genes available

within the system are URA3, HIS3 and LacZ, allowing yeast growth on medium lacking uracil

or histidine or the production of the β-galactosidase enzyme, respectively. Amino-1, 2, 4-

triazole (3-AT) at 25mM was used to suppress self-activation at the HIS3 gene.

Yeast triple hybrid assays 

MaV203 yeast containing the vectors pDEST22 and pDEST32 with various constructs were

grown in 5 mL of liquid SD-LW medium in shaker at 28°C and 200 rpm for 16h. Cultures

were then diluted to an OD600 of 0.6 in a five mL volume of liquid SD-LW medium and grown

in  a  shaker  using  the same conditions  until  they  reached an  OD600  of  2.  Cultures  were

subsequently centrifuged for five minutes at 4°C and 3000 rpm for five minutes and washed

three  times  with  sterile  water.  29  μL  of  the  washed  yeast  culture  were  added  to  the

transformation mix (240 μL of 50% PEG3350, 36 μL of 1M LiAC and 50 μL of 2 mg/mL

salmon sperm ssDNA) and in presence of 200 ng of pZMU-Dest plasmid in which MiSSP7

was cloned. Tubes were mixed, then incubated in a water bath at 42°C for 45 min. Tubes

were then centrifuged rpm for five minutes at 9000 rpm and the supernatant discarded. The

pellet was resuspended in 50 μL of liquid SD-LW medium and plated on SD-LWU plates.

Plates were sealed with parafilm and incubated in static oven at 28°C for 72h. Transformed

colonies were tested via PCR for presence of MiSSP7 and then stored in glycerol in freezer

at  -80°C. The Drop test was similarly  performed for yeast-triple hybrid assays as for the

yeast-two hybrid assays, with the difference that all solid and liquid media also lacked Uracil,

to select for the MiSSP7- containing vector pZMU-Dest. 

β-galactosidase reporter assay

The  activity  of  the  yeast  β-galactosidase,  a  subunit  which  is  coded  by  the  GAL1::lacZ

reporter, was tested according to a previously published method (Walhout and Vidal, 2001).

Briefly,  yeast  patches  were  replica-plated  onto  a  YAPD  plates  covered  by  0.45  μM

nitrocellulose filters (HybondTM-C, Amersham Biosciences) and incubated overnight in static

incubator at 30°C. Two Whatman filter papers were placed in an empty 15-cm Petri dish and

soaked with 3 mL of Z-buffer X-Gal solution (16.1 g/L Na2HPO4*7H2O, 5.5 g/L NaH2PO4*H2O,

0.75  g/L  KCl,  0.246  g/L  MgSO4*7H2O,  pH  7.0)  supplemented  with  1.83  μL/mL  of  2-

mercaptoethanol  and  16.66  μL/mL  of  4%  X-Gal  (4-Methylumbelliferyl-beta-D-

galactopyranoside, BIOSINTH®). The nitrocellulose membranes with the yeast streaks were

then detached from the YAPD plates, submitted to two freeze-thaw cycles in liquid nitrogen
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and placed on the Z-buffer-soaked Whatman filter papers. Plates were incubated at 37°C for

~6h,  after  which  pictures  were  taken.  The  white  color  indicates  lack  of  β-galactosidase

activity and thus lack of expression of the reporter construct GAL1::lacZ, while progressively

darker blue color  indicates stronger β-galactosidase activity and thus stronger interaction

between AD- and DBD-fused proteins (ProQuest2hybrid manual, Invitrogen).

Plant material and growth conditions

Nicotiana benthamiana seeds were germinated and grown for 3 weeks in a climate chamber

at 24°C, 16h photoperiod, 70% relative humidity.

Agroinfiltration of tobacco leaves and localization of the fusion proteins in epidermal

cells 

Agrobacterium tumefaciens GV3101 transformed with pB7WGF2.0 or pK7WGR2.0 harboring

each gene of interest or empty (as control) were cultivated overnight at 28°C in Luria-Bertani

medium supplemented  with  gentamycin  10g/mL,  spectinomycin  50g/mL and rifampicin

50g/mL. After centrifugation, bacterial pellets were resuspended in infiltration buffer (10 mM

MgCl2, 10 mM MES, 200  M Acetosyringone, pH 5,6) and incubated for 2h at 28°C with

gentle shaking. Bacterial cultures were then mixed at a ratio 1:1 to a final OD600 of 0.6 before

infiltration of 3-week-old tobacco leaves. In order to increase the expression of the transgene

and  counteract  its  potential  silencing,  an  A.  tumefaciens GV3101  strain  expressing  the

tomato  bushy  virus  (TBSV)  suppressor  of  post-transcriptional  gene  silencing  –  P19 was

added to the mix at a final OD600 of 0.1. Infiltration buffer was used as negative control. After

72h-incubation in a climate chamber (24°C, 16h photoperiod, 70% relative humidity), leaf

discs were harvested, mounted between slide and coverslip (glycerol 20%). Live-cell imaging

was  performed  using  10×  (air)  and  40×  (water  immersion)  objectives  of  the  confocal

microscope Zeiss LSM780,. The GFP was excited at 488 nm, whereas the mCherry was

excited at 561 nm. Specific emission signals corresponding to the GFP and the mCherry

were collected between 505–525 and 580–620 nm, respectively. Alternatively, leaves were

harvested and flash-frozen for in planta co-immunoprecipitation.

In planta co-immunoprecipitation

Three days after  bacterial  infiltration,  four  leaves per  transformation were harvested and

ground using liquid nitrogen. The resulting powder was resuspended in 10 mL of extraction

buffer (10% glycerol,  25 mM Tris pH 7,5,  1mM EDTA, 150 mM NaCl,  5 mM DTT, 0,1%

Tergitol NP40S, 200 mg PVPP and 100 L protease inhibitor [Stock 100x, Sigma, P9599].

PVPP  was  added  in  the  buffer  the  night  before  the  extraction  while  DTT,  tergitol  and

protease inhibitors were added just prior to extraction. Samples were incubated 10 min at
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4°C in a rotator and then centrifuged 5 min at 4°C at 9000 rpm. The supernatant was filtered

using  a  cell  strainer  with  70  m-wide  pores.  About  500  L  of  supernatant  was  TCA-

precipitated and pellet  was resuspended with 60μL of buffer  Laemmli + DTT (5mM) and

conserved on ice (Total  protein fraction or  input).  Magnetic  beads coupled with antiGFP

antibodies (GFP-Trap®_M, Chromotek) were used for CoIP. Before use, they were washed

twice  using  washing  buffer  (10 mM Tris-HCl  pH7,5,  150  mM NaCl,  0,5  mM EDTA and

protease  inhibitors).  Each  supernatant  was  mixed  with  30  μL  of  magnetic  beads  and

incubated for 20 min at 4°C in a rotator with slight agitation. Then beads were collected,

washed 5 times with 1 ml of washing buffer and resuspended in 75 μL of buffer Laemmli 1x +

DTT (5mM) (coimmunoprecipitated fraction).

Western Blot

The input and coimmunoprecipitated fractions were incubated for five minutes at 95°C and

centrifuged for one minute at 9,000 rpm. Aliquots of 15 μL were separated on Polyacrylamide

gels (Mini-Protean TGX Precast  Gels 4-15%., Biorad),  followed by a transfer onto PVDF

membranes (Bio-Rad Transblot Turbo, Trans-Blot® Turbo™ Transfer System). After transfer,

membranes were stained with  Ponceau red to control  for  total  protein loading,  then de-

stained with NaOH 0.1 M and washed with distilled water. Membranes were blocked for 2h at

4°C and 50 rpm in blocking buffer  (PBS 1x,  1% casein)  followed by incubation with the

primary  antibody  (anti-GFP  (GFP  Antibody  (B-2)  HRP,  Santa  Cruz  Biotechnology,  200

g/mL) or anti-RFP (RFP Tag Antibody (RF5R), Thermo Fisher scientific, 1mg/mL)) diluted

1/1000 in blocking buffer overnight at 4°C and 50 rpm. The antibody anti-GFP is conjugated

to  HRP  allowing  a  direct  detection  on  the  membranes.  Membranes  incubated  with  the

primary antibody anti-RFP were washed four times for five minutes with PBS + Tween 20

0.05%  and  incubated  with  a  secondary  antibody  conjugated  to  HRP  (ab6789  2mg/mL)

diluted 1/10000. After immunolabelling, membranes were washed four times for five minutes

with PBS + Tween 20 0.05% and imaged five-seven minutes after addition of five mL of

substrate (Clarity™ Western ECL Substrate, Biorad). Pictures were taken using Chemidoc

(Biorad Molecular Imager).

Phylogenetic analysis

Evolutionary  analyses were conducted in  MEGA7 (Kumar et  al.,  2016).  In all  cases,  the

evolutionary history was inferred by using the Maximum Likelihood method based on the JTT

matrix-based model (Jones et al., 1992). The tree with the highest log likelihood is shown.

Initial trees for the heuristic search were obtained automatically by applying Neighbor-Join

and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and

then selecting the topology with superior log likelihood value. The trees were drawn to scale,
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with branch lengths measured in the number of substitutions per site. 500 bootstraps were

performed  to  assess  robustness  of  the  data  (Felsenstein  J.,  1985).  FigTree

(http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize and annotate the tree.

2.4. Results

The transcription factors PtJAM1 and PtMYC2 interact with PtJAZ6

In  order  to  identify  PtJAZ6-interacting  proteins,  we  conducted  a  yeast  two-hybrid

screen.  The full-length  coding  sequence  of  PtJAZ6 was  cloned  in  fusion with  the DNA-

binding domain of GAL4. We first confirmed that this fusion protein is not able to activate the

three reporter  genes in  the absence of  an interacting  protein  (Supplemental  Figure  S1).

Among positive clones, we identified PtJAZ6 (Potri.003G068900), MiSSP7 and a basic-helix-

loop-helix (bHLH) transcription factors with similarities with Arabidopsis JAM1/2 (orhologous

to  At1g01260  and At2g46510),  that  we thus  named PtJAM1.1.  As  the  Populus genome

contains  two  co-orthologous  genes  to  AtJAM1  (Figure  1A), we  cloned  the  full-length

sequence of the two paralogs PtJAM1.1 and PtJAM1.2 in fusion with the activation domain

(AD) of GAL4 and co-expressed them with PtJAZ6 fused to the DNA-binding (DBD) domain

of  GAL4. In  Arabidopsis AtJAM1 is a transcriptional repressor and AtJAZ proteins are well

known to interact with AtJAMs as well as with the transcriptional activators AtMYC2-5 (Chini

et al., 2016). In  Populus genome, we found only two orthologous genes to  AtMYC2-5.  We

named them PtMYC2.1 and  PtMYC2.2  and  we cloned their full-length sequences fused to

the  AD of  GAL4.  Yeast  strains  co-expressing  PtJAM1.1/PtJAZ6 or  PtMYC2.1/PtJAZ6  or

PtMYC2.2/PtJAZ6 were able to grow on medium lacking histidine or uracil and activate -

galactosidase reporter gene, whereas yeasts co-expressing PtJAM1.2/PtJAZ6 activate only

one  reporter  gene  (Figure  1B).  These  data  demonstrate  that  the  2  PtMYC2

(Potri.001G142200 and  Potri.003G092200)  and  PtJAM1.1  protein  (Potri.014G099700.1)

strongly  interact  with  PtJAZ6 in  yeasts,  whereas  PtJAM1.2 (Potri.002G172100.1)  weakly

interacts with PtJAZ6. 

To validate these interactions in planta, and to determine the sub-cellular localization

of  these  proteins,  we  transiently  co-expressed  PtMYC2:RFP/PtJAZ6:GFP or

PtJAM1:RFP/PtJAZ6:GFP in  tobacco  leaves  and  performed  co-immunoprecipitation  and

confocal microscopy. Transient expression of these constructs in tobacco epidermal cells

indicated that PtJAZ6:GFP, PtMYC2s:RFP and PtJAM1s:RFP fusion proteins accumulated in

nuclei of N. benthamiana leaf epidermal cells (Figure 1C). Proteins were extracted from the

agroinfiltrated leaves and both fusion proteins were detected by Western blots (Figure 1D).

138



Chapter 2: MiSSP7 alters the interactome of PtJAZ6 2. Article (submitted)

The  CoIP  experiments  revealed  that  PtMYC2s:RFP  and  PtJAM1s:RFP  associate  with

PtJAZ6:GFP in the same protein complex  in planta (Figure 1D). Neither free GFP nor free

RFP were able to immunoprecipitate PtMYC2s/PtJAM1s:RFP or PtJAZ6:GFP, respectively,

indicating that the associations between PtMYC2s and PtJAZ6 or PtJAM1s and PtJAZ6 are

specific to the proteins of interest and not due to interactions between the fluorophore tags

(Figure  1D).  These results  suggest  that  PtMYC2s and PtJAZ6 as well  as PtJAM1s and

PtJAZ6,  physically  interact  within  plant  nuclei.  Poplar  JAM1 and  MYC2 proteins  exhibit

between 33% to 38% sequence identity and nearly identical bHLH domains with respect to

their  Arabidopsis counterparts (Supplemental Figure S2A,B). In a yeast one-hybrid assay,

while yeasts expressing PtMYC2.1 or PtMYC2.2 fused to DBD of GAL4 were growing on

medium lacking histidine, on the contrary for yeast expressing PtJAM1.1 fused to DBD of

GAL4  activated  the  expression  of  the  reporter  genes  His3 and  LacZ,  yeast  expressing

DBD:PtJAM1.1 did not (Supplemental Figure S2C). Because PtJAZ6 interacts weakly with

PtJAM1.2, we decided to exclude it for further analysis. Our data, suggest that PtMYC2s and

PtJAM1 might be transcriptional activators and repressors, respectively. 
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Figure 1. PtJAZ6 interacts with PtJAM1 and PtMYC2 transcription factors in yeast and

in planta. 

(A) Phylogenetic analysis of the bHLH transcription factors orthologous to A. thaliana MYC and JAM.

The evolutionary history was inferred by using the Maximum Likelihood method and conducted in

MEGA7. 1000 bootstraps were performed and their values are indicated. 

(B) Yeast-two hybrid (Y2H) assays to reveal interactions of PtJAZ6 with the PtJAM1.1, PtJAM1.2,

PtMYC2.1 or PtMYC2.2. PtJAZ6 was fused to GAL4 DNA-binding domain (DBD) whereas the diverse

transcription factors (TFs) were fused to the GAL4-activation domain (AD). TRP1 and LEU2 serve as

transformation markers for vectors and HIS3, URA3 and -galactosidase LacZ (X-Gal) were used as

reporter genes. The control colonies are shown in the upper part of the panel: ++ is a strong positive

interaction, + is a weak interacting pair, and - is a negative control (no interaction). 3-Amino-1, 2, 4-

triazole (3-AT) was used to suppress self-activation at the HIS3 gene.

(C) Live-cell imaging of PtJAZ6::GFP and TF::RFP transiently expressed in  Nicotiana  benthamiana

epidermal  leaf  cells  transformed by agroinfiltration.  Live-cell  imaging was performed with  a  laser-

scanning confocal microscope in a sequential scanning mode. Scale bar: 20μm. 

(D) In planta co-immunoprecipitation of PtJAZ6 and PtJAM1 or PtMYC2 proteins. 

Fusion  proteins  (PtJAZ6:GFP  and  TF:RFP)  were  isolated  from  agroinfiltrated  leaves  and  were

immediately  used  for  anti-GFP  immunoprecipitation.  Both  initial  proteins  (Input)  and

immunoprecipitated protein (IP:GFP) were separated by 12% sodium dodecyl sulfate-polyacrylamide

gel  electrophoresis  and  were  electro-transferred  onto  PVDF  membranes.  Immunodetection  was

performed  with  anti-GFP  or  anti-RFP  antibodies,  and  immunoblots  were  revealed  with  a

chemiluminescent imager. Ponceau staining of the PVDF membrane was used as a loading control.

White asterisks indicate specific protein bands. Numbers on the left side of the blots indicate protein

size in kilodaltons. 

(E) Yeast-two hybrid (Y2H) assays to assess which domains of PtJAZ6 are required for its interaction

with PtMYC2.1 and PtJAM1.1.  PtMYC2.1,  PtJAM1.1 were fused to GAL4-activation domain (AD),

whereas full  length or mutated version of PtJAZ6 were fused with the GAL4-DNA-binding domain

(DBD). TRP1 and LEU2 served as transformation markers for vectors and HIS3 and -galactosidase

LacZ (X-Gal) were used as reporter genes. 3-Amino-1, 2, 4-triazole (3-AT) was used to suppress self-

activation at the  HIS3 gene. The control colonies are shown in the upper part of the panel: ++ is a

strong positive interaction, + is a weak interacting pair, - is negative control (no interaction). 

The PtJAZ6 Jas domain is required and sufficient for the interaction with PtJAM1.1

and PtMYC2.1 

PtJAZ6 contains a variable N-terminal (NT) domain, a central ZIM domain (TIFY) and

a  C-terminal  Jas  domain  (Supplemental  Figure  S3).  To  dissect  the  role  of  the  different

domains in the assembly of the PtJAZ6 protein complex, we constructed different deletion

mutants of PtJAZ6, namely PtJAZ6 NT, PtJAZ6 TIFY, PtJAZ6 Jas deleted respectively

for the NT, TIFY or Jas domains. We also made constructions harboring a single domain and

named them: PtJAZ6 NT, PtJAZ6 TIFY, PtJAZ6 Jas. All these constructions were fused to
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GAL4 DNA-binding domain and expressed in yeast strains harboring different members of

the protein complex fused to the GAL4 activation domain. The yeast strains co-expressing

AD:PtJAM1.1/DBD:PtJAZ6 or PtJAZ6 NT or PtJAZ6 TIFY were able to grow on medium

lacking Histidine,  whereas yeasts co-expressing AD:PtJAM1s/DBD:PtJAZ6 Jas were not

(Figure 1E). In addition, yeasts co-expressing AD:PtJAM1.1/DBD:PtJAZ6 Jas were able to

grow. The same results for yeast growth were obtained with yeast harboring AD:PtMYC2.1

and the various forms of PtJAZ6 (Figure 1E). We conclude that the Jas domain of PtJAZ6 is

necessary and sufficient for the interaction between PtJAZ6 and the four transcription factors

PtMYC2.1 and PtJAM1.1. 

PtJAZ6 physically interacts with other poplar JAZ proteins through its TIFY domain 

To explore the possible interactions between PtJAZ6 and other PtJAZ proteins, we

tested AD:PtJAZ6 and DBD:PtJAZs interaction in  the yeast  two-hybrid  system described

above.  The  Populus genome  contains  12  canonical  PtJAZ-encoding  genes,  the  same

number as the canonical  Arabidopsis JAZ protein complement. We classified and named

them according to their  phylogenetic  position (Figure 2).  We successfully  cloned nine of

these PtJAZs genes from a cDNA library of poplar-L. bicolor ECM root tips (Table S1). We

thus conducted yeast-two-hybrid (Y2H) studies using all  pairs of  candidate interactors to

identify possible PtJAZ6 homo- or heterodimers. In addition, we exploited the PtJAZ6 ΔTIFY

and the PtJAZ6 TIFY versions of  PtJAZ6 to test whether the highly conserved TIF(F/Y)XG

motif  within  the ZIM domain of  PtJAZ6 (Supplemental  Figure S3) is  required for  PtJAZ6

homo/heterodimerization. We found that PtJAZ6 is able to form homodimers with itself and

heterodimers with PtJAZ5, PtJAZ1/2, PtJAZ7/8, PtJAZ10.2 and PtJAZ12.  In all cases, the

deletion of the TIFY domain of PtJAZ6 inhibited the dimerization in yeast-two hybrid system.

In addition, the TIFY domain of PtJAZ6 alone ensured PtJAZ6 homo- and heterodimerization

with PtJAZ5, PtJAZ10.2 and PtJAZ12 (Figure 2B). From our results we conclude that PtJAZ6

interacts with itself and the other JAZ proteins PtJAZ5,  PtJAZ10.2 and PtJAZ12. We also

show that  the  TIFY domain  is  required for  the  homo- and heterodimerization  of  PtJAZ6

(Figure 2B).

142



Chapter 2: MiSSP7 alters the interactome of PtJAZ6 2. Article (submitted)

143



Chapter 2: MiSSP7 alters the interactome of PtJAZ6 2. Article (submitted)

Figure 2. PtJAZ6 is able to form homodimers and heterodimers with PtJAZ proteins

through its TIFY domain.

(A) Phylogenetic  tree  of  canonical  JAZ  proteins  from  Arabidopsis and  Populus.  JAZ  proteins

interacting with PtJAZ6 are highlighted in red.  The evolutionary history was inferred by using the

Maximum Likelihood method and conducted in MEGA7. 1000 bootstraps were performed and their

values  are  indicated.  *   indicate  PtJAZ  proteins  interacting  with  PtJAZ6  forming  homo-  and

heterodimers.

(B) Yeast-two hybrid (Y2H) assays to detect interactions of PtJAZ6 with itself and with other PtJAZ

protein expressed in ECM root tips. PtJAZ proteins were fused to GAL4 DNA-binding domain (DBD).

PtJAZ6 or PtJAZ6 deleted for its TIFY domain (PtJAZ6TIFY) or containing the TIFY domain only

(PtJAZ6  TIFY)  were  fused  with  the  GAL4-activation  domain  (AD).  TRP1 and  LEU2 serve  as

transformation markers for vectors and  HIS3 was used as reporter gene. The control colonies are

shown in the upper part of the panel: ++ is a strong positive interaction, + is a weak interacting pair, -

is  negative  control  (no  interaction).  3-Amino-1,  2,  4-triazole  (3-AT)  was  used  to  suppress  self-

activation at the HIS3 gene.

PtJAZ6 interacts directly with two poplar NINJA proteins and one TOPLESS protein

Arabidopsis JAZ  proteins  form  a  repressor  complex  through  recruitment  of  the

general  repressor  TOPLESS  (TPL)  and  TPL-related  (TPR)  proteins  either  directly  or

indirectly through interaction with the bridge protein NINJA (Pauwels et al., 2010). To first

test  the  direct  interaction  between PtJAZ6 and TOPLESS,  we  successfully  cloned  three

poplar TPR genes expressed in ectomycorrhizal root tips (Potri.006G066800 alias PtTPR4.1;

Potri.018G128000 alias PtTPR4.2 and Potri.003G030000 alias PtTPR1.1) (Table S1; Figure

3A). Exclusively PtTPR4.1 physically interacted with PtJAZ6 in yeast cells similarly to the

weak-interaction control (Figure 3B). Since  Arabidopsis TOPLESS-related proteins interact

with the EAR motif found of some AtJAZ proteins (Shyu et al., 2012; Thatcher et al., 2016),

we mutated the EAR motif located at the C-terminus of PtJAZ6 (Supplemental Figure S3).

Yeasts co-expressing PtJAZ6 EARm and PtTPR4.1 were not able to grow on the selective

medium (Figure  3C),  suggesting  that  the  EAR motif  of  PtJAZ6 is  required  for  its  weak

interaction with PtTPR4.1. In addition to the direct interaction of PtJAZ6 with PtTPR4.1, we

tested whether PtJAZ6 is able to recruit  any of the PtNINJA proteins. The  P. trichocarpa

genome  contains  three  co-orthologues  (Potri.006G156100.1;  Potri.006G162900.1;

Potri.018G085100.1)  of  the  Arabidopsis NINJA gene  (AT4G28910.1),  all  expressed  in

ectomycorrhizal  root  tips  (Table  S1).  We  were  able  to  clone  both  Potri.018G085100.1,

encoding PtNINJA3, and Potri.006G162900.1, encoding PtNINJA1 from a cDNA libray of L.

bicolor-poplar ectomycorrhizal root tips. PtJAZ6 physically interacts with both PtNINJA1 and

PtNINJA3 in yeast cells (Figure 3D). The yeast strains co-expressing PtNINJA3 or PtNINJA1

together with full-length PtJAZ6, PtJAZ6 ∆NT, PtJAZ6 ∆Jas or PtJAZ6 TIFY were able to
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grow on medium lacking histidine and displayed -galactosidase activity (Figure 3D). This

indicates that the TIFY domain of PtJAZ6 is required and sufficient to mediate the interaction

with PtNINJA3 and PtNINJA1 in yeast  cells.  From these data,  we conclude that  PtJAZ6

weakly  interacts  with PtTPR4.1 TOPLESS-related protein and strongly  interacts  with two

PtNINJA proteins.
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Figure 3. PtJAZ6 interacts directly with one PtTOPLESS-related protein and two NINJA
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proteins. 

(A) Phylogenetic  tree  of  Populus  trichocarpa TOPLESS proteins  expressed  in  poplar  roots.  The

evolutionary history was inferred by using the Maximum Likelihood method and conducted in MEGA7.

1000 bootstraps were performed and their values are indicated. The three poplar TOPLESS proteins

cloned from poplar ECM cDNA library are mentioned as PtTPR1.1, PtTPR4.1 and PtTPR4.2.

(B) Yeast-two hybrid (Y2H) assays to reveal interactions of PtJAZ6 with one TOPLESS-related protein

PtTPR4.1  expressed  in  ECM root  tips.  PtJAZ6  was  fused  to  GAL4  DNA-binding  domain  (DBD)

whereas the three TOPLESS-related proteins were fused to the GAL4-activation domain (AD). 

(C) The C terminus EAR motif of PtJAZ6 is required for its interaction with PtTPR4.1 in yeasts. Yeast-

two hybrid (Y2H) assays were performed with yeast co-expressing DBD:PtTPR4.1 and AD:PtJAZ6 or

AD:PtJAZ6 mutated for its EAR motif (EARm).

(D) PtJAZ6 interacts with PtNINJA1 and PtNINJ3 and the TIFY domain of PtJAZ6 is necessary and

sufficient for the interaction. Yeast-two hybrid (Y2H) assays were performed with yeast co-expressing

DBD:PtNINJA1 or DBD:PtNINJA3 and full length or mutated version of PtJAZ6 were fused with the

GAL4-activation domain (AD). 

For  all  yeast-two  hybrid  assays  (B,C,D),  TRP1 and  LEU2 served  as  transformation  markers  for

vectors and HIS3 and -galactosidase LacZ (X-Gal) were used as reporter genes. 3-Amino-1, 2, 4-

triazole (3-AT) was used to suppress self-activation at the HIS3 gene. The control colonies are shown

in the upper part of the panel: ++ is a strong positive interaction, + is a weak interacting pair, - is

negative control (no interaction).

MiSSP7  physically  interacts  with  PtJAZ6  through  its  NT  and  TIFY  domains  and

indirectly inhibits the PtJAZ6-PtCOI1 interaction 

We  previously  demonstrated  that  the  fungal  effector  MiSSP7  from  the

ectomycorrhizal basidiomycete Laccaria bicolor binds to PtJAZ6 and alters its stability (Plett

et  al.,  2014a).  To determine which domain of  PtJAZ6 is  required for  the interaction with

MiSSP7, we co-expressed in yeast MiSSP7 and the different variants of PtJAZ6 in yeast

cells. Yeasts harboring full-length or Jas domain-deleted PtJAZ6 together with MiSSP7 were

able to grow on the selective medium lacking histidine, whereas none of the other deleted

forms  of  PtJAZ6 did  (Figure  4).  From these  data  we  conclude  that  both  NT  and  TIFY

domains are required for the interaction of PtJAZ6 with MiSSP7. In a previous work, we

showed that PtJAZ6 interacts with PtCOI1 in a JA (coronatine)-dependent fashion (Plett et

al., 2014a). Within the PtJAZ6-Jas domain, two arginine (R) residues at position 208 and 209

are likely required for interaction with PtCOI1, similarly to Arabidopsis (Melotto et al., 2008).

To assess this, we engineered mutated PtJAZ6 proteins in which arginine is replaced by

alanine in either one position (R208A or R209A) or in both positions (R208A R209A). Only in

presence of  coronatine did  yeast  strains expressing AD:PtJAZ6-R208A and DBD:PtCOI1

grow on the selective medium without histidine, whether none of the yeasts transformed with
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other versions of PtJAZ6 fused to the AD of GAL4 did. In addition, only yeast expressing

wild-type PtJAZ6 and PtCOI1 faintly activated the β-galactosidase reporter gene in presence

of coronatine (Supplemental Figure S4). These data show that the R209 residue of PtJAZ6 is

required for the interaction between PtCOI1 and PtJAZ6 in presence of coronatine. However,

the  Jas  domain,  containing  these  arginine  residues,  is  not  required  for  PtJAZ6-MiSSP7

interaction in yeasts (Figure 4). MiSSP7 is thus unlikely to directly impede PtCOI1 binding to

PtJAZ6.  However,  we  cannot  exclude  that  the  interaction  between MiSSP7  and PtJAZ6

sterically inhibits the PtJAZ6-PtCOI1 interaction. To test this possibility, we used a yeast-

three-hybrid assay.  Yeasts co-expressing AD:PtJAZ6 and DBD:PtCOI1 were transformed

with the MiSSP7 gene. We tested the expression of the two reporter genes HIS3 and lacZ

with these triple-hybrid strains, in presence of coronatine to trigger the interaction between

PtJAZ6 and  PtCOI1.  The  growth  of  double-  and  triple-hybrid  clones  was  similar  on  the

selective medium without histidine, whereas the triple-hybrid clones displayed no detectable

-galactosidase activity in presence of coronatine (Supplemental Figure S4). These results

suggest  that  MiSSP7  does  not  directly  compete  with  PtCOI1  for  binding  to  PtJAZ6  but

disturbs  their  interaction  through  steric  hindrance  or  induced  conformational  change  of

PtJAZ6. 
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Figure 4. Both PtJAZ6 NT and TIFY domains are necessary for PtJAZ6 interaction with

MiSSP7.

Yeast-two hybrid (Y2H) assays to assess which domains of PtJAZ6 are required for its interaction with

MiSSP7. MiSSP7 was fused to GAL4 DNA-binding domain (DBD),  whereas full  length or mutated

versions of PtJAZ6 were fused with the GAL4-activation domain (AD).  TRP1 and  LEU2 served as

transformation markers for vectors and  HIS3 was used as reporter gene. The control colonies are

shown in the upper part of the panel: ++ is a strong positive interaction, + is a weak interacting pair, -

is  negative  control  (no  interaction).  3-Amino-1,  2,  4-triazole  (3-AT)  was  used  to  suppress  self-

activation at the HIS3 gene.

MiSSP7 affects PtJAZ6 homo- and heterodimerization 

To assess the role of the MiSSP7 protein in the assembly of the PtJAZ6 complex, we

investigated the impact of MiSSP7 on the interactions between PtJAZ6 and other proteins of

the complex via a yeast three-hybrid assay. Yeast strains expressing DBD:PtJAZ6 together

with PtMYC2s, PtJAM1.2, PtTPR4.1, PtNINJA3 or other PtJAZ proteins fused to GAL4 AD

were transformed with the MiSSP7 gene and the expression of the reporter genes HIS3 and

lacZ was assessed. We were unable to recover a triple hybrids expressing AD:PtNINJA1 and

AD:PtJAM1.1 despite  three  tries;  therefore,  we  could  not  test  if  MiSSP7  influenced  the

PtJAZ6-PtJAM1.1or PtJAZ6-PtNINJA1 interaction. Yeast colonies expressing AD:PtMYC2.1,

DBD:PtJAZ6 and MiSSP7 grew better on medium lacking histidine and showed a darker blue

color in the β-galactosidase activity assay with respect to yeasts expressing AD:PtMYC2.1

and  DBD:PtJAZ6  only.  An  opposite  result  was  observed  in  case of  colonies  expressing

AD:PtMYC2.2 or AD:PtNINJA3, while no difference was seen in case of yeasts expressing

AD:PtJAM1.2  or  AD:PtTPR4.1  (Figure  5A).  These  results  indicate  that  the  presence  of

MiSSP7 appears to improve/strengthen the interaction between PtJAZ6 and PtMYC2.1 and

impede/weaken the interaction between PtJAZ6 and PtMYC2.2. Since MiSSP7 cannot bind

neither MYC2.1 nor PtMYC2.2 alone (Supplemental Figure S5A), this effect is not due to

MiSSP7-mediated  activation  of  these  TFs.  In  addition,  MiSSP7  weakens  the  interaction

between PtJAZ6 and PtNINJA3.

As the MiSSP7 interaction with PtJAZ6 weakened the interaction between PtJAZ6-

PtNINJA3, but neither the PtJAZ6-PtJAM1.2 nor the PtJAZ6-PtTRP4.1 interaction, we tested

whether  the  expression  of  MiSSP7  affected  the  formation  of  PtJAZ6  homo-  and

heterodimers. We detected diminished β-galactosidase activity upon MiSSP7 expression in

yeasts harboring DBD:PtJAZ6, DBD:PtJAZ5, DBD:PtJAZ12 or DBD:PtJAZ1/2 together with

AD:PtJAZ6. Moreover, yeasts expressing AD:PtJAZ6, DBD:PtJAZ6 and MiSSP7 displayed

reduced  growth  on  selective  medium  lacking  histidine  with  respect  to

AD:PtJAZ6/DBD:PtJAZ6-harboring yeasts (Figure 5B). However, MiSSP7 did not promote
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PtJAZ6 interaction with non-interacting PtJAZ proteins (Supplemental Figure S5B). These

results  suggests  that  MiSSP7  specifically  antagonizes  the  formation  of  PtJAZ6-PtJAZ6

homodimers and of PtJAZ6-PtJAZ5, PtJAZ6-PtJAZ12 and PtJAZ6-PtJAZ1/2 heterodimers. 
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Figure 5. MiSSP7 impacts the structure of the jasmonate perception complex. 

(A) MiSSP7 differentially impacts the interaction between PtJAZ6 and the two isoforms of PtMYC2 but

does not alter PtJAZ6-PtJAM1.2 or PtJAZ6-PtTPR4.1 interactions. PtJAZ6 was fused to GAL4 DNA-

binding domain (DBD).  PtMYC2s, PtJAM1.2, PtNINJA3 and PtTPR4.1 were fused with the GAL4-

activation domain (AD). 

(B) MiSSP7 antagonizes dimerization between PtJAZ6 and other PtJAZ proteins. PtJAZ6 was fused

to the  GAL4-activation  domain (AD)  and PtJAZ proteins  were fused with  the  GAL4 DNA-binding

domain (DBD). 

For A and B, yeasts were transformed with  MiSSP7 to give triple hybrids.  TRP1,  LEU2 and  URA3

served  as  transformation  markers  (the  latter  in  case  of  triple  hybrid  colonies)  and  HIS3 and  -

galactosidase LacZ (X-Gal) were used as reporter genes. 3-Amino-1, 2, 4-triazole (3-AT) was used to

suppress self-activation at the  HIS3 gene.  The control colonies are shown in the upper part of the

panel: + is a weak interacting pair. 

2.5. Discussion

Comparative  genomic  and  phylogenetic  analyses  of  genes  encoding  the  core

components of  the JA-Ile  signaling  pathway have highlighted its  conservation throughout

evolution from the last common ancestor of land plants (Wang et al., 2015). However, the

presence of orthologs of JA signaling components in a plant genome does not determine the

composition of the JA-signaling complex in a precise biological context and environment.

Furthermore, studies of plant immunity demonstrate that plant-associated microorganisms

manipulate JA-signaling through the use of effectors; some interfere with JA-Ile biosynthesis

(Sugio et al., 2011; Geng et al., 2014; Katsir et al., 2008; Sheard et al., 2010), others modify

the stability of the repressor JAZ (Jiang et al., 2013; Gimenez-Ibanez et al., 2014, Plett et al.

2014a; Ma et  al.,  2015) while  yet  others hamper the activity of  jasmonate-regulated TFs

(Yang et al., 2017; Li et al., 2014). The molecular mechanisms behind these outcomes vary

considerably.  For  instance,  Pseudomonas syringae effectors HopZ1 and HopX1 promote

JAZ  degradation,  thus  activating  JA-dependent  responses  to  antagonize  SA-induced

responses and promoting bacterial  infection.  These effectors achieve so through  distinct

molecular mechanism: HopX1 is a cysteine protease cleaving the central ZIM domain of JAZ

proteins (Gimenez-Ibanez et al., 2014), whereas HopZ1 acetylates soybean and Arabidopsis

JAZ proteins (Jiang et al., 2013). Recent studies demonstrated that effectors can also target

transcription-factors mediating JA-responses. For example, the tomato yellow leaf curl China

virus C1 effector interacts with MYC2 to inhibit the activation of terpene synthase genes (Li

et al., 2014). The  P. syringae HopBB1 effector also has a dual function. It dissociates the

Arabidopsis JAZ3-MYC2 complex and connects JAZ3 to the TF named TCP14, leading to
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TCP14 degradation (Yang et al., 2017). HopBB1 effector thus modulates two distinct JA-

dependent transcriptional modules. MiSSP7 from the mutualistic fungus L. bicolor prevents

PtJAZ6  degradation  (Plett  et  al.,  2014),  but  the  molecular  mechanism  has  not  been

deciphered.

In this study, we identify the protein-complex interacting with the repressor PtJAZ6.

Further, we studied how this complex might be affected in ectomycorrhizal poplar roots by

studying the impact that the effector MiSSP7 secreted by the mutualistic fungus  Laccaria

bicolor had on PtJAZ6 protein-protein interactions (Figure 6).  We reasoned that  MiSSP7

might dampen or enhance the strength of the interaction between PtJAZ6 and other poplar

proteins  through  competition  or  bridging,  respectively.  We  found  that,  similarly  to

Arabidopsis, PtJAZ6 interacts with PtMYC2 and PtJAM1 transcription factors, as well as with

one TOPLESS-related protein, PtTPR4.1, two NINJA proteins, PtNINJA1 and PtNINJA3, and

other PtJAZ proteins (Figure 6A). In addition, the presence of MiSSP7 qualitatively enhances

the interaction between PtJAZ6 and PtMYC2.1, while negatively impacting the interactions

between PtJAZ6 and PtMYC2.2, PtNINJA3 and several PtJAZ proteins (Figure 6B).

The interaction between PtJAZ6 and PtMYC2.1, PtMYC2.2 or PtJAM1.1 requires the

PtJAZ6 Jas domain, similarly to  Arabidopsis (Chini et al., 2007). AtJAMs are repressors of

transcription whereas AtMYC2 is a transcriptional activator (Goossens et al., 2016). These

proteins compete for binding to the G-box in the promoter of target genes (Qi et al., 2015b)

and the activity of both is inhibited by AtJAZ proteins (Chini et al., 2007; Fonseca et al., 2014;

Song et al., 2013). Since the DNA-binding domains of PtMYC2s and PtJAM1s are highly

similar (Supplemental Figure S2A-B), we can speculate that PtMYC2s and PtJAM1s directly

compete for DNA-binding sites. We also hypothesize that these transcription factors compete

for binding to PtJAZ6, leading to either attenuation of JA-signaling or release of repression. It

will  be  interesting  to  investigate  whether  cell-specific  or  mycorrhizal  stage-specific

modulation of PtMYC2s and PtJAM1s activity contributes to the attenuation of JA-signaling

during mutualistic tree-microbe interactions (Plett et al., 2014a). The expression of PtMYC2s

and  PtJAM1s was unaltered during the development of ectomycorrhizae  in vitro (Felten et

al.,  2009;  Basso  et  al.,  unpublished).  However,  post-translational  modifications,  adapted

protein turnover rates or  enhanced interactions with repressors proteins like PtJAZ6 may

regulate DNA binding and activity of these transcription factors (Yan et al., 2007; Chung and

Howe, 2009; Chung et al., 2010; Moreno et al., 2013; Zhai et al., 2013). For example, our

data suggest that MiSSP7 induces preferential binding of PtJAZ6 to PtMYC2.1 rather than to

its  paralogous  protein  PtMYC2.2.  These  results  suggest  neo-functionalization  of  the  two

paralogues PtMYC2.1 and PtMYC2.2 in  poplar  roots and hint  at  differential  regulation of

distinct branches of JA-signaling upon ECM establishment, with preferential repression of the

PtMYC2.1-regulated  branch  (Figure  6B).  We previously  demonstrated  that  inoculation  of
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poplar roots with  L. bicolor  reduces the expression of some JA-marker genes (Plett et al.,

2014a) and dampens root sensitivity to exogenous JA (Basso et al., unpublished). On the

other  hand,  moderate  activation  of  JA-signaling  may  contribute  to  ectomycorrhizal

development (Basso et al., unpublished). Specific activation or dampening of JA-responsive

genes during ectomycorrhizae formation may rely on differential regulation of PtMYC2.1 and

PtMYC2.2  activity.  Identifying  genes  specifically  regulated  by  PtMYC2.1  or  PtMYC2.2  in

ectomycorrhizae will allow testing this hypothesis.

Based on the results of yeast two-hybrid assays, we also demonstrate that PtJAZ6 interacts

directly with one poplar TOPLESS-related protein through its EAR motif and with two NINJA

proteins through its TIFY domain (Figure 3C-D), similarly to the Arabidopsis AtJAZ6 (Causier

et al., 2012) and to four additional AtJAZ proteins (Shyu et al., 2012; Thireault et al., 2015;

Thatcher et al., 2016). In addition, PtJAZ6 interacts with itself and other PtJAZs proteins. The

strongest interactions occurred within the homodimer PtJAZ6-PtJAZ6 and the heterodimers

PtJAZ6-PtJAZ5,  PtJAZ6-PtJAZ10.2  and  PtJAZ6-PtJAZ12.  Contrasting  reports  have  been

published on the interactome of AtJAZ6, ranging from no dimerization (Chini et al., 2009) to

weak dimerization with AtJAZ5 and AtJAZ6, medium-strength dimerization with JAZ10.1 and

JAZ12  and  strong  dimerization  with  JAZ2  (Chini  et  al.,  2009;  Chung  and  Howe,  2009).

Interaction of MiSSP7 with PtJAZ6 antagonizes its homo- and heterodimerization. Whether

this  dynamics  has  a  stabilizing  effect  on  the  repressor  protein  PtJAZ6  remains  to  be

investigated,  since the  in vivo function of  JAZs dimerization is  unknown.  However,  since

protein dimerization is a common regulatory mechanism in signal transduction (Klemm et al.,

1998), we could speculate that different PtJAZ dimers might generate diverse JA-signalling

outputs. Alternatively, the formation of PtJAZ complexes with a specific range of stability may

modulate the amplitude and the duration of  JA-dependent  responses (Chung and Howe,

2009).

In a previous study, we showed that the L. bicolor symbiotic effector MiSSP7 prevents

PtJAZ6  degradation  in  presence  of  jasmonates  (Plett  et  al.,  2014a).  Here,  we  provide

evidence  that  this  mutualistic  effector  modifies  the  dynamics  of  PtJAZ6  protein-protein

interaction networks. More precisely, this effector upon interaction with PtJAZ6 may maintain

the  repression  over  PtMYC2.1-regulated  genes,  one  of  the  JA-dependent  transcriptional

modules of poplar roots. It remains to be understood how such changes are required for

successful root colonization by L. bicolor. Moreover, it remains to be demonstrated whether

this mechanism is conserved for other species of ectomycorrhizal fungi. 
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Figure 6. PtJAZ6 interactome in Populus ectomycorrhizal root tips.

(A) PtJAZ6 physically interacts with the transcription factors PtMYC2s and PtJAM1s, as well as with

PtTPR4.1. It also forms homodimers and heterodimers with PtJAZ5, PtJAZ10.2 and PtJAZ12. PtJAZ6

probably suppresses the transcriptional activity of PtMYC2s and PtJAM1s by recruiting the general

repressor PtTPR4.1 to the promoter of MYC2-responsive genes.

(B) The fungal symbiotic effector MiSSP7 interacts with PtJAZ6 (Plett et al, 2014a) inhibiting homo-

and heterodimerization of PtJAZ6.  Such inhibition may alter the stability of PtJAZ6. Also, MiSSP7

loosens the interaction between PtJAZ6 and PtMYC2.2, while strengthening the interaction between

PtJAZ6 and PtMYC2.1. MiSSP7-mediated enhancement of the PtJAZ6-PtMYC2.1 interaction probably

dampens the transcriptional activity of PtMYC2.1. On the other hand, the release of PtMYC2.2 from

PtJAZ6-mediated repression may activate gene expression dependent on this transcription factor.
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2.8. Supplemental material 

Supplemental Figure S1. PtJAZ6 does not auto-activate the three reporter genes used

in the yeast-two hybrid system. 

PtJAZ6 was fused to the DNA-binding domain (DBD) of GAL4-yeast transcription factor. LEU2 served

as transformation marker for vector. HIS3,  URA3 and LacZ (X-Gal) were used as reporter genes. 3-

Amino-1, 2, 4-triazole (3-AT) was used to suppress self-activation at the HIS3 gene. 
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Supplemental Figure S2. Features of Populus MYC2 and JAM1 proteins.

(A-B) Alignment  of  aminoacid  sequences of  Populus  and Arabidopsis  JAM1 (A)  and MYC2s (B)

proteins.  Alignments were performed using T-Coffee and Boxshade for  publication-quality  output.

DNA-binding domain and bHLH-MYC N-terminal domain are indicated in blue and red, respectively. 

(C) Autoactivation tests in yeast using PtMYC2.1, PtMYC2.2 or PtJAM1.1 fused to the DNA-binding

domain of GAL4-yeast transcription factor. LEU2 served as transformation marker for vector and HIS3

was used as reporter gene. 3-Amino-1, 2, 4-triazole (3-AT) was used to suppress self-activation at the

HIS3 gene.
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Supplemental  Figure  S3.  PtJAZ6  protein  contains  three  typical  domains  of  JAZ

proteins. 

The variable NT domain (blue) is required for interaction with several distinct signal transductions

factors such as DELLA protein or HDA6. The TIFY (ZIM) domain (red) in the middle is required for the

dimerization of JAZs. For most Arabidopisis JAZ proteins, it is also required to recruit TPL or TPRL

proteins indirectly through the EAR motif-containing in NINJA. The C-terminal Jas domain (green) is

highly conserved, contains the degron and is required for binding to COI1 and TFs. The aminoacid

sequences of PtJAZ6 and AtJAZ6 were aligned using T-Coffee and the alignment was formatted with

Boxshade.

EAR (Ethylene-responsive element binding factor-associated amphiphilic repression) is underlined. 
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Supplemental  Figure  S4.  R209  residue  of  PtJAZ6  is  required  for  its  coronatine-

dependent interaction with PtCOI1. 

PtJAZ6 was fused to GAL4 DNA-binding domain (DBD). PtJAZ proteins were fused with the GAL4-

activation domain (AD). Yeasts were transformed with MiSSP7 to give triple hybrids. TRP1, LEU2 and

URA3 served as transformation marker genes and HIS3 and -galactosidase LacZ (X-Gal) were used

as reporter genes.  3-Amino-1, 2, 4-triazole (3-AT) was used to suppress self-activation at the  HIS3

gene.
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Supplemental Figure S5. 

(A) MiSSP7 does not interact with either PtMYC2.1 or PtMYC2.2. PtMYC2.1 and PtMYC2.2 were

fused to GAL4-activation domain (AD) and MiSSP7 to GAL4-DNA binding domain (DBD). LEU2 and

TRP1 served as transformation markers. HIS3, URA3 and -galactosidase LacZ (XGal) were used as

reporter genes.

(B) MiSSP7 does not affect the weak interactions between PtJAZ6 and other PtJAZ proteins.

PtJAZ6 was fused to with the GAL4-activation domain (AD). Other PtJAZ proteins were fused to GAL4

DNA-binding domain (DBD). Yeasts were transformed with MiSSP7 to give triple hybrids. TRP1, LEU2

and URA3 served as transformation markers and HIS3 and -galactosidase LacZ (XGal) were used

as reporter genes.  3-Amino-1, 2, 4-triazole (3-AT) was used to suppress self-activation at the  HIS3

gene.
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Table S1. Expression level of poplar proteins involved in JA-signaling pathway in in

vitro grown poplar-L. bicolor ectomycorrhiza and in poplar root tips. 

Data  were  extracted  from  the  NCBI  Bioproject  PRJNA444231,  PRJNA444232,  PRJNA444233,

PRJNA443960,  PRJNA443961,  PRJNA443962,  PRJNA444765,  PRJNA444766,  PRJNA444185,

PRJNA444207,  PRJNA444208,  PRJNA444209.  ULR:  Uncolonized  Lateral  Roots.  CLR:  Colonized

Lateral Roots.
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Table S2. List of primers used in the study.
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Chapter  3:  The  JAZ6-associated  transcription  factor
MYC2.1 inhibits Hartig net development

1. Preface

Along the course of this PhD project we found that four  Populus trichocarpa  bHLH

transcription factors (TFs), PtMYC2.1, PtMYC2.2, PtJAM1.1 and PtJAM1.2, interact with the

jasmonate  (JA)  co-receptor  PtJAZ6.  Further,  we  demonstrated  that  the  effector  protein

LbMiSSP7  from  Laccaria  bicolor enhances  the  binding  of  PtJAZ6  to  PtMYC2.1,  while

negatively  affecting  the  interaction  between  PtJAZ6  and  PtMYC2.2.  Since  PtJAZ6  is  a

repressor of JA signaling, these dynamics suggest preferential repression of the branch of JA

signaling  regulated  by  PtMYC2.1  during  ectomycorrhizal  development  (Chapter  2).  We

consequently investigate whether distinct branches of JA signaling, specifically controlled by

one  PtMYC2 or  PtJAM1 TF,  play  different  roles  in  the development  of  ectomycorrhizae

(ECM) between roots of grey poplar (Populus tremula x alba) and hyphae of L. bicolor.

To this end, we genetically manipulated the expression of three  P. tremula x alba

bHLH-type  TFs:  PtaMYC2.1  (Potri.001G142200),  PtaMYC2.2  (Potri.003G092200),  and

PtaJAM1.1 (Potri.014G099700). In this chapter we show the phenotype of poplar transgenic

lines  overexpressing  PtaMYC2.1 and  PtaJAM1.1,  as  well  as  chimeric  plants  with  roots

silenced for PtaMYC2s or PtaJAM1s. We measured ectomycorrhizal colonization rate, Hartig

net  frequency and depth,  shoot  weight,  pigment  content,  and root  architecture.  We also

demonstrate, via RT-qPCR, that fungal inoculation affects the expression of  PtaMYC2.1  in

roots of both control and PtaMYC2.1-overexpressing poplar lines, and that similar trends are

visible for the expression of PtaMYC2.2 and PtaJAM1.1. These results suggest that multiple

regulatory mechanisms ensure the suppression of the PtaMYC2.1-dependent branch of JA

signaling, hinting at its crucial importance for apoplastic colonization of fungal hyphae. 

 Although this chapter is structured as a research article, the presented data is still

preliminary and some results need to be strengthened in order to be published.

171



Chapter 3: MYC2.1 inhibits Hartig net development 2. Article (in preparation)

2. Article (in preparation)

Title:  The  poplar  JAZ6-associated  transcription  factor
MYC2.1 inhibits Hartig net development in poplar-L. bicolor
ectomycorrhizae

Authors: Veronica Basso1, Francis Martin1,2, Claire Veneault-Fourrey1

Contact  information:  1Université  de  Lorraine,  INRA,  UMR  Interactions

Arbres/Microorganismes  (IAM),  Laboratoire  d’excellence  Recherches  Avancés  sur  la

Biologie de l’Arbre et les Ecosystèmes Forestiers (LabEx ARBRE), Centre INRA Grand-Est,

54280 Champenoux, France.
2Beijing Forestry University, 35 Qinghua E Rd, Haidian Qu, Beijing Shi, China, 100083.

2.1. Abstract 

Active suppression of plant responses to the phytohormone jasmonate (JA) is crucial

for successful host colonization by the mutualistic ectomycorrhizal fungus  Laccaria bicolor.

Indeed, the fungal effector MiSSP7, stabilizing the poplar co-receptor of JA signaling PtJAZ6,

is required for the development of ectomycorrhizae (ECM) between roots of  Populus spp.

and  L.  bicolor mycelium.  We  previously  found  that  PtJAZ6  interacts  with  PtMYC2  and

PtJAM1 transcription factors (TFs), respectively homologous to Arabidopsis activators and

repressors of JA signaling. Here, via altered expression of PtaMYC2s and PtaJAM1s through

genetic engineering of poplar roots, we investigated the role of JAZ6-associated TFs in the

development of ECM between roots of Populus tremula x alba and L. bicolor. We found that

PtaMYC2.1 and PtaJAM1.1 contribute to the regulation of Hartig net depth and frequency,

and that  the expression of  the correspondent genes is influenced by fungal  colonization.

These results confirm the pivotal importance of repressed JA signaling for the establishment

of mutualism and hint at the existence of multiple regulatory mechanism for the suppression

of the PtaMYC2.1-dependent branch of JA signaling during ECM formation.

2.2. Introduction

The phytohormone jasmonate (JA) is a pivotal signal driving plant defenses against

herbivores and necrotrophic pathogens, as well  as a regulator of physiological processes

such  as  pollen  maturation,  primary  root  growth  inhibition,  and  trichome  development

(Glazebrook, 2005; Wasternack & Hause, 2013). In Arabidopsis the main bioactive form of
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JA, JA-Ile, is bound by a co-receptor complex formed by the F-box protein CORONATIN

INSENSITIVE1 (COI1) and JAZ proteins (Chini et al., 2007; Thines et al., 2007; Yan et al.,

2007).  Since  COI1 is  part  of  the  E3 ubiquitin  ligase  complex  SCFCOI1,  JAZ proteins  are

degraded through 26S proteasome upon JA perception, releasing the repression over JAZ-

interacting TFs and allowing the initiation of responses to JA (Melotto et al., 2008; Katsir et

al., 2008). The variety of responses to JA thus depends on a wide array of TFs transducing

JA-dependent signals (Chini et al., 2016; Howe et al., 2018). In Arabidopsis the bHLH family

TFs MYC2-4 play partially redundant roles in the regulation of root growth, biosynthesis of

secondary metabolites, defense against herbivores, and leaf senescence (Fernandez-Calvo

et al., 2011; Schweizer et al., 2013; Chico et al., 2014; Qi et al., 2015; Major et al., 2017). In

particular,  MYC2,  binding  to G-boxes of  its  target  promoters,  orchestrates  a hierarchical

transcriptional  cascade  regulating  responses  to  wounding  and  necrotrophic  pathogens

(Kazan & Manners, 2013; Dombrecht et al., 2007; Du et al., 2017). On the other hand, the

bHLH  subgroup  IIId  TFs  bHLH17/JASMONATE  ASSOCIATED  MYC2-LIKE1(JAM1),

bHLH13/JAM2,  bHLH3/JAM3  and  bHLH14  are  transcriptional  repressors  implied  in  the

termination of JA signaling (Song et al., 2013; Nakata et al., 2013; Sasaki-Sekimoto et al.,

2013; Fonseca et al., 2014; Liu et al., 2019). JAM-like TFs are expressed in a COI1- and

MYC2-dependent manner and antagonize transcriptional activators by competitively binding

G-boxes in the promoters of target  genes (Sasaki-Sekimoto et al.,  2013;  Fonseca et al.,

2014; Song et al., 2013; Nakata et al., 2013; Qi et al., 2015b). Interestingly, the activity of

both MYC- and JAM-like TFs can be suppressed by JAZ proteins (Chini et al., 2007; Thines

et  al.,  2007;  Yan et  al.,  2007;  Song et  al.,  2013).  Therefore,  the output  of  activated JA

signaling depends on the repertoire of TFs expressed in determined conditions.

The modulation of JA signaling is often connected to the success of plant-microbe

pathogenic  or  mutualistic  interactions  (Gimenez-Ibanez  et  al.,  2016;  Zhang  et  al.,  2017;

Basso & Veneault-Fourrey, 2019).  Indeed, the antagonism between JA and salicylic  acid

(SA) signaling is central in the regulation of plant responses to microbes with different trophic

strategies  (Glazebrook,  2005).  The  signaling  components  of  JA  and  SA  transduction

pathways  interact  at  multiple  levels  ensuring  mutually  exclusive  activation  of  targeted

defenses (Pieterse et al.,  2009; 2012). Consequently,  many plant  pathogens evolved the

ability to exploit the SA-JA antagonism to ensure their own growth in planta, either through

the production of phytohormones and phytohormone-mimics or upon secretion of specialized

small secreted proteins, termed effectors, targeting plant signaling components (Gimenez-

Ibanez  et  al.,  2016;  Zhang  et  al.,  2017).  Sustained  activation  of  JA  signaling  is  also

detrimental  for  the  establishment  of  several  mutualistic  interactions  between  plants  and

microbes, possibly because of an untimely activation of plant defenses (Basso & Veneault-

Fourrey, 2019). 

173



Chapter 3: MYC2.1 inhibits Hartig net development 2. Article (in preparation)

To  suppress  JA  signaling  in  Populus roots,  the  ectomycorrhizal  fungus  Laccaria

bicolor secretes the mutualistic effector Mycorrhiza-induced Small Secreted Protein of 7 kDa

(MiSSP7), which stabilizes the poplar PtJAZ6 protein (Plett et al., 2011; 2014a). This ensures

the growth of  fungal  hyphae in the root  apoplast  to form the Hartig  net,  the structure of

nutrient  exchange  between  the  symbiotic  partners.  However,  transcriptomic  analysis  of

MeJA-treated  L. bicolor-Populus tremula x alba co-cultures revealed that a subset of JA-

responsive genes is regulated during the establishment of ectomycorrhizae (ECM; Basso et

al.,  submitted).  Therefore,  it  is  possible  that  different  branches  of  JA  signaling  play

contrasting  roles  in  ECM development.  In  addition,  we showed in  a  previous study that

PtJAZ6  interacts  with  two  poplar  paralogs  of  MYC2,  which  we  named  PtMYC2.1

(Potri.001G142200) and PtMYC2.2 (Potri.003G092200), as well as with two poplar paralogs

of JAM1, that we named PtJAM1.1 (Potri.014G099700) and PtJAM1.2 (Potri.002G172100).

We  also  demonstrated  that  MiSSP7  enhances  the  interaction  between  PtJAZ6  and

PtMYC2.1, while negatively affecting the interaction between PtJAZ6 and PtMYC2.2. Since

PtJAZ6  is  a  repressor  of  JA  signaling,  these  findings  allow  to  speculate  that  L.  bicolor

induces  PtMYC2.2-dependent  gene  expression  in  poplar  roots,  while  suppressing

PtMYC2.1-mediated responses. We advanced the hypothesis that PtMYC2.1 and PtMYC2.2

control different branches of JA signaling, with putative different target genes (Daguerre et

al., submitted). 

To test this hypothesis and further investigate whether poplar MYC2 or JAM1 TFs

play  different  roles  in  the  establishment  of  mutualism  with  L.  bicolor,  we  genetically

engineered the expression level of genes coding for these TFs in the easily transformable P.

tremula  x  alba INRA 717-1B4 clone.  We created poplar  transgenic  lines  overexpressing

PtaMYC2.1,  PtaMYC2.2,  and  PtaJAM1.1  via  Rhizobium-mediated  transformation.  In

addition, we generated chimeric plants with roots silenced for the two PtaMYC2 or the two

PtaJAM1 genes via double-stranded RNA-interference (dsRNAi). In this chapter we analyze

the  phenotypes  of  L.  bicolor-colonized  and  uncolonized  poplar  transgenic  lines

overexpressing PtaMYC2.1 and PtaJAM1.1, as well as chimeric plants silencing PtaMYC2s

or PtaJAM1s in their root system. Here we show the impact of such genetic manipulation on

mycorrhizal  colonization rate, ECM development,  shoot weight  and pigment content,  root

architecture, and expression of JAZ6-associated TFs.
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2.3. Results

Generation of poplar transgenic lines and chimeric plants overexpressing or silencing

PtaMYC2s or PtaJAM1s

We isolated the P. tremula x alba full-length coding sequence (CDS) of PtaMYC2.1,

PtaMYC2.2 and PtaJAM1.1 via PCR on a cDNA library obtained from poplar-L. bicolor ECM.

However, we failed to isolate PtaJAM1.2, possibly because of an erroneous assembly of the

gene model in the genome of P. trichocarpa v.3.0 and, consequently, an erroneous design of

cloning  primers.  Indeed,  the  gene  model  of  PtJAM1.2  differs  significantly  between  the

versions 3.0 and 3.1 of the P. trichocarpa genome with the 56 bases at the 3’ terminus of the

CDS displaying only ~45% sequence identity between the two gene models (Supplemental

Figure 1), suggesting that PtJAM1.2 is highly polymorphic in its 3’ terminus or that the gene

model is imprecise in one of the two genome assemblies. We cloned the CDS of the three

genes under the control of the Cauliflower Mosaic Virus 35S promoter onto a binary vector

for plant transformation. We generated poplar transgenic lines overexpressing  PtaMYC2.1,

PtaMYC2.2, and  PtaJAM1.1  (named MYC2.1, MYC2.2, and JAM1.1 OE lines), as well as

control transgenic lines overexpressing a fragment of the GUS gene (named GUS lines). Our

method is based on  Rhizobium rhizogenes  (formerly  Agrobacterium rhizogenes)-mediated

transformation of poplar leaves, selection of transformed roots and shoot regeneration via

exposure to the cytokinin (CK) thidiazuron (TDZ) (Cope et al., 2019). In addition, we isolated

~300 bp-long CDS fragments of  PtaMYC2 and of  PtaJAM1,  conserved between the two

paralogs,  and cloned them into a vector for  double-stranded RNA-interference (dsRNAi)-

mediated gene silencing. We attempted to generate dsRNAi-silenced lines for PtaMYC2 and

PtaJAM1 (named MYC2 and JAM1 dsRNAi lines), as well as control lines transformed with

the empty vector (named pRedRoot lines). In addition to the genes or gene fragments of

interest under the control of the 35S promoter, transgenic roots constitutively expressed a

red fluorescent protein. Thus transformed roots and regenerated shoots could be selected

via emission of red fluorescence when excited by a laser at 561 nm (Supplemental Figure

2A). 

We selected three GUS lines, three MYC2.1 OE lines, one MYC2.2 OE line, and one

JAM1.1  OE  line  based  on  the  level  of  expression  of  PtaMYC2.1,  PtaMYC2.2,  and

PtaJAM1.1 in shoots (Supplemental Figure 2C). However, we were incapable of recovering

MYC2  and  JAM1  dsRNAi  transgenic  poplar  lines,  since  the  transformed  roots  never

generated shoots. GUS and pRedRoot transgenic lines were phenotypically similar to each

other and L. bicolor colonized their roots to the same extent as wild-type roots (Supplemental

Figure  2B).  However,  MYC2.1 and  MYC2.2 OE plants  displayed  ectopic  root  growth  at

several internodes. The MYC2.2 OE line 2 also showed enhanced shoot branching, resulting
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in a bush-like vegetative growth. On the other hand, transgenic roots silenced for PtaMYC2

and PtaJAM1, as well as overexpressing  PtaJAM1.1, hardly produced any shoots, even in

presence  of  TDZ  (Supplemental  Figure  2D).  The  sole  poplar  JAM1.1  OE  line  able  to

regenerate shoots expressed PtaJAM1.1 only ~22 times more than GUS lines (Supplemental

Figure 2C). These results suggest that JAM1.1 OE roots could produce shoots only when

expressing PtaJAM1.1 within a limited fold-change with respect to control.

To  compensate  for  the  lack  of  MYC2  and  JAM1  dsRNAi  lines,  we  produced

composite  plants  with  roots  silenced  for  PtaMYC2s and  PtaJAM1s  via  Rhizobium

rhizogenes-mediated transformation. Through this approach we obtained 10 to 16 chimeric

plants  per  construct  composed of  a wild-type shoot  and transformed roots.  Transformed

roots were selected according to the expression of  the  p35S::dsRED fluorescent marker,

under an epifluorescence microscope. 

In the following paragraphs we will present the results relative to one GUS line, one

MYC2.1 OE line, one JAM1.1 OE line, and chimeric silenced plants. For lack of time, we did

not test any MYC2.2 OE lines.

 

The overexpression of PtaMYC2.1 and PtaJAM1.1 impacts ectomycorrhizal 

development

To  investigate  the  role  of  PtaMYC2.1  and  PtaJAM1.1  in  ECM  development,  we

assessed  the  mycorrhization  phenotype  of  the  poplar  lines  GUS 6,  MYC2.1  OE 2  and

JAM1.1 OE 3 grown in contact with L. bicolor mycelium under axenic conditions. After two

weeks of co-culture, the rate of mycorrhizal colonization was quantified and mature ECM

were  harvested  for  microscopic  analysis.  We  found  that  the  frequency  of  mycorrhizal

colonization was higher in the OE lines with respect to the control line (Figure 1A). However,

whereas  the  overexpression  of  PtaJAM1.1  resulted  in  a  higher  frequency  of  Hartig  net

penetration  through  the root  apoplastic  space,  and  in  a  tendency  towards  an  increased

Hartig net depth (Figure 1A-B), the overexpression of  PtaMYC2.1 induced a decrease in

mantle thickness, a diminished frequency of Hartig net penetration, and a tendency towards

a diminished Hartig net depth (Figure 1A-B). These phenotypes were independent from the

root diameter, the average number of apoplastic spaces in the colonized cell layer, and the

frequency of Hartig net initiation, which did not differ among lines (Supplemental Figure 3). 

In conclusion, the overexpression of the transcriptional activator PtaMYC2.1 impaired

normal  ECM  development,  while  the  overexpression  of  the  transcriptional  repressor

PtaJAM1.1 enhanced intercellular fungal colonization.
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Figure  1.  The  overexpression  of  PtaMYC2.1  and  PtaJAM1.1  in  poplar  roots  alters

Hartig net development during L. bicolor colonization. 

A. Boxplots showing the distribution of colonization rate, mantle thickness, Hartig net depth and Hartig

net frequency of colonized transgenic lines overexpressing a fragment of the GUS gene (GUS line 6)

or the poplar genes PtaMYC2.1 (MYC2.1 OE line 2) and PtaJAM1.1 (JAM1.1 OE line 3). Whiskers

represent the limits of the 1.5 interquartile range. Letters indicate significant differences based on the

results of Kruskal-Wallis one-way analysis of variance and post-hoc Fischer’s LSD test with Bonferroni

correction (p < 0.05). B. Confocal microscopy images of representative sections of ECM harvested

from colonized GUS 6, MYC2.1 OE 2, and JAM1.1 OE 3 lines. Scale bar: 50 μm.
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The overexpression of PtaMYC2.1 and PtaJAM1.1 affects root architecture

To determine the possible impact of MYC2.1 or JAM1.1 overexpression on poplar

development, we measured phenotypic traits, such as shoot weight, pigment content, and

root architecture of the transgenic lines (GUS 6, MYC2.1 OE 2 and JAM1.1 OE 3) colonized

or not with L. bicolor hyphae (Supplemental Figure 4). Overexpressing lines were similar to

control  lines  in  terms  of  shoot  weight,  anthocyanin  and  chlorophyll  contents  in  both

mycorrhizal and non-mycorrhizal conditions (Supplemental Figure 4A). However, we found

that uncolonized MYC2.1 OE 2 cuttings displayed more adventitious roots and a tendency

towards reduced lateral  root  density  with respect  to control  GUS 6 plants (Supplemental

Figure 4B). On the other hand, uncolonized JAM1.1 OE 3 cuttings displayed a tendency

towards higher lateral root density with respect to the control. In mycorrhizal conditions all

lines were almost identical, with the exception of a higher secondary lateral root density and

a lower adventitious root length of JAM1.1 OE 3 cuttings.

Overall, these results suggest that the overexpression of PtaMYC2.1 and PtaJAM1.1

differentially affects root architecture.

L. bicolor colonization represses PtaMYC2.1, PtaMYC2.2 and PtaJAM1.1 expression in 

transgenic poplar roots

As  controls  for  our  experiment,  we  monitored  the  expression  of  PtaMYC2.1,

PtaMYC2.2, and PtaJAM1.1 in roots of transgenic GUS 6, MYC2.1 OE 2 and JAM1.1 OE 3

lines, normalized by the expression of the housekeeping gene Ubiquitin (Figure 2). We found

that roots of uncolonized MYC2.1 OE 2 plants expressed PtaMYC2.1 ~11 times more with

respect  to  roots  of  the  GUS  6  line.  Interestingly,  the  expression  of  PtaMYC2.1  was

significantly reduced (two-sided Welch t-test, p< 0.05) in colonized roots of both GUS 6 (7-

fold)  and  MYC2.1  OE 2  (6.6-fold)  plants  with  respect  to  their  uncolonized  counterparts,

eliminating  the difference between the two lines.  A  similar  pattern  was  detected  for  the

expression of  PtaJAM1.1  in GUS 6 and JAM1.1 OE 3 colonized and non-colonized lines,

even though the high variance among replicates  of  JAM1.1 OE 3 roots did not  allow to

highlight significant differences between the control and OE line. Finally, a non-statistically

significant  tendency towards diminished  PtaMYC2.2 expression was detected in  roots of

GUS 6 control plants (Figure 2A). These results were unexpected, since a previous study,

employing  a  high-throughput  analysis  of  wild-type  P.  tremula  x  alba-L.  bicolor

metatranscriptome, did not  reveal  any significant  transcriptional  regulation of  PtaMYC2.1,

PtaMYC2.2, and PtaJAM1.1 during ECM development (Basso et al., submitted). 

To exclude that  results may be due to cross-amplification of  L. bicolor transcripts

within the composite ectomycorrhizal tissue, we verified whether the primers employed for

detection of the target transcripts, as well as Ubiquitin, amplified fragments using a L. bicolor
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free-living mycelium (FLM) cDNA library as template. We found that in some cases FLM

samples produced amplicons; however, such amplification was inconsistent across technical

and biological replicates, and occurred, if ever, after 30 or more PCR cycles. In other cases,

the melting curves from FLM samples coincided with those of negative controls without any

cDNA,  suggesting  the formation of  primer  dimers in  absence  of  template  (Supplemental

Figure  5A).  Altogether,  these  results  indicate  that  the  employed  primers  are  unlikely  to

amplify  off-target  sequences  in  presence of  the  correct  template.  Thus,  the  presence of

fungal mycelium in ECM is unlikely to impair the detection of poplar target transcripts with the

employed primers.  We also  assessed that  colonized  transgenic  roots still  expressed the

fluorescent marker RFP, thereby excluding the possibility that these cuttings had lost the

transgenic construct (Supplemental Figure 5B). Finally, quality control of the extracted RNAs

ensured  that  colonized  and  uncolonized  roots  displayed  similar  levels  of  RNA  integrity

(Supplemental Figure 5C). 

To assess whether the observed results are genotype-specific, or dependent on the

sampling strategy, we checked the relative expression level of PtaMYC2.1, PtaMYC2.2 and

PtaJAM1.1 in  colonized  and uncolonized (i)  wild-type poplar  lateral  roots,  (ii)  whole  root

systems of poplar GUS 6 transgenic lines, and (iii) lateral roots of GUS 2 transgenic lines

(Figure  2B).  We found that  in  uncolonized  conditions  the expression  of  PtaMYC2.1 and

PtaMYC2.2 tended to be higher in GUS 2 lateral roots than in wild-type lateral roots, while

high variability  between biological  replicates  impeded to detect  differences in  PtaJAM1.1

expression.  Also,  mycorrhizal  colonization  significantly  suppressed  the  expression  of

PtaMYC2.2 and  PtaJAM1.1 only in GUS 2 lateral roots, but a tendency towards the same

trend was visible for GUS 6 whole root systems. The expression of PtaMYC2.1 tended to be

lower in colonized conditions, especially in the GUS lines, but high variability impeded to

detect significant differences.

Altogether, these results suggest that slight suppression of  PtaMYC2.1,  PtaMYC2.2

and PtaJAM1.1 expression occurs in poplar transgenic lines upon mycorrhizal colonization,

especially when only lateral roots have been sampled.
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Figure  2.  L.  bicolor  colonization  represses  PtaMYC2.1,  PtaMYC2.2,  and PtaJAM1.1

expression in transgenic roots.

A. Bar plots representing differences between whole root systems of GUS 6, MYC2.1 OE 2,  and

JAM1.1  OE  3  transgenic  lines,  in  colonized  and  uncolonized  conditions,  in  terms  of  relative

PtaMYC2.1,  PtaMYC2.2,  and  PtJAM1.1 expression,  as  detected  by  RT-qPCR.  B.  Bar  plots

representing differences between lateral roots of wild-type poplar cuttings, whole root systems of GUS

6  transgenic  lines,  and  lateral  roots  of  GUS  2  transgenic  lines,  in  colonized  and  uncolonized

conditions, in terms of relative PtaMYC2.1, PtaMYC2.2, and PtJAM1.1 expression, as detected by RT-

qPCR. Gene expression was normalized by the expression level of the housekeeping gene Ubiquitin.

The error bars represent the standard deviation of three (A) or two (B) biological replicates. White

boxes indicate uncolonized poplar roots, while black boxes indicate colonized poplar roots. Asterisks

indicate significant differences between samples, as shown by two-sided Welch t-test. ** = p < 0.01; *

= p < 0.05; N.S. = non-significant. WT = wild type. LRs = lateral roots. RS = root system.
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Silencing of PtaMYC2s or PtaJAM1s affects ectomycorrhizal development

To  assess  whether  silencing  of  the  genes  of  interest  affected  ectomycorrhizal

development, we inoculated 10 to 16 chimeric plants silenced for PtaMYC2s and PtaJAM1s

in their root system or transformed with an empty vector (pRedRoot) with mycelium of  L.

bicolor. After two weeks of co-culture, we estimated the mycorrhizal colonization rate and

collected mature ECM for microscopic inspection (Figure 3). We found that the silencing of

neither PtaMYC2s nor PtaJAM1s did affect mycorrhizal colonization, nor the total number of

lateral roots (Figure 3A). The observation of 6-7 ECM from a preliminary experiment allowed

to detect an increased thickness of fungal mantle in MYC2 dsRNAi mycorrhizae (Figure 3A).

However, the absence of Hartig net development in our empty vector control indicates that

the experimental setup was non optimal and prevents meaningful interpretation of results

(Figure 3B). 

These  preliminary  results  suggest  that  suppressed  expression  of  these  PtJAZ6-

associated  TFs  does  not  affect  fungal  colonization,  but  might  impact  mantle  thickness.

Further experiments are required to confirm these results.
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Figure  3.  Silencing  of  PtaMYC2s  or  PtaJAM1s  does  not  affect  the  mycorrhizal

colonization rate.

A. Boxplots showing the distribution of colonization rate, total number of roots, mantle thickness, and

root  diameter  of  colonized  roots  transformed  with  an  empty  vector  (pRedRoot)  or  silenced  for

PtaMYC2s (MYC2 dsRNAi) or  PtaJAM1s (JAM1 dsRNAi). Whiskers represent the limits of the 1.5

interquartile range. Letters indicate significant differences based on the results of Kruskal-Wallis one-

way analysis of variance and post-hoc Fischer’s LSD test with Bonferroni correction (p < 0.05). N.S. =

non-significant. B. Confocal microscopy images of representative sections of ECM harvested from

colonized pRedRoot and MYC2 dsRNAi roots. Scale bar: 50 μm.

2.4. Discussion

PtaMYC2 and PtaJAM1 transcription factors are essential for shoot development in 

transgenic poplar lines

We  attempted  to  generate  poplar  transgenic  lines  silenced  for  PtaMYC2s or

PtaJAM1s,  but failed to recover shoots from the transformed roots,  even after  prolonged

treatment with TDZ (Supplemental Figure 2D). A similar effect was observed for most of the

JAM1.1 OE lines, with the exception of JAM1.1 OE 3, which expressed the transgene only

~22 times more than the average expression in control GUS lines (Supplemental Figure 2C).

These  results  suggest  that  both  significant  activation  and  suppression  of  JA  signaling

negatively impact shoot growth of poplar transgenic lines. 

Shoot  growth  inhibition  upon  silencing  of  PtaJAM1s,  encoding  transcriptional

repressors of JA signaling, may be attributed to the deleterious effects of constitutively active

JA signaling. Indeed, in Arabidopsis active JA signaling promotes defense and suppresses

growth  via  its  negative  crosstalk  with  GA  signaling  (Guo  et  al.,  2018a  and  references

therein). For instance, a decuple jaz mutant, displaying constitutive JA responses, presents a

severe  dwarf  phenotype  (Guo  et  al.,  2018b).  Besides,  several  reports  highlighted  the

presence of  a negative crosstalk  between JA and CK signaling  in Arabidopsis,  acting in

xylem development, adaptation to circadian stress, and activation of plant defenses (Jang et

al., 2017; Nitschke et al., 2016; Naseem et al., 2013). In particular, MeJA treatment inhibited

CK-induced callus growth in soybean (Ueda & Kato, 1982). Therefore, constitutively active

JA signaling in poplar transgenic roots may have hampered the perception of the supplied

CK TDZ and, consequently,  shoot  development.  Since in Arabidopsis  MYC2 induces the

expression of the transcriptional repressors JAZ, JAM1-3, and bHLH14, thereby limiting the

duration  and  the  amplitude  of  JA-dependent  responses  (Sasaki-Sekimoto  et  al.,  2013;

Fonseca et al., 2014; Song et al., 2013; Nakata et al., 2013; Qi et al., 2015b), we propose

that shoot regeneration by MYC2.1 and MYC2.2 OE poplar lines reflects the presence of
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regulatory feedback loops that impeded constitutive expression of MYC2-dependent genes.

It remains to be demonstrated if such feedback mechanism also occurs in poplar. 

Shoot  growth  inhibition  by  PtaJAM1.1 overexpression  or  PtaMYC2s silencing

indicates  that  constitutive  suppression  of  the  MYC2-branch  of  JA  signaling  may  be

deleterious for aerial development of transgenic poplars. This could be linked to the fact that

MYC2-dependent  JA  signaling  promotes  secondary  growth  in  Arabidopsis  (Sehr  et  al.,

2010). Also, a moderate concentration of exogenous MeJA (0.1 μM) was shown to promote

the elongation of 4-days-old wheat seedlings through increased CK accumulation (Avalbaev

et al., 2016). Therefore, moderate activation of JA signaling may be essential to poplar shoot

development.

In conclusion,  the complex  interplay  between JA,  GA and CK signaling  in  poplar

might  have  determined  our  difficulty  to  recover  shoots  for  PtaJAM1.1  OE,  PtaMYC2s

dsRNAi, and PtaJAM1s dsRNAi transgenic lines. Such JA-GA-CK crosstalk in poplar aerial

development deserves further attention.

PtaJAM1.1 promotes Hartig net development, while PtaMYC2.1 inhibits it

The inoculation of JAM1.1 OE poplar plants with mycelium of L. bicolor resulted in an

increased Hartig net depth and frequency with respect to the control GUS line. Conversely,

mycorrhizae formed with roots of MYC2.1 OE poplar plants displayed thinner mantles and

less deep Hartig nets (Figure 1). These results confirm previous reports indicating that the

activation of JA signaling is deleterious for poplar-L. bicolor ECM development, while the

suppression of JA-dependent gene expression promotes Hartig net formation. Indeed, the L.

bicolor effector MiSSP7, a repressor of JA responses via the stabilization of the poplar JA co-

receptor PtJAZ6, is required for normal Hartig net depth (Plett et al., 2011; 2014a), while

exogenous JA treatment or suppressed expression of PtJAZ6 in poplar roots inhibits fungal

apoplastic  penetration  (Plett  et  al.,  2014a,b;  Basso  et  al.,  submitted).  Nonetheless,  we

demonstrate here that the two PtJAZ6-interacting TFs MYC2.1 and JAM1.1 are responsible

of this effect. Since ECM from MYC2.1 OE roots still displayed ~17% Hartig net frequency, it

is possible that additional TFs or signals independent from JA contribute to the regulation of

fungal root colonization. For lack of time, we could not test whether the overexpression of

PtaMYC2.2  affects  ECM  development,  but  it  will  be  interesting  to  know  if  these  two

paralogous TFs act redundantly in the regulation of Hartig net formation. 

Future  research  should  also  focus  on  the  transcriptional  effect  of  PtaMYC2 and

PtaJAM1 overexpression.  Considering  our  recent  report  that  a  number  of  JA-responsive

genes  putatively  coding  for  pectin  lyases,  pectinesterases,  xyloglucan

endotransglucosylases,  expansins,  and  glycosyl  hydrolases  are  regulated  in  developing

ECM (Basso et al., submitted), we expect that some of the genes regulated by these TFs are
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implied in cell wall remodeling. Since MYC2, together with MYC4, promotes secondary cell

wall thickening of Arabidopsis stems via the activation of a transcriptional cascade enhancing

the biosynthesis of cellulose, lignin, and non-cellulosic polysaccharides (Zhang et al., 2018),

it is possible that PtaMYC2s affect fungal penetration of the poplar root apoplast through an

increased cell wall stiffening. 

Despite  their  effects  on  Hartig  net  development,  PtaMYC2.1 and  PtaJAM1.1

overexpression did not affect the mycorrhizal colonization rate (Figure 1). The slightly higher

rate of the MYC2.1 OE and JAM1.1 OE lines with respect to the control GUS line can be

attributed to a suboptimal colonization of the control line, which does not reach the ~40%

colonization rate typical of normal experiments (Plett et al., 2015; Basso et al., submitted).

Also  poplar  roots  silenced  for  PtaMYC2s and  PtaJAM1s did  not  show  a  colonization

phenotype  (Figure  3).  However,  exogenous  JA  treatment  also  impaired  the  fungal

colonization rate (Basso et al., submitted). Therefore, additional JA-dependent mechanisms

must regulate the extent of mycorrhizal colonization,  in terms of percentage of  colonized

lateral  roots.  In  alternative,  the level  of  overexpression of  these JA-related TFs was not

sufficient to reproduce all the phenotypes observed upon 50 μM exogenous JA application.

PtaMYC2.1 and PtaJAM1.1 have opposite effects on lateral root development

We  found  that  in  uncolonized  conditions,  MYC2.1  OE poplar  plants  displayed  a

tendency towards reduced lateral root density, while JAM1.1 OE cuttings tended to show an

increased lateral  root density (Supplemental  Figure 4B).  These observations confirm that

activated JA signaling is deleterious for lateral root development in poplar cuttings (Basso et

al., submitted). 

In  Arabidopsis  low concentrations of  JA (5 μM) induce lateral  root  formation in  a

COI1-dependent manner by influencing auxin biosynthesis and transport (Sun et al., 2009;

2011), while strong concentrations (50 μM) inhibit auxin-induced lateral rooting in a COI1-

independent  fashion  (Ishimaru  et  al.,  2018).  The  fact  that  L.  bicolor produces  elevated

amounts of auxin, which promote lateral root development in the host (Felten et al., 2009),

might explain why the lateral root development of GUS and MYC2.1 OE poplar transgenic

lines does not differ upon fungal colonization. Indeed, fungus-induced auxin signaling might

have overridden the effect of enhanced JA signaling in lateral root development of colonized

poplar roots. 

Interestingly,  though,  colonized  JAM1.1 OE plants  displayed  increased  secondary

lateral root density with respect to colonized GUS plants. This suggests that the combinatory

effect of fungal signals and suppressed JA signaling may enhance lateral root development.

Transcriptomic  analysis  will  be  required  to  confirm  these  hypotheses.  In  any  case,

differences in lateral root development between poplar  transgenic lines did not determine
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differences in the mycorrhizal colonization rate, indicating that the number of available lateral

roots is not a limiting factor for colonization by L. bicolor.

The suppression of MYC2.1 activity in colonized poplar roots may rely on both 

MiSSP7 and yet unknown sRNAs

Routine  controls  for  our  experimental  setup  revealed  a  surprising  result:  the

expression of PtaMYC2.1 was significantly repressed in colonized poplar roots with respect

to their uncolonized counterparts, in both GUS and MYC2.1 OE lines. Similar trends, albeit

often  non-significant,  were  observed  for  the  expression  of  PtaMYC2.2  and PtaJAM1.1

(Figure 2A). These results were unexpected, since a previous transcriptomic analysis did not

reveal any significant regulation of PtaMYC2.1, PtaMYC2.2 or PtaJAM1.1 expression in wild-

type poplar roots during ECM development (Basso et al., submitted). However, we excluded

that the observed results were due to a bias in the specificity of the RT-qPCR primers, in the

quality of the cDNA templates, or in the integration of the transgenic construct (Supplemental

Figure 5). We found that uncolonized lateral roots of transgenic lines tended to accumulate

more  PtaMYC2.1  and  PtaMYC2.2  transcripts with respect to wild-type uncolonized poplar

lateral  roots.  Also,  the  downregulation  of  PtaMYC2.1,  PtaMYC2.2,  and  PtaJAM1.1 in

colonized  conditions  was  more pronounced  in  transgenic  than  in  wild-type poplar  roots,

especially in the case when only lateral roots were sampled for RNA extraction (Figure 2B).

To explain these observations, we propose that genetic manipulation rendered poplar roots

more sensitive to JA, and that the initiation of a response to wounding upon sampling of

lateral roots led to increased expression of JA-responsive genes, such as  PtaMYC2.1  and

PtaMYC2.2, in uncolonized conditions. On the other hand, we recently found that L. bicolor

inoculation  suppresses  the  sensitivity  to  JA  of  poplar  roots  (Basso  et  al.,  submitted).

Therefore,  ECM-dependent  suppression  of  JA  sensitivity  in  colonized  roots  might  have

determined the downregulation of PtaMYC2.1, PtaMYC2.2, and PtaJAM1.1 in the more JA-

sensitive transgenic wounded roots. This hypothesis implies that L. bicolor inoculation does

not suppress the expression of JA-responsive genes constitutively, but only in case these

genes  are  induced  by  additional  environmental  stimuli.  Further  experimental  evidence  is

needed to establish whether poplar transgenic lines are more sensitive to wounding and JA

signaling.

The suppressed expression of  PtaMYC2.1 in colonized poplar roots even when this

gene is under the control of a constitutive promoter suggests that such repression occurs via

an  RNAi  mechanism.  Non-coding  small  RNAs  (sRNAs)  and  the  RNAi  machinery  have

emerged as an important mechanism to regulate gene expression in plants, used to hamper

the expression of viral infecting RNA, as well as for swift regulation of plant immunity and

development (Huang et al., 2019; Song et al., 2019; Katiyar-Agarwal & Jin, 2010; Mallory &
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Vaucheret,  2006;  Baulcombe,  2004).  Microbes also possess RNAi  machineries  that  they

exploit for the regulation of their own development and infection potential, but in recent years

it was discovered that cross-kingdom RNA transfer between plants and microbes can occur.

(Weiberg et al., 2013; Cai et al., 2018; Ren et al., 2019). To our knowledge, symbiotic RNA

transfer between plants and mycorrhizal fungi has not yet been demonstrated, even though

the exchange of extracellular vesicles between arbuscular mycorrhizal fungi and rice seems

important  for  the  maintenance  of  symbiosis  (Roth  et  al.,  2019).  In  the  case  of  the

downregulation of  PtaMYC2.1 during the poplar-L. bicolor interaction, we do not know yet

whether the putative sRNA used for RNAi derives from the plant or has been transferred by

the fungus. However, it will be interesting to assess if cross-kingdom RNA transfer occurs

also in the establishment of this mutualistic interaction. 

In  any  case,  this  finding  demonstrates  the  crucial  importance  of  suppressed

PtaMYC2.1-dependent gene expression for Hartig net development. In a previous study, we

found that  the fungal  effector  MiSSP7 enhances the strength of  interaction between the

transcriptional  repressor  PtJAZ6  and  PtMYC2.1  (Daguerre  et  al.,  submitted).  PtJAZ6,

therefore,  might  affect  PtMYC2.1  transcriptional  activity  in  mycorrhizal  poplar  roots.

Altogether, these results suggest that  L. bicolor exploits both transcriptional regulation and

post-translational mechanisms to suppress the activity of PtMYC2.1. The fact that MYC2.1

OE ECM still displayed a Hartig net phenotype indicates that leaky suppression of the activity

of this TF is sufficient to counteract apoplastic penetration of fungal hyphae. It  will  be of

extreme interest to assess which PtaMYC2.1-activated genes are specifically downregulated

during  symbiotic  development  to  understand  why  a  mutualistic  fungus  requires  multiple

mechanisms to impede their expression. It will be also crucial to assess, through the use of

additional  poplar  transgenic  lines,  if  similar  suppression  mechanisms  are  employed  for

PtaMYC2.2 and PtaJAM1.1.

Conclusion

In  this  study we assessed  the role  of  the  JA-responsive,  PtJAZ6-associated  TFs

PtaMCY2.1 and PtaJAM1.1 in the development of ECM between poplar roots and L. bicolor.

We found that PtaMYC2.1 inhibits Hartig net development, while PtaJAM1.1 promotes it. A

similar effect was found for lateral root development in absence of the fungus. Strikingly, the

expression of PtaMYC2.1 was suppressed in colonized transgenic poplar roots likely through

an RNA-dependent mechanism. Altogether, these results suggest that the suppression of the

PtaMYC2.1-driven branch of JA signaling is fundamental to ensure apoplastic colonization of

fungal  hyphae.  The  molecular  mechanisms  at  the  origin  of  such  suppression,  and  the

specific targets activated by PtaMYC2.1, deserve further attention in the future.
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2.5. Methods

Gene cloning and plasmid generation

We isolated the P. tremula x alba full-length coding sequence (CDS) of  PtaMYC2.1

(Potri.001G142200),  PtaMYC2.2 (Potri.003G092200),  and  PtaJAM1.1 (Potri.014G099700)

via PCR using as template a cDNA library obtained from poplar-L. bicolor ECM. However, we

failed  to  clone  PtaJAM1.2  (Potri.002G172100),  possibly  because  of  an  erroneous

reconstruction  of  the  gene  model  in  the  version  3.0  of  the  P.  trichocarpa genome

(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Ptrichocarpa),  against  which

the cloning primers were designed.  The PCR-amplified fragments were cloned under the

control of the Cauliflower Mosaic Virus (CaMV) 35S promoter allowing gene overexpression

into  the binary vector  pJCV53 (OE vector;  VIB-Plant  Systems biology;  Ghent  University)

through sequential  Gateway® BP and LR recombination. Cloning into the OE vector also

allowed to fuse a HA-tag to the C terminus of the protein of interest. As negative control, we

cloned a fragment of the GUS gene (bases 345-1034) in pJCV53. We did not use the empty

vector in order to avoid the expression of the ccdB cassette of pJCV53 in transgenic plants.

In addition, we selected a ~300 bp-long CDS fragment of PtaMYC2 (bases 141-480

of PtaMYC2.1) and a ~300 bp-long CDS fragment of PtaJAM1 (bases 21-315 of PtaJAM1.1)

conserved  between  the  two  paralogs  and  cloned  them  via  Gateway®  BP  and  LR

recombination into the binary vector pK7GWIWG2_II-RedRoot (VIB-Plant System Biology;

Ghent University) for double-stranded RNA-interference (dsRNAi)-mediated gene silencing

(dsRNAi  vector).  As  negative  control,  we  used  the  empty  vector  (pRedRoot).  As  plant

transformation markers,  pJCV53 carried  a  p35S::mRFP construct,  while  pK7GWIWG2_II-

RedRoot vector carried a pAtUbq10::dsRED construct. Both vectors displayed a kanamycin

resistance gene for transgenic plant selection. The list of primers used for cloning is provided

in Supplemental Table 1.

Generation of poplar transgenic lines

We  generated  poplar  transgenic  lines  according  to  Cope  et  al.  (2019).  Briefly,

Rhizobium rhizogenes  (formerly  Agrobacterium rhizogenes) Arqua 4 competent cells were

transformed  by  electroporation  with  OE  vectors  or  dsRNAi  vectors.  After  selection  of

transformed colonies, R. rhizogenes strains were cultivated on 5 mL of liquid MG/L broth (5

g.L-1 tryptone, 2.5 g.L-1 yeast extract, 5.2 g.L-1 NaCl, 2 g.L-1 glutamic acid, 10 g.L-1 mannitol,

0.2 g.L-1 MgSO4-7 H2O, 0.5 g.L-1 K2HPO4, pH 7.0. Autoclave, add 4 μg.L-1 biotin, 50 μg.mL-1

rifampicin and 50 μg.mL-1 spectinomycin) in shaker O/N at 28°C and 200 rpm. The following

day, the culture was brought up to 50 mL by addition of fresh MG/L broth and grown in

shaker O/N at 28°C and 200 rpm. Cultures were spinned at 3500 rpm for 20 minutes and the
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bacterial pellet was resuspended in 50 mL of induction broth (modified Murashige & Skoog

with 1X micronutrients (Sigma-Aldrich), 1X macronutrients (Sigma-Aldrich), 0.25 g.L-1 MES

(Sigma-Aldrich),  0.1 g.L-1 myo-inositol,  30 g.L-1 sucrose, pH 5.8, with addition of 100 mM

acetosyringone (Sigma-Aldrich) after autoclaving). Bacterial cultures were diluted in induction

broth to an OD600 of 0.8. Leaves from in vitro poplar plants were excised with scissors and

incisions  in  prominent  veins  on the underside  of  the  leaf  were practiced with  a  scalpel.

Wounded leaves were kept in sterile water to prevent desiccation. Leaves were removed

from the water, immersed in the bacterial culture for 5 minutes and placed on co-cultivation

solid  medium  (modified  Murashige  &  Skoog  with  1X  micronutrients  (Sigma-Aldrich),  1X

macronutrients (Sigma-Aldrich),  0.25 g.L-1 MES (Sigma-Aldrich),  0.1 g.L-1 myo-inositol,  30

g.L-1 sucrose, 7 g.L-1 agar agar, pH 5.8, with addition of 100 mM acetosyringone (Sigma-

Aldrich) after autoclaving) and incubated in the dark at 24°C for 2 days. Afterwards, leaves

were transferred to antibiotics medium (co-cultivation medium, without acetosyringone but

with  cefotaxime and carbenicillin  at  250 μg.mL-1 each (Duchefa Biochemie))  to  eliminate

excess bacteria.  Leaves were kept  at  24°C,  60% humidity,  50 μmol.m-2.s-1 light  intensity

under a 16-h photoperiod and transferred onto new antibiotics medium every 2 weeks until

emergence of  roots from the veins of  the leaves.  Leaves were then placed on selection

medium (antibiotics medium, with addition of 50 μg.mL-1 kanamycin (Sigma-Aldrich)) until the

roots  reached  at  least  2-3  cm  of  length.  Roots  were  observed  under  a  fluorescent

stereomicroscope  to  detect  the  red  fluorescence  of  the  mRFP or  dsRED transformation

markers.  Transformed  roots  were  excised  from  the  leaves  and  placed  on  regeneration

medium (selection medium, with addition of 0.055 μg.mL-1 thidiazuron (Sigma-Aldrich)) and

cultivated in the same conditions until emergence of shoots. Shoots derived from the same

transformed root  were  considered  as  belonging  to  the  same transgenic  line  and  further

propagated in the same conditions as wild-type poplar plants.

Rhizobium rhizogenes-mediated root transformation

We generated chimeric poplar plants with transformed roots according to Neb et al.

(2017),  with  modifications.  Briefly,  Rhizobium rhizogenes  Arqua  4  competent  cells  were

transformed by electroporation with dsRNAi vectors. After selection of transformed colonies,

R. rhizogenes strains were cultivated on liquid YEB (5g.L-1 beef extract, 1 g.L-1 yeast extract,

5 g.L-1 peptone, 5 g.L-1 sucrose, 0.5 g.L-1 MgCl2, pH 7.2, add 50 μg.mL-1 of rifampicin (Sigma-

Aldrich) and 50 μg.mL-1 of spectinomycin (Sigma-Aldrich) after autoclaving) O/N at 28°C and

200 rpm. Afterwards, 250 μL of culture were plated on solid YEB plates and kept in static

oven at 28°C for 3 days. The thick layer of cells was collected with the help of a scalpel and

suspended in 3 mL of sterile water in order to generate foam. Axenically grown wild-type

poplar  cuttings were briefly dipped in the bacterial  foam and transferred to co-cultivation
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plates  (modified  Murashige  &  Skoog  with  1X  micronutrients  (Sigma-Aldrich),  0.5X

macronutrients  (Sigma-Aldrich),  3%  sucrose,  1  g.L-1  MES  (Sigma-Aldrich),  20  mg.L-1 L-

glutamine, 0.1 mg.L-1 Ca-panthotenate, 0.1 mg.L-1 L-cysteine, 0.01 mg.L-1 biotine, and 1X

Gamborgs vitamins, pH 5.8). Plates were sealed and kept in the dark at 24°C 60% humidity

for 3 days. Subsequently, plants were transferred onto co-cultivation plates with addition of

cefotaxime and carbenicillin at 250 μg.mL-1 each (Duchefa Biochemie) in order to eliminate

excess growth of R. rhizogenes. Plants were kept at 24°C 60% humidity and 50 μmol.m-2.s-1

light  intensity  under  a  16-h  photoperiod.  Plants  were transferred onto new co-cultivation

plates  with  antibiotics  until  the  emergence  of  roots.  Then,  plants  were  transferred  onto

selection  plates  (co-cultivation  plates  with  antibiotics  and  the  addition  of  50  μg.mL-1

kanamycin (Sigma-Aldrich)). Chimeric plants displaying transformed roots were selected via

monitoring  of  the  fluorescence  generated  upon  expression  of  the  pAtUbq10::dsRED

construct present in the dsRNAi vector.

Plant and fungal materials, growth conditions and poplar- L. bicolor co-cultivation 

method

Plant and fungal materials were cultured as described by Felten et al. (2009). Briefly,

transgenic grey poplar (Populus tremula x Populus alba line INRA 717-1-B4) clones were

micropropagated in vitro and grown in half-strength Murashige and Skoog (MS/2) medium in

glass culture tubes in a growth chamber at 24°C and 150 μmol.m-2.s-1 light intensity under a

16-h photoperiod. Light came from OSRAM Fluorescent tubes (50/50 Fluora / Cool white)

placed 15 cm from poplar plants. The dikaryotic vegetative mycelia of strain S238N of the

ectomycorrhizal  fungus  Laccaria  bicolor were  maintained  on  modified  Pachlewski  agar

medium P5 at 25°C in the dark (Deveau et al., 2007). For in vitro co-culture of poplar with L.

bicolor, we used the sandwich system described by Felten et al. (2009). Briefly, ~10-mm-long

rooted  stem  cuttings  from  in  vitro-grown  poplar  plants  were  transferred  to  Petri  dishes

containing Pachlewski agar medium with reduced sugar (P20) covered with a cellophane

membrane and a second, mycelium-covered cellophane membrane was placed on the roots

(colonized  plants).  For  single  cultures,  poplar  plants  were  grown  in  absence  of  fungal

mycelium (uncolonized plants). The Pachlewski agar medium was supplemented with MES

Na to maintain the pH at 5.8, and, in case of the chimeric poplar plants, with 250 μg.mL-1

cefotaxime and carbenicillin  (Duchefa Biochemie),  as well  as with 50 μg.mL-1 kanamycin

(Sigma-Aldrich). The Petri dishes were positioned vertically and incubated for 2 weeks in a

growth chamber at 20°C and 50 μmol.m-2.s-1 light intensity under a 16-h photoperiod. For the

transgenic poplar lines, the whole root systems from three colonized or uncolonized poplar

plants were pooled, snap-frozen in liquid nitrogen and stored at -80°C for subsequent RNA
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extraction. Three replicates per condition were produced. For the chimeric plants, individual

root systems were collected for RNA extraction.

Analysis of mycorrhizal phenotypes

The  quantification  of  ectomycorrhizal  colonization  and  the  observation  of

ectomycorrhizal  structures  were  performed as  described  by  Felten  et  al.  (2009).  Briefly,

colonized plants were observed under a Discovery V.8 stereomicroscope (Zeiss), and short,

rounded lateral roots ensheathed by fungal mantle were considered to be colonized. The rate

of ectomycorrhizal colonization was defined as the ratio of colonized lateral roots to the total

number  of  lateral  roots  (expressed  as  a  percentage).  Between  18  and  24  plants  per

transgenic line were observed. To confirm the development of intraradical Hartig nets, six

ECM  per  transgenic  line,  and  five  ECM  from  chimeric  plants  were  fixed  with  4%

paraformaldehyde  in  1X phosphate-buffered saline  and embedded in  4% (w/v)  agarose.

Transverse 30-μm-thick sections of ECM obtained 200 to 400 μm from the lateral root tip

were produced with a Leica VT1200 S vibratome and stained with propidium iodide (1:100

dilution; Sigma-Aldrich) and WGA-488 (1:100 dilution; Wheat Germ Agglutinin, Alexa Fluor™

488  Conjugate,  Thermo  Fischer  Scientific)  to  highlight  plant  and  fungal  structures,

respectively. The sections were observed under a Zeiss LSM 700 laser scanning microscope

and the images analyzed with Fiji software (Schindelin et al., 2012). Root diameter, fungal

mantle thickness, and Hartig net depth were measured. Hartig net frequency (expressed as

the percentage of root apoplastic spaces occupied by fungal hyphae) and frequency of Hartig

net initiation (expressed as the percentage of root apoplastic spaces starting to be occupied

by fungal hyphae) were also calculated. At least three sections per sample were analyzed.

Analysis of root architecture and pigment content

The root architectures of 12 to 18 plants per condition (colonized and uncolonized

transgenic lines)  were assessed by analyzing scanned (Epson Perfection V700 PHOTO)

plates with Fiji  software (Schindelin et al., 2012). Lateral  root density was defined as the

number of lateral roots over the length (mm) of the respective adventitious root. To measure

shoot weight,  4 shoots were pooled per biological replicate and in 4 to 7 replicates were

generated.  Plants  were  weighted  immediately  after  sampling  (fresh weight,  FW)  or  after

lyophilization for 48 h in a Univapo 100H evaporator centrifuge (dry weight, DW). Lyophilized

shoots were subsequently used for total  chlorophyll  (Hall  and Rao, 1999) or anthocyanin

measurements (Ticconi et al., 2001). In brief, shoots were ground into a fine powder with a

tissue lyser (MM 400, Retsch). Chlorophyll was extracted in 80% acetone, while anthocyanin

was extracted by boiling the sample for 3 min in 15% (v/v) isopropanol 9.96 N HCl buffer.

The supernatants were diluted and their  absorbance (A) measured with a Tecan Infinite
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M200 PRO plate reader.  The quantity  of  chlorophyll  was determined using the following

formula:

Totalchlorophyll (mg /g DW )=
A
652
∗dilutionfactor∗1000

DW (mg )∗34.5

Anthocyanin was quantified using the following formula:

Anthocyanin ( A535/gDW )=
( A535−A650)∗1000

DW (mg )

RNA extraction and RT-qPCR

RNA was extracted with the plant RNeasy Mini Kit (Qiagen), following manufacturer’s

instructions. RNA quality was assessed with a Fragment Analyzer Automated CE System

(Agilent). 500 ng of RNA were used to synthesize cDNA with the iSCRIPT™ cDNA Synthesis

Kit (BioRad) and the resulting cDNA was diluted to 2.5 ng/mL in RNase-free water. 2 μL of

diluted cDNA were added to 5 μL of iQ SYBR Green Supermix (BioRad) and 0.5 μL of 10 nM

forward and reverse primers in a 10 μL reaction. Real-time qPCR was performed in a Rotor-

Gene  Q  thermocycler  (Qiagen)  with  two  technical  replicates.  Threshold  cycles  were

calculated for each pair of tested primers and the number of cDNA molecules for the gene of

interest present at the beginning of the reaction was estimated with the following formula:

Numberofmolecules=(Ep
−Ct )

with Ep = coefficient of primer pair efficiency (equals 2 in case of 100 % efficiency)

Ct = threshold cycle

The expression level of each gene of interest was normalized by the expression level

of the houskeeping gene Ubiquitin (UbiQ) for each sample. For the screening of transgenic

poplar  lines,  single  shoot  replicates  have been used. To test  colonized and uncolonized

poplar roots belonging to the transgenic lines, two or three biological replicates have been

produced. The list of primers used for RT-qPCR is provided in Supplemental Table 2.

Statistical analyses

Differences among samples in terms of mycorrhizal development, root architecture,

weight and pigment content, and gene expression were tested via Kruskal-Wallis one-way

analysis of variance and post-hoc Fisher’s LSD test with Bonferroni correction (R package
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agricolae,  https://CRAN.R-project.org/package=agricolae).  Differences  in  gene  expression

were tested via two-sided Welch t-test.
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Supplemental Figure 1. The gene model of PtaJAM1.2 differs in its 3’ between two

versions of the Populus trichocarpa genome. 

Nucleotide alignment of the gene models of  PtaJAM1.2, as present in the database of the  Populus

trichocarpa genome version 3.0 (Potri.002G172100v3.0) and 3.1 (Potri.002G172101v3.1), obtained

through the web software MultAlin (Corpet, 1998). Nucleotides reported in red are conserved between

the  two gene models,  while  nucleotides  reported in  blue  and  black differ  between the two gene

models.  Long  stretches  of  nucleotides  present  only  in  the  Potri.002G172101v3.1 gene  model

represent previously unreported 5’-UTR, 3’-UTR, and intronic regions.

198



Chapter 3: MYC2.1 inhibits Hartig net development 2. Article (in preparation)

199



Chapter 3: MYC2.1 inhibits Hartig net development 2. Article (in preparation)

Supplemental  Figure  2.  Generation  of  poplar  transgenic  lines  overexpressing

PtaMYC2.1, PtaMYC2.2, and PtaJAM1.1. 

A. Stereomicroscope images of transformed and non-transformed poplar roots after  R. rhizogenes

infection of poplar leaves according to Cope et al. (2019). Left panels: bright field; right panels: RFP

filter. Arrows indicate one transformed (upper panels) and one non-transformed (lower panel) root.

Scale bar: 1 cm. B. Bar plot representing the colonization rate of L. bicolor-inoculated roots from wild-

type poplar cuttings, or GUS 2 and pRR 3 transgenic poplar lines. Error bars represent the standard

error of six biological replicates. C. Bar plots representing the differences between shoots of control

(GUS), MYC2.1 OE, MYC2.2 OE, and JAM1.1 OE transgenic lines in terms of relative  PtaMYC2.1,

PtaMYC2.2, and PtJAM1.1 expression, as detected by RT-qPCR. Gene expression was normalized

by the expression level of the housekeeping gene Ubiquitin. Single biological replicates were used for

the screening of transgenic lines. D. Representative pictures of growth phenotype of transgenic lines

overexpressing (upper panels) or silencing (lower panels) the genes of interest after CK-induced shoot

development. Scale bar: 2 cm.
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Supplemental Figure 3. The Hartig net phenotype of MYC2.1 OE 2 and JAM1.1 OE 3

plants does not depend on root diameter, number of apoplastic spaces or frequency

of Hartig net initiation. 

Boxplots showing the distribution of root diameter, number of apoplastic spaces, and frequency of

Hartig net initiation of colonized GUS 6, MYC2.1 OE 2, and JAM1.1 OE 3 transgenic lines. Whiskers

represent the limits  of  the 1.5  interquartile  range. N.S. indicate  absence of  significant  differences

based on the results of Kruskal-Wallis one-way analysis of variance and post-hoc Fischer’s LSD test

with Bonferroni correction (p < 0.05).
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Supplemental Figure 4. The overexpression of PtaMYC2.1 and PtaJAM1.1 in poplar

roots does not alter shoot physiology but affects root architecture.

A. Boxplots showing the distribution of fresh weight (FW), dry weight (DW), and anthocyanin and

chlorophyll content of colonized and uncolonized GUS 6, MYC2.1 OE 2, and JAM1.1 OE 3 transgenic

lines. B. Boxplots showing the distribution of adventitious root number, adventitious root length, lateral

root density, lateral root length, secondary lateral root density, and root system length of colonized

and uncolonized GUS 6, MYC2.1 OE 2, and JAM1.1 OE 3 transgenic lines. White boxes indicate

uncolonized poplar roots, while black boxes indicate colonized poplar roots. Whiskers represent the

limits of the 1.5 interquartile range. Letters indicate significant differences based on the results of

Kruskal-Wallis  one-way  analysis  of  variance  and  post-hoc  Fischer’s  LSD  test  with  Bonferroni

correction (p < 0.05). N.S.= non-significant.
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Supplemental Figure 5. The suppression of PtaMYC2.1 expression in colonized GUS 6

and MYC2.1 OE 2 transgenic roots is not due to technical bias.

A. Amplification plots and melting curve plots of uncolonized GUS 6 roots and  L. bicolor free-living

mycelium (FLM) cDNA samples tested via RT-qPCR with the primers reported in Supplemental Table

2.  dF/dT = variation of  normalized fluorescence through time.  B.  Stereomicroscope images of  L.

bicolor-colonized poplar lateral roots from GUS 6, MYC2.1 OE 2, and JAM1.1 OE 3 transgenic lines.

The red color indicates the expression of the fluorescent marker dsRED contained in the OE vector.

Scale bar: 10 mm. C. Fragment Analyzer data output showing the observed sizes in the RNA samples

extracted  from  roots  of  colonized  and  uncolonized  GUS  6,  MYC2.1  OE  2,  and  JAM1.1  OE  3

transgenic lines. The presence of two main peaks, representing 18S and 28S rRNA, and the absence

of a pool of small-sized fragments indicate good quality of the RNA extractions. The RNA Quality

Number of the samples ranged between 8.9 and 10. G6: GUS 6; m212: MYC2.1 OE 2; J113: JAM1.1

OE 3; M: colonized.

Primer Sequence Target Destination Use
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name vector
VB_53F GGGGACAAGTTTGTACAAAA

AAGCAGGCTGGCCAGCGTAT

CGTGCTGCG

GUS fragment pJCV53 Control for 

overexpression

VB_54R GGGGACCACTTTGTACAAGA

AAGCTGGGTGGTCGTGCACC

ATCAGCACG

GUS fragment pJCV53 Control for 

overexpression

VB_8F GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGACTGATTA

CCGACTGCCG

PtaMYC2.1 full-

length without 

STOP

pJCV53 Overexpression

VB_9R GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCGGACGCCA

CCAACTTTTGTTG

PtaMYC2.1 full-

length without 

STOP

pJCV53 Overexpression

VB_10F GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGACTGATTA

CCGTCTACCACCG

PtaMYC2.2 full-

length without 

STOP

pJCV53 Overexpression

VB_11R GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCGGGCATCA

CCAACTTTTG

PtaMYC2.2 full-

length without 

STOP

pJCV53 Overexpression

VB_12F GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGAAGATTGA

GCTGGGTGTGG

PtaJAM1.1 full-

length without 

STOP

pJCV53 Overexpression

VB_67R GGGGACCACTTTGTACAAGA

AAGCTGGGTCCCCAGTCGAT

GATAATGAGTG

PtaJAM1.1 full-

length without 

STOP

pJCV53 Overexpression

VB_1F GGGGACAAGTTTGTACAAAA

AAGCAGGCTTGAGAAAACTA

TGTTGAACCAAGA

PtaMYC2 RNAi 

fragment

pK7GWIWG2_

II-RedRoot

Silencing

VB_2R GGGGACCACTTTGTACAAGA

AAGCTGGGTAAAACCACTCA

GTATCAGTAACCTC

PtaMYC2 RNAi 

fragment

pK7GWIWG2_

II-RedRoot

Silencing

VB_3F GGGGACAAGTTTGTACAAAA

AAGCAGGCTGTGGGAGGTG

GGGCATGGAACGAT

PtaJAM1 RNAi 

fragment

pK7GWIWG2_

II-RedRoot

Silencing

VB_4R GGGGACCACTTTGTACAAGA

AAGCTGGGTGACCTCAGATT

CTTCACCTTCTTTA

PtaJAM1 RNAi 

fragment

pK7GWIWG2_

II-RedRoot

Silencing

Supplemental  Table  1.  Primers  used  for  cloning  the  genes  or  gene  fragments

employed in this study. 

attB1 (forward primers) and attB2 (reverse primers) sequences, used to generate Gateway-compatible
PCR fragments, are highlighted in red.

Primer Sequence Target Amplicon size
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name
UbiQ_F GCAGGGAAACAGTGAGGAAGG Ubiquitin 155 bp
UbiQ_R GCTCTGGACTCACGAGGACAG
qVB_22F ATCATCAACAGCAGCCGATT PtaMYC2.1 206 bp
qVB_23R CTCTGTCACCAAACCCGAAT
qVB_81F ATTCCGTCAACTACTCCGG PtaMYC2.2 125 bp
qVB_82R TGCTGTTGATGGCTGTGATG
qVB_79F CCATGCCTGCTGTGAGTGAA PtaJAM1.1 135 bp
qVB_80R CCCTAAATCCATGACCATGACCA

Supplemental Table 2. Primers used for RT-qPCR.
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Chapter  4:  L.  bicolor alters  poplar  root  sensitivity  to
jasmonate, gibberellin, salicylate, and ethylene

1. Preface

Phytohormones  are  master  regulators  of  plant  development  and  of  its  responses  to

environmental  cues. Since the establishment  of  symbiotic interactions between roots and

microbes  requires  tight  control  of  root  morphology,  metabolism  and  defense,  it  is  not

surprising that plant  hormones heavily influence the development  and the functionality of

several beneficial  root-microbe interactions. In the case of the ectomycorrhizal symbiosis,

fungal manipulation of the tree’s jasmonate (JA) signaling has been proven crucial for the

development of the Hartig net (Plett et al., 2014a,b). In model plants such as Arabidopsis JA

signaling is at the centre of an intricate regulatory network involving the interaction with other

hormone signaling pathways.  For instance,  the crosstalk between JA and salicylate (SA)

signaling regulates the balance between plant resistance against necrotrophic and biotrophic

pathogens (Pieterse et al., 2012). Active ethylene (ET) signaling can amplify JA-mediated

responses  against  pathogens,  but  counteracts  JA-derived  responses  against  wounding

(Lorenzo et  al.,  2003).  Additionally,  mutual suppression between JA and gibberellin  (GA)

signaling  is  implied  in  the balance between growth and defense,  preventing plants  from

deploying resources into vegetative growth upon challenging environmental conditions (Guo

et  al.,  2018).  During  the  poplar-L.  bicolor interaction,  constitutive  ET  accumulation  is

detrimental for Hartig net development, impairing the expression of genes involved in cell-cell

recognition and cell wall synthesis (Plett et al., 2014b). In the same study, the existence of a

positive  crosstalk  between  JA  and  ET  signaling  was  suggested,  due  to  the  similar

transcriptional signature of JA- and ET-treated poplar roots. On the other hand, exogenous

SA did not impact the ectomycorrhizal phenotype (Plett et al., 2014b). 

However,  many  questions  on  the  role  of  JA  signaling  and  its  interaction  with  other

hormone  signaling  pathways  during  the  ectomycorrhizal  symbiosis  remain  unanswered.

Indeed, the lack of hormone-responsive marker genes in poplar roots makes it difficult  to

determine  whether  fungal  inoculation  affects  phytohormone  signaling  at  particular

developmental  stages. In addition,  the abundance of endogenous JA, SA, ET and GA in

colonized and uncolonized poplar roots has not been examined. Finally, the evidence over

the existence of phytohormone crosstalk in poplar roots, and on its role in ectomycorrhizal

development, remains circumstantial. 

To unravel the role of phytohormones implied in defense and development during the

establishment of ECM, we looked for differences in hormonal levels between colonized and

uncolonized  poplar  lateral  roots.  We  found  that  L.  bicolor alters  poplar  GA  and  SA
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metabolism.  Furthermore,  we  defined  phytohormone-responsive  and  crosstalk-regulated

genes and investigated their transcriptional patterns in developing ECM. We found that  L.

bicolor inoculation impairs poplar root sensitivity to JA, while enhancing its sensitivity to SA,

ET and GA. However, a branch of JA/ET signaling may be activated during ectomycorrhizal

development  to  ensure  the  correct  balance  between  cell  wall  integrity  and  elasticity  for

efficient hyphal penetration in the root apoplast. Our analysis reveals multifaceted roles of JA

signaling,  and of  its  crosstalk  with  other  phytohormones implied  in  defense and growth,

during the establishment of symbiotic structures.
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2.1. Abstract 

The  phytohormones  jasmonate,  gibberellin,  salicylate,  and  ethylene  regulate  an

interconnected reprogramming network integrating root development with plant responses

against microbes. The establishment of mutualistic ectomycorrhizal symbiosis requires the

suppression of  plant  defense responses against  fungi  as well  as the modification of  root

architecture  and  cortical  cell  wall  properties.  Here,  we  investigated  the  contribution  of

phytohormones and their crosstalk to the ontogenesis of ectomycorrhizae (ECM) between

grey poplar (Populus tremula x alba) roots and the fungus  Laccaria bicolor. To obtain the
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hormonal  blueprint  of  developing  ECM,  we quantified  the  concentrations  of  jasmonates,

gibberellins,  and  salicylate  via  liquid  chromatography-tandem  mass  spectrometry.

Subsequently, we assessed root architecture, mycorrhizal morphology, and gene expression

levels  (RNA-sequencing)  in  phytohormone-treated poplar lateral roots in  the presence or

absence  of  L.  bicolor.  Salicylic  acid  accumulated  in  mid-stage  ECM.  Exogenous

phytohormone treatment affected the fungal colonization rate and/or frequency of Hartig net

formation.  Colonized  lateral  roots displayed  diminished  responsiveness  to jasmonate  but

regulated some genes, implicated in defense and cell wall remodeling, that were specifically

differentially expressed after jasmonate treatment. Responses to salicylate, gibberellin, and

ethylene  were  enhanced  in  ECM.  The  dynamics  of  phytohormone  accumulation  and

response  suggest  that  jasmonate,  gibberellin,  salicylate,  and  ethylene  signaling  play

multifaceted roles in poplar-L. bicolor ectomycorrhizal development.

Keywords: ectomycorrhizae,  symbiosis,  phytohormones,  jasmonate,  MiSSP,  crosstalk,

defense, cell wall remodeling, Laccaria bicolor, Populus tremula x alba.

2.2. Introduction

Most trees of temperate boreal forests interact with soil-borne beneficial fungi to form

mutualistic interactions termed ectomycorrhizae (ECM; van der Heijden et al., 2015; Martin et

al.,  2016).  Such  ectomycorrhizal  symbioses  are  of  fundamental  importance  for  forest

ecosystems (Perez-Moreno and Read, 2000; Tibbett and Sanders, 2002; Clemmensen et al.,

2015),  but  the  molecular  mechanisms  of  their  establishment  have  not  yet  been  fully

unraveled. Most ECM show a distinct phenotype composed of three main features: (i) an

extramatrical mycelium gathering nutrients from the soil, (ii) a mantle of aggregated hyphae

ensheathing the tree’s lateral roots (LRs) (Horan et al., 1988), and (iii) an internal hyphal

network between the epidermis and root cortex, the Hartig net, where mineral nutrients and

carbohydrates are exchanged (Blasius et al., 1986; Massicotte et al., 1987). The availability

of  sequenced genomes for  ectomycorrhizal  fungi  such as  Laccaria  bicolor (Martin  et  al.,

2008) and black truffle (Tuber melanosporum) (Martin et al., 2010), as well as host trees

such  as  black  cottonwood  (Populus  trichocarpa) (Tuskan  et  al.,  2006)  and  English  oak

(Quercus  robur) (Plomion  et  al.,  2018),  has  facilitated  the  genetic  dissection  of

ectomycorrhizal  development.  Distinct  lineages  of  ECM  fungi  have  acquired  the

ectomycorrhizal lifestyle independently upon the convergent loss of plant cell wall-degrading

enzymes and expanded  repertoires  of  effector-like  secreted  proteins  with  respect  to  the

ancestral wood decayers. However, given the polyphyletic evolution of ECM symbiosis, the
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identity of the fungal and tree gene repertoires required for its establishment depend on the

fungus-host tree pair (Kohler et al., 2015). For example, the establishment of P. trichocarpa-

L. bicolor ECM partly relies on the Common Symbiosis Signaling Pathway (CSSP; Cope et

al., 2019), a highly conserved pathway in land plants necessary for the development of the

arbuscular mycorrhizal symbiosis and the root nodule symbiosis (Oldroyd, 2008). However

the genomes of Pinaceae trees lost key genes belonging to the CSSP, and are thus unlikely

to exploit  it  to regulate mutualistic  associations  with ectomycorrhizal  fungi  (Garcia et  al.,

2015).

The formation of ECM involves complex developmental reprogramming of host tree

morphology, including enhanced LR initiation (Tranvan et al., 2000; Rincón et al., 2003), root

hair decay (Horan et al., 1988; Béguiristain and Lapeyrie, 1997), and elongation of epidermal

and cortical  cells  (Kottke and Oberwinkler,  1987;  Horan  et  al.,  1988).  Apoplastic  hyphal

penetration is accompanied by changes in plant and fungal cell wall composition (Mello and

Balestrini, 2018 and references therein). These changes result in the aggregation of fungal

hyphae and their adhesion to the plant cell wall (Tagu and Martin, 1996; Laurent et al., 1999;

Tagu et al., 2001), hemicellulose and pectin degradation (Veneault-Fourrey et al., 2014; Sillo

et  al.,  2016),  and  plant  cell  wall  expansion  and  de  novo  biogenesis  (Luo  et  al.,  2009;

Veneault-Fourrey et al., 2014; Sebastiana et al., 2014).

The reprogramming of root development during ECM formation partially depends on

altered  plant  metabolism or  sensitivity  to  phytohormones,  the  master  regulators  of  plant

responses  to  developmental  and  environmental  cues  (Garcia  et  al.,  2015).  Several

ectomycorrhizal  basidiomycetes  and  ascomycetes  can  produce  auxins,  facilitating  root

colonization (Gea et  al.,  1994;  Splivallo  et  al.,  2009;  Vayssières et  al.,  2015).  Moreover,

ectomycorrhizal fungi can manipulate plant auxin and ethylene (ET) signaling to stimulate LR

initiation and counteract root hair elongation (Ditengou et al., 2000; Reboutier et al., 2002;

Splivallo et al., 2009; Felten et al., 2009, Vayssières et al., 2015). In addition, exogenous

jasmonate (JA) is  detrimental  for  Hartig  net  development  (Plett  et  al.,  2014a).  L. bicolor

hijacks JA signaling through the secretion of the Mycorrhiza-induced Small Secreted Protein

7 (MiSSP7), which enters the nuclei of Populus roots and stabilizes PtJAZ6, a corepressor of

JA signaling (Plett et al., 2011; 2014b). Since JA signaling mediates plant defense responses

against pests and necrotrophic fungi (Howe and Jander, 2008; Antico et al., 2012), L. bicolor

might  manipulate  JA  signaling  in  poplar  to  escape  plant  immunity.  Consistent  with  the

synergistic effect of ET and JA signaling on plant defense responses (Pieterse et al., 2009;

2012), fungal hyphae failed to form Hartig nets also in the roots of transgenic (35Spro:ACO1)

poplar  plants  overproducing  ET  (Plett  et  al.,  2014a).  Salicylic  acid  (SA)  signaling  also

functions in plant defense, playing an antagonistic role with JA/ET signaling (Glazebrook,

2005;  Spoel  and  Dong,  2008;  Pieterse  et  al.,  2009;  2012).  However,  exogenous  SA
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treatment  does  not  affect  fungal  colonization  (Plett  et  al.,  2014a).  Finally,  the  crosstalk

between JA and gibberellin (GA) signaling regulates plant responses thought to function in

the defense versus development trade-off (Hou et al., 2010; Wild et al., 2012; Yang et al.,

2012; Song et al., 2014; Guo et al., 2018). Early reports suggest that exogenous GA inhibits

the hyphal growth of several ectomycorrhizal species (Santoro and Casida, 1962; Gogala,

1971; Župančić and Gogala, 1980). GA signaling plays a role in symbiotic reprogramming

during the establishment of arbuscular mycorrhizal symbiosis (Foo et al., 2013; Takeda et al.,

2015).  However,  the  contribution  of  GA  signaling  to  the  process  of  ectomycorrhizal

colonization is currently unknown.

The  differences  in  defense  phytohormone  levels  and  responsiveness  between

colonized and uncolonized poplar  LRs have not  yet  been investigated.  Therefore,  in  this

study, we surveyed the hormonal landscape of ectomycorrhizal development by quantifying

several classes of phytohormones in poplar-L. bicolor ECM, uncolonized poplar LRs, as well

as  L.  bicolor  free-living  mycelia  (FLM).  Moreover,  the  role  of  the  crosstalk  between  JA

signaling and other hormone signaling pathways during ECM formation is currently unclear.

Therefore, in second instance, we exogenously treated fungus-colonized and uncolonized

poplar plants, as well as L. bicolor FLM, with JA, GA, SA, ET, and their combinations. Our

aims  were  to  (i)  identify  specifically  differentially  expressed  genes  after  phytohormone

treatment  (phytohormone-sDEGs)  in  poplar  LRs,  to  be  used  as  a  proxy  for  active

phytohormone signaling; (ii) analyze the phenotypes of hormone-treated poplars in terms of

root  architecture  and  ectomycorrhizal  colonization;  and  (iii)  dissect  the  transcriptomic

responses of  poplar  and  L.  bicolor  to  phytohormones under  symbiotic  and nonsymbiotic

conditions via RNA-sequencing (RNA-seq) at two time points.

Dosage of phytohormone content revealed that SA content was enhanced in ECM,

while  assessment  of  transcriptomic  and  physiological  responses  of  poplar  roots  to

exogenous hormonal treatment showed that fungus-colonized LRs are less sensitive than

uncolonized  LRs  to  JA.  In  particular,  their  diminished  responses  to  JA  involve  genes

putatively associated with plant defense responses and cell wall modification. However, the

overlap between JA-sDEGs, ET-sDEGs, and ECM-responsive genes suggests that residual

JA/ET signaling modulates transient stress responses and plant cell wall modification. On the

contrary,  colonized  LRs  were  more  sensitive  to  SA,  GA,  and  ET.  All  exogenous

phytohormone treatments except SA affected the fungal colonization rate and/or frequency of

Hartig  net  formation.  Together,  these  results  highlight  the  pivotal  role  of  phytohormonal

balance in the regulation of ECM symbiosis. With this study we also provide for the first time

a list of phytohormone-sDEGs in poplar lateral roots and highlight within this belowground

organ the antagonism and synergy between the main phytohormones implied in the trade-off

between defense and development.
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2.3. Materials and methods

Plant and fungal materials, hormonal treatments, and growth conditions

Plant and fungal materials were cultured as described by Felten et al. (2009). Briefly,

grey  poplar (Populus  tremula  x Populus  alba  line  INRA  717-1-B4)  clones  were

micropropagated in vitro and grown in half-strength Murashige and Skoog (MS/2) medium in

glass culture tubes in a growth chamber at 24°C and 150 μmol/(m2 x s) light intensity under a

16-h photoperiod. Light came from OSRAM Fluorescent tubes (50/50 Fluora / Cool white)

placed 15 cm from poplar plants. The dikaryotic vegetative mycelia of strain S238N of the

ectomycorrhizal  fungus  Laccaria  bicolor were  maintained  on  modified  Pachlewski  agar

medium P5 at 25°C in the dark (Deveau et al., 2007). For in vitro coculture of poplar with L.

bicolor, we used the sandwich system described by Felten et al. (2009). Briefly, ~10-mm-long

rooted  stem  cuttings  from  in  vitro-grown  poplar  plants  were  transferred  to  Petri  dishes

containing Pachlewski agar medium with reduced sugar (P20) covered with a cellophane

membrane and a second, mycelium-covered cellophane membrane was placed on the roots.

For single cultures, poplar plants and L. bicolor FLM were grown separately. The Pachlewski

agar medium was supplemented with 2-morpholinoethanesulfonic acid sodium salt (MES Na)

to maintain the pH at  5.8,  along with the following phytohormones:  JA treatment: 50 μM

methyl-jasmonic acid (MeJA, Sigma, in 100% EtOH); GA treatment: 1 μM GA3 (Sigma, in

100% EtOH); SA treatment: 500 μM SA (Sigma, in 100% EtOH); ET treatment: 250 μM 1-

aminocyclopropane-1-carboxylic acid (ACC, Sigma, in H2O). Combined GA-JA, SA-JA, and

ET-JA treatments were performed by mixing MeJA with each of the other phytohormones in

turn. Untreated plants were grown in non-hormone-supplemented medium. The Petri dishes

were positioned vertically and incubated for 1 or 2 weeks in a growth chamber at 20°C under

a 16-h photoperiod. Uncolonized poplar lateral roots (ULR) and L. bicolor FLM were collected

separately for transcriptomic analysis; while colonized lateral roots (CLR) formed a mixed

tissue  of  vegetal  and  fungal  origin,  and  was  subjected  to  metatranscriptomic  analysis.

Samples  were  collected  at  1  or  2  weeks  post-treatment  (wpt).  The  chosen  time points

recapitulate two fundamental stages of ectomycorrhizal development: mantle formation (1

week post-contact (wpc), early stage ECM) and Hartig net development (2 wpc, mid-stage

ECM). The samples were snap-frozen and stored at 80°C for subsequent RNA extraction or

LC-MS/MS.  For  JA-treated  plants  with  poorly  developing  LRs,  the  central  parts  of  the

adventitious roots were sampled. A summary of our experimental approach can be found in

Figure 1.
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Figure 1. Experimental approach. 

P. tremula x alba cuttings were propagated in vitro in modified Murashige and Skoog basal agar

medium (MS) supplemented with indole-3-butyric acid (IBA) for 1 week and transferred to modified

MS without IBA for 3 weeks to stimulate rooting. Plugs of  L. bicolor mycelia were propagated on

sugar-reduced Pachlewski agar medium (P20) covered with a cellophane membrane for 10 days.

Poplar-L.  bicolor cocultures  were  set  up  on  P20  plates  containing  the  pH  stabilizer  2-

morpholinoethanesulfonic acid sodium salt (MES Na). The medium was supplemented with 50 μM

MeJA, 1 μM GA3,  500 μM SA,  250 μM ACC, combinations of  MeJA and other  hormones,  or  no

phytohormones (untreated). Plants deposited on such plates between two layers of cellophane without

fungal mycelia are referred to as uncolonized plants. Poplar cuttings in contact with fungal mycelia

constituted colonized plants. L. bicolor mycelia grown on P20 MES in the absence of poplar were

termed  free-living  mycelia  (FLM).  Uncolonized  LRs  (ULR),  colonized  LRs  (CLR),  and  FLM were

sampled for RNA extraction was performed at two time points: 1 and 2 weeks post-treatment (wpt).

CLR-derived RNA was a mixture of poplar and L. bicolor RNA, due to the composite nature of root-

fungal  symbiotic  tissues.  Root  architecture  parameters,  shoot  weight,  root  weight,  and  pigment

content were also assessed in poplar cuttings at 2 wpt. In addition, fungal colonization rate, mantle

development, and Hartig net development were assessed for colonized LRs at 2 wpt. LRs of untreated

uncolonized  cuttings,  plugs  of  untreated  FLM,  and  untreated  ECM  at  2  wpt  were  collected  for

phytohormone quantification.
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Quantification of phytohormones 

Endogenous levels of plant hormones (JAs, GAs, and SA) were measured using 20

mg  (fresh  weight)  of  uncolonized  poplar  LRs  and  ECM,  as  well  as  L.  bicolor  FLM,  as

described by Šimura et al. (2018). Five biological replicates per condition were produced.

Briefly, the phytohormones were extracted using an aqueous solution of acetonitrile (50%

ACN/H2O, v/v). A cocktail of stable isotope-labeled standards was added (all from Olchemim

Ltd., Czech Republic) per sample to validate the LC-MS method. The extracts were purified

using Oasis HLB columns (30 mg/1 ml, Waters), and the analytes were eluted using 30%

ACN/  H2O  (v/v).  The  eluent  (containing  hormones  and  their  metabolites)  was  gently

evaporated to dryness under a stream of nitrogen. Separation was performed on an Acquity

I-Class System (Waters, Milford, MA, USA) equipped with an Acquity UPLC® CSH C18 RP

column (150×2.1 mm, 1.7 μm; Waters), and the effluent was introduced into the electrospray

ion source of a triple quadrupole mass spectrometer (Xevo™ TQ-S, Waters). To highlight

statistically significant differences in hormone levels between LR, ECM, and FLM samples,

we performed a Kruskal-Wallis one-way analysis of variance and post-hoc Fisher’s LSD test

with Bonferroni correction (n = 5, p < 0.05, R package agricolae, https://CRAN.R-project.org/

package=agricolae).

Analysis of ectomycorrhizal colonization and development

The  quantification  of  ectomycorrhizal  colonization  and  the  observation  of

ectomycorrhizal  structures  were  performed as  described  by  Felten  et  al.  (2009).  Briefly,

colonized plants were observed under a Discovery V.8 stereomicroscope (Zeiss), and short,

rounded LRs ensheathed by fungal mantle were considered to be colonized.  The rate of

ectomycorrhizal colonization was defined as the ratio of colonized LRs to the total number of

LRs (expressed as a percentage). Between 25 and 53 plants per treatment were observed.

Untreated colonized LRs displayed a ~40% colonization rate, which is in line with previous

reports (Plett et al., 2015). To confirm the development of intraradical Hartig nets, three to

five ECM per  treatment  were fixed with 4% paraformaldehyde in  1X phosphate-buffered

saline  and  embedded  in  4%  (w/v)  agarose.  Transverse  30-μm-thick  sections  of  ECM

obtained 200 to 400 μm from the LR tip were produced with a Leica VT1200 S vibratome and

stained with propidium iodide (1:100 dilution; Sigma-Aldrich) and WGA-488 (1:100 dilution;

Wheat Germ Agglutinin, Alexa Fluor™ 488 Conjugate, Thermo Fischer Scientific) to highlight

plant and fungal structures, respectively. The sections were observed under a Zeiss LSM

700  laser  scanning  microscope  and  the  images  analyzed  with  Fiji  software

(RRID:SCR_002285, Schindelin et al., 2012). Root diameter, fungal mantle thickness, and

Hartig net depth were measured. Hartig net frequency (expressed as the percentage of root
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apoplastic spaces occupied by fungal hyphae) was also calculated. At least three sections

per sample were analyzed.

Analysis of root and shoot phenotypes

The root architectures of 32 to 37 plants per treatment were assessed by analyzing

scanned  (Epson  Perfection  V700  PHOTO)  plates  with  Fiji  software  (RRID:SCR_002285,

Schindelin et al., 2012). LR density was defined as the number of LRs over the length (mm)

of the respective adventitious root. To measure shoot and root system weight, 32 plants were

pooled in eight biological replicates immediately after sampling (FW) or after lyophilization for

48 h in a Univapo 100H evaporator centrifuge (dry weight, DW). Lyophilized shoots were

subsequently used for total chlorophyll (Hall and Rao, 1999) or anthocyanin measurements

(Ticconi  et  al.,  2001),  with four biological  replicates  per assay.  Anthocyanin  content  was

measured for seven to eight biological replicates of lyophilized roots. In brief, shoots and

roots were ground into a fine powder with a tissue lyser (MM 400, Retsch). Chlorophyll was

extracted in 80% acetone, while anthocyanin was extracted by boiling the sample for 3 min in

15%  (v/v)  isopropanol  9.96  N  HCl  buffer.  The  supernatants  were  diluted  and  their

absorbance (A) measured with a Tecan Infinite M200 PRO plate reader. The quantity of

chlorophyll was determined using the following formula:

Total chlorophyll (mg /g DW )=
A
652
∗dilution factor ∗1000

DW (mg )∗34.5

Anthocyanin was quantified using the following formula:

Anthocyanin ( A535/gDW )=
( A535−A650)∗1000

DW (mg )

Differences  in  root  and  shoot  architectural  and  physiological  parameters  among

samples  were  tested  through  Kruskal-Wallis  one-way  analysis  of  variance  and  post-hoc

Fisher’s  LSD  test  with  Bonferroni  correction  (R  package  agricolae,  https://CRAN.R-

project.org/package=agricolae). The results were manually converted into a numeric matrix

preserving statistically  significant  differences.  This  matrix  was then used to build  models

representing the phenotypes of poplar cuttings under each treatment. Average values for

each parameter  were used to  generate  a heat  map and to  group phenotypically  similar

treatments  through  hierarchical  clustering  (R  package  pheatmap,  RRID:SCR_016418,

https://CRAN.R-project.org/package=pheatmap).
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Analysis of L. bicolor FLM growth phenotypes

Diametral growth of  L. bicolor FLM colonies grown on P20 medium supplemented

with phytohormones, or with EtOH 0.061% v/v, or non supplemented was monitored daily for

14 days. Linear regression models were built for every growth curve on a different medium,

and χ2  test was used to test differences between linear models of EtOH- or phytohormone-

treated colonies with respect to untreated colonies (p < 0.05). At the same time Kruskal-

Wallis  one-way  analysis  of  variance  and  post-hoc  Fisher’s  LSD  test  with  Bonferroni

correction was used to highlight significant differences among treatments at every time point

(p  <  0.05).  Six  to 16 biological  replicates  per  conditions  were used.  Three to four  FLM

colonies were also harvested at 1 and 2 wpt for fresh weight (FW) measurement. Significant

differences  in  FW  among  samples  were  tested  via  Kruskal-Wallis  one-way  analysis  of

variance and post-hoc Fisher’s LSD test with Bonferroni correction (p < 0.05, R package

agricolae, https://CRAN.R-project.org/package=agricolae).

RNA-seq and gene expression data analysis

RNA was extracted with an RNeasy Mini Kit (Qiagen) from three types of samples: (i)

uncolonized poplar LRs, (ii) L. bicolor FLM, and (iii) colonized poplar LRs composed of mixed

poplar  and fungal  tissue (Figure 1).  LRs of  ~12 plants were pooled to form a biological

replicate,  and  three  replicates  per  treatment  were  produced.  Similarly,  three  biological

replicates of FLM were sampled from independent plates. Preparation of stranded libraries

and 2 × 150 bp Illumina HiSeq2000/2500 mRNA sequencing (RNA-seq) were performed by

the Department of Energy Joint Genome Institute (JGI) facilities. Raw reads were filtered and

trimmed  using  the  JGI  QC  pipeline.  Briefly, using  BBDuk  (RRID:SCR_016969,

https://sourceforge.net/projects/bbmap/) raw reads were evaluated for artifact sequence by k-

mer matching (k-mer=25), allowing 1 mismatch, and detected artifact was trimmed from the

3'-end of  the reads.  RNA spike-in reads,  PhiX reads and reads containing any Ns were

removed.  Quality  trimming  was  performed using  the  phred  trimming  method  set  at  Q6.

Finally, reads under the length threshold of 25 bases or 1/3 of the original read length were

removed.

Filtered  reads  from  each  library  were  aligned  to  the  reference  genomes

(https://genome.jgi.doe.gov/Lacbi2/Lacbi2.home.html or Ptrichocarpa_444_v3.1- available at

https://phytozome.jgi.doe.gov/pz/portal.html)  using  HISAT2  version  2.1.0

(RRID:SCR_015530). A summary of the alignments is given in Supplemental Data Set 1.

FeatureCounts was used to generate raw gene counts. Only primary hits assigned to the

reverse strand were included in the raw gene counts (-s 2 -p --primary options). FPKM- and

TPM-normalized gene counts are also provided.  The log2 fold change (log2 FC) in  gene
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expression  level  between  conditions  was  calculated  with  the  R  package  DESeq2

(RRID:SCR_015687,  Love et  al.,  2014).  Genes with statistically  significant  differences in

expression were selected based on Bonferroni adjusted p-value < 0.05. Normalized read

counts  of  the  genes  were  also  produced  with  DESeq2  and  were  subsequently  log2

transformed. The consistency of normalized transcript levels from biological replicates was

confirmed  by  visualizing  the  distribution  of  read  counts  (Supplemental  Figure  1A).

Spearman's rank correlation was calculated with normalized read counts from the biological

replicates  from all  conditions.  The  estimated  correlation  coefficients  were visualized  and

examined (Supplemental Figure 1B).

Identification of phytohormone-sDEGs in poplar LRs

To  identify  genes  specifically  expressed  after  phytohormone  treatment

(phytohormone-sDEGs)  in  poplar  LRs  we  analyzed  log2 FC  of  gene  expression  in

uncolonized LRs treated with JA, GA, SA, and ET at 1 wpt versus untreated uncolonized

LRs. Normalization was performed on the entire set of uncolonized LR counts. JA-, SA-, and

ET-sDEGs  were  defined  as  DEGs whose  expression  varied  significantly  in  response  to

treatment with only JA, SA, or ET, respectively (> 4-fold, p < 0.05). To highlight groups of

synergistically  or  antagonistically  regulated  genes,  we  performed  Weighted  Gene  Co-

expression Network Analysis (WGCNA, RRID:SCR_003302, Langfelder et al., 2008) using

DESeq2-normalized  counts  of  untreated  or  JA-,  SA-,  ET-,  SA-JA-,  and  ET-JA-treated

uncolonized LRs at 1 wpt. Normalization was performed on the entire set of uncolonized LR

counts.  WGCNA  was  previously  applied  to  subsets  of  RNA-seq  data  to  balance  an

acceptable computational time with biological meaningfulness (Zhan et al., 2015; Baumgart

et  al.,  2016;  Drag  et  al.,  2017).  We implemented  WGCNA for  semisupervised  analysis,

including only DEGs (> 4-fold, p < 0.05) of uncolonized LRs treated with one or multiple

hormones.  The  resulting  5134  genes  were  binned  into  13  color-coded  modules

(Supplemental Figure 2C). Modules were correlated to one or more treatment (Pearson’s

correlation test, p < 0.05). The results of the correlation test and the expression profile of

each module were taken into account to regroup interesting modules into four clusters: the

red, green, black, and purple clusters, representing synergistic SA-JA and ET-JA signaling,

synergistic ET-JA signaling, antagonistic SA-JA and ET-JA signaling, and antagonistic SA-JA

signaling, respectively (Supplemental Data Set 2 and Supplemental Figure 2D). We defined

poplar  ECM-responsive genes as  DEGs (> 4-fold,  p < 0.05)  in  untreated colonized LRs

versus  untreated  uncolonized  LRs  (Supplemental  Data  Set  3).  Gene  Ontology  (GO)

enrichment analysis for groups of phytohormone-sDEGs or groups of crosstalk-responsive

genes  was  carried  out  via  the  online  software  AgriGO (Tian  et  al.,  2017),  by  Singular

Enrichment  Analysis  (SEA) against  the reference background of  the  Populus  trichocarpa
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genome v3.0. GO terms in query sets were tested for significant  enrichment via Fisher’s

exact test with Benjamini-Yekutieli correction for multiple testing (FDR < 0.05).

Unsupervised analysis of the transcriptomic data

To obtain a comprehensive view of the impact of hormone treatments on the poplar

and  L.  bicolor  transcriptomes,  we  constructed  transcriptomic  models  using  SHIN+GO

(Miyauchi  et  al.,  2016;  2017;  2018).  A  self-organizing  map (SOM)  was  trained  with  the

normalized read count of the selected replicates using Rsomoclu (Wittek et al., 2013). A 37 x

31 (1147) matrix with rectangular connections (i.e. formed by four neighboring nodes) was

used for analysis. A resolution of 25 genes per node was used for clustering, which was

empirically optimized (Miyauchi et al., 2016; 2017). An epoch of 1000 times more than the

map size was applied (i.e. 1,147,000: 1147 map size x 1000). The initial  radius for SOM

calculation was determined using the neighbor distance function in the R kohonen package

(Wehrens  and  Buydens  2007).  The  following  graphic  outputs  (i.e.,  Tatami  maps)  were

examined:  (i)  genome-wide  transcriptomic  patterns  of  all  biological  replicates  and  (ii)

genome-wide  condition-specific  transcriptomic  patterns  (Supplemental  Figure  3).  Mean

transcription values were calculated based on the values of grouped genes per condition in

each node (i.e., node-wise transcription; Supplemental Data Sets 4 and 5). Nodes whose

mean transcription value showed > 4-fold regulation (p < 0.05) under a specific treatment

compared to the respective untreated tissue were considered to be differentially regulated

and  were  highlighted  in  the  summary  Tatami  maps.  Functional  annotation  sets  were

integrated into the constructed model using the following databases: Carbohydrate Active

Enzyme (CAZy, RRID:SCR_012909, Levasseur et al., 2013; Lombard et al., 2014), Gene

Ontology  (GO,  RRID:SCR_002811,  The  Gene  Ontology  Consortium,  2015),  Kyoto

Encyclopedia  of  Genes  and  Genomes (KEGG,  RRID:SCR_012773,  Ogata  et  al.,  1999),

EuKaryotic  Orthologous Groups (KOG, RRID:SCR_008223,  Tatusov et  al.,  2003),  PFAM

(RRID:SCR_004726, Finn et al., 2016), Panther (RRID:SCR_004869, Thomas et al., 2003),

and Proteases (MEROPS, RRID:SCR_007777, Rawlings et al.,  2018). KOG, GO, KEGG,

PFAM, and Panther best-hit Arabidopsis TAIR10 homologs were obtained from Phytozome,

JGI  (RRID:SCR_006507,  https://phytozome.jgi.doe.gov/pz/portal.html#!info?

alias=Org_Ptrichocarpa_er).  CAZymes  and MEROP were obtained  based on  PFAM and

KEGG IDs using R packages KEGG.db and PFAM.db (Carlson 2016; Carlson et al., 2018).

R was used to operate the pipeline (R Core Team, 2013). All procedures were performed

with the SHIN module  of  SHIN+GO. A set  of  custom scripts for  SHIN is  available  upon

request.

Finally, to highlight genes specifically regulated by hormonal treatment in colonized or

uncolonized  poplar  LRs,  we  analyzed  log2  FC  of  gene  expression  in  hormone-treated
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colonized or uncolonized LRs versus untreated colonized or uncolonized LRs, respectively.

DEGs were defined as > 4-fold (p < 0.05) regulated genes in treated versus untreated LRs.

Normalization was  performed on the  entire  set  of  colonized  and  uncolonized  poplar  LR

counts.

Accession numbers

Sequencing data from this article can be found in the NCBI BioProject data libraries

under accession numbers PRJNA443942 to PRJNA444766.

2.4. Results

SA accumulates in mid-stage ECM in vitro

To  investigate  the  dynamics  of  phytohormone metabolism  during  ectomycorrhizal

development, we quantified the concentration of some precursor and bioactive JA and GA

species, as well as SA, using liquid chromatography-tandem mass spectrometry (LC-MS/MS;

Šimura et al., 2018) in (i) ECM of in vitro-grown colonized poplar cuttings at 2 weeks post-

contact  (wpc),  (ii)  uncolonized  poplar  LRs,  and  (iii)  L.  bicolor  FLM.  The  results  are

summarized in Table 1.

We detected JA, jasmonoyl-L-isoleucine (JA-Ile), and the JA precursor cis-(+)-12-oxo-

phytodienoic acid (cis-OPDA) in concentrations of 0.14 ± 0.06 pmol/g FW to 5.36 ± 1.70

nmol/g FW. These compounds were 4, 5.8, and 3.9 times less concentrated in ECM than in

LRs.  However,  their  concentrations  in  FLM were  very  low  or  below  the  detection  limit,

suggesting  that  these  compounds were  mostly  synthetized  by  poplar  roots.  Since  the

proportion of poplar tissue in ECM was ~36% (Supplemental Data Set 1) and metabolite

content  was  normalized  by  sample  FW,  the  reduced  content  of  JAs  in  ECM  could  be

explained by the dilution of poplar tissue in ECM due to the presence of fungal hyphae (data

not shown). We also detected SA in all samples ranging from 67.08 ± 22.68 to 863.82 ±

251.32 pmol/g FW. SA levels  increased 11.9-fold in ECM compared to LRs and 4.8-fold

compared to FLM. Finally, we detected low levels of two bioactive gibberellins (GA4 and GA6)

and the GA6 precursor GA19, ranging from 0.25 ± 0.07 to 7.33 ± 1.77 pmol/g FW. GA4 levels

were low in LRs and were below the detection limit  in ECM. By contrast,  GA6  and GA19

concentrations were higher in ECM compared to LRs and FLM. Such variations in hormonal

contents  suggest  that  altered  phytohormone  turnover  occurs  during  ectomycorrhizal

development, which may affect the expression of hormone-related gene networks.
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Table 1.  Ectomycorrhizae accumulate salicylic acid. 

Average  and  standard  error  of  the  concentrations  of  gibberellins,  jasmonate  and  salicylate  in

uncolonized poplar lateral roots (LRs), ectomycorrhizae (ECM) at 2 weeks post-contact (wpc), and L.

bicolor free-living mycelium (FLM), as measured by LC-MS/MS and reported in pmol/g fresh weight

(FW). <LOD represents concentrations below the detection limit. † or § indicate significant differences

between ECM and LRs, or between ECM and FLM, respectively, according to Kruskal-Wallis one-way

analysis of variance and post-hoc Fisher’s LSD test with Bonferroni correction (n = 5, p < 0.05).

Phytohormonal treatments affect ectomycorrhizal development and physiology of 
poplar cuttings

To investigate the contributions of JA, GA, SA, and ET signaling pathways and their

crosstalk  to  ectomycorrhizal  development,  we  treated  colonized  and  uncolonized  poplar

cuttings, as well as L. bicolor FLM, with exogenous JA, GA, SA, and ET, as well as GA-JA,

SA-JA,  and ET-JA combinations.  We then sampled RNA for  transcriptomic  analysis  and

examined the phenotype of hormone-treated fungi and plants at 1 or 2 weeks post-treatment

(wpt) (Figure 1). First we assessed whether phytohormone treatment impaired the growth of

L. bicolor FLM. SA treatment resulted in a transient tendency towards higher radial growth of

L. bicolor colonies, while ET treatment significantly reduced colony fresh weight at 1 wpt.

None of the other hormonal treatments, or the highest concentration of EtOH used as solvent

(0.061% v/v), altered FLM phenotypes (Supplemental Figure 4). However, all phytohormone

treatments except SA treatment impaired the fungal colonization rate of poplar plants (Figure

2A and Supplemental Data Set 6). To assess the development of symbiotic structures  in
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planta, we harvested colonized root tips for microscopy observation. ECM from JA, GA-JA-,

and ET-JA-treated plants displayed 3-, 2.5-, and 4.3-fold thinner mantles, respectively, than

untreated  ECM.  Moreover,  although  Hartig  net  depth  did  not  vary  significantly  among

samples, the frequency of fungal penetration events (Hartig net frequency) was significantly

reduced in ECM of  JA- (0.9%) and ET-JA-  (1.4%) treated colonized plants compared to

untreated ECM (51%; Figure 2A and Supplemental Data Set 6). ET-JA-treated ECM, being

very  short,  showed  strong  accumulation  of  red  fluorescent  compounds  in  root  cells,  a

phenotype typical of poplar root meristem.

All  exogenous  phytohormone  treatments  except  GA  treatment  also  affected  the

phenotypes of colonized and uncolonized poplar plants, including weight, root architecture

(number and length of adventitious roots, density and length of LRs, secondary LR density,

and total root system length), and both chlorophyll and anthocyanin  contents. A picture of

representative hormone-treated and/or fungus-inoculated poplar  cuttings can be found as

Supplemental Figure 5. Hierarchical clustering of measures relative to these parameters, as

well as to the fungal colonization rate, revealed four groups of plants with similar phenotypes

(Figure  2B).  GA-  and  ET-treated  colonized  plants  were  the  most  similar  to  untreated

colonized plants (Group 1).  This group displayed the highest root and shoot weights, LR

density, colonization rate, and Hartig net frequency. Within Group 2, ET-treated uncolonized

plants displayed higher LR density than untreated uncolonized plants. Group 4 was formed

by all uncolonized plants treated with JA, alone or in combination with SA or ET, as well as

ET-JA-treated colonized  plants.  This  group displayed  the lowest  chlorophyll  content,  the

highest anthocyanin content, and the lowest LR density. Anthocyanin content can be used as

a proxy for active plant defenses against biotic or abiotic stress, while chlorophyll content is

related to the rate of  photosynthetic  activity  and plant  nitrogen nutrition  (Lev-Yadun and

Gould, 2008; Wang et al., 2014). Therefore, plants belonging to Group 4 likely displayed the

strongest activation of defense mechanisms at the expense of carbon fixation. Mycorrhizal

colonization  of  JA-,  GA-JA-,  and SA-JA-treated plants  (Group 3)  partially  rescued  these

phenotypes (Supplemental Figure 6 and Supplemental Data Set 6). These findings suggest

that JA-triggered plant defense responses counteract fungal colonization.
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Figure 2. Exogenous phytohormone treatments affect ectomycorrhizal development

and physiology of poplar cuttings. 

A.  Ectomycorrhizal  phenotypes  of  phytohormone-treated  colonized  poplar  plants.  Upper  panels:

confocal microscopy images of representative sections of untreated or JA-, GA-, SA-, ET-, GA-JA-,

SA-JA-, and ET-JA-treated ectomycorrhizae (ECM). Propidium Iodide (red) stains the root cell wall,
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while  AlexaFluor® WGA-288 (green)  stains the fungal  cell  wall.  Scale  bar:  50 μm. Lower panels:

boxplots representing fungal colonization rate, mantle thickness, and Hartig net frequency in untreated

or phytohormone-treated ECM. Whiskers represent the limits of the 1.5 interquartile range. Letters

indicate significant groups based on the results of Kruskal-Wallis one-way analysis of variance and

post-hoc Fisher’s LSD test with Bonferroni correction (p < 0.05). B. Heat map showing the clustering

of untreated and hormone-treated poplar cuttings according to the average values of physiological

parameters. Row-scaled Z-score values were used to build the heat map. Values range from 2 to 2

standard deviations from the center. NA indicates the lack of colonization in the uncolonized poplar

cuttings. Four groups were established according to the hierarchical clustering results. Phenotypic

models were drawn taking into account statistically significant differences resulting from Kruskal-Wallis

one-way analysis  of  variance and post-hoc Fisher’s  LSD test  with  Bonferroni  correction for  each

parameter (Supplemental Data Set 6). Adv.: Adventitious. LR: Lateral root. Untr: Untreated.

Phytohormone treatment has minor effects on the L. bicolor transcriptome

To untangle the complex responses of poplar and  L. bicolor  to phytohormones, we

performed an unsupervised analysis using the entire gene expression sets derived from RNA

sequencing of hormone-treated colonized and uncolonized poplar LRs, as well as L. bicolor

FLM. To this end, we exploited the SHIN+GO (Self-organizing map Harboring Informative

Nodes  with  Gene Ontology)  pipeline  (Miyauchi  et  al.,  2016;  2017;  2018).  Based  on  the

normalized levels of the 28,502 transcripts detected in poplar LRs and the 15,129 transcripts

detected in L. bicolor mycelia, we built transcriptomic models using the SHIN+GO pipeline on

the R platform (Methods, Supplemental Data Sets 4 and 5). In the resulting summary Tatami

maps, the nodes (i.e. groups of genes with similar expression profiles) that were regulated by

one or more treatments are highlighted with different colors (Figure 3). This analysis revealed

few or no nodes regulated in L. bicolor mycelium upon phytohormone treatment (Figure 3A-

B). However, root-colonizing L. bicolor hyphae were more sensitive to exogenous hormonal

treatments than FLM, with modified expression of between 25 (GA treatment at 2 wpt) and

703 (GA-JA treatment at 2 wpt) genes. Both FLM and root-colonizing hyphae responded to

SA and SA-JA treatments, triggering the regulation of 123 to 665 genes (Supplemental Data

Set 7).

To gain insight into the response of  L. bicolor  to phytohormone-derived signals, we

examined the expression of genes uniquely regulated by JA, GA, SA, or ET treatment in FLM

and root-colonizing hyphae at 1 wpt (Supplemental Data Set 8). SA treatment of FLM and

root-colonizing hyphae triggered the upregulation of 15 and 22 genes, respectively, with a

predicted role in lipid transport and metabolism. In addition, SA treatment of root-colonizing

hyphae  upregulated  10  genes  putatively  involved  in  glycolysis.  On  the  other  hand,  GA

treatment of  root-colonizing hyphae downregulated 20 genes putatively  involved in signal

transduction and eight genes encoding predicted von Willebrand factor-related coagulation
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proteins (Fischer et al., 1988). Finally, ET treatment of root-colonizing hyphae downregulated

10 genes putatively involved in replication, transcription, and RNA processing.

Figure 3. Transcriptomic analysis reveals  decreased sensitivity to  JA in colonized

versus uncolonized poplar lateral roots.

A-B. Summary Tatami maps representing significantly upregulated (A) and downregulated (B) nodes

in the transcriptomes of hormone-treated L. bicolor FLM versus untreated FLM (upper panels), as well

as of hormone-treated root-colonizing hyphae versus untreated root-colonizing hyphae (lower panels)

at  1  (left  panels)  or  2  wpt  (right  panels).  C-D.  Summary  Tatami  maps  representing  significantly

upregulated (C) and downregulated (D) nodes in the transcriptomes of hormone-treated uncolonized

lateral  roots  (LRs) versus untreated uncolonized LRs (upper panels),  as well  as hormone-treated

colonized LRs versus untreated colonized LRs (lower panels)  at  1 (left  panels) or 2 weeks post-

treatment  (wpt)  (right  panels).  Colors  represent  nodes  differentially  regulated  by  one  or  more

hormonal treatment. ULR: uncolonized LRs. CLR: colonized LRs. CH: root-colonizing hyphae.
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L. bicolor colonization affects the sensitivity of poplar LRs to JA treatment 

Unsupervised analysis revealed that the transcriptomes of uncolonized and colonized

poplar LRs were strongly affected by exogenous phytohormones. ET-JA treatment had the

greatest effect, leading to the differential regulation of 130 nodes in uncolonized LRs and 61

nodes  in  colonized  LRs  (Figure  3C-D;  Supplemental  Data  Set  4).  Higher  numbers  of

differentially regulated nodes in uncolonized LRs versus colonized LRs were also detected

after JA, GA-JA, and SA-JA treatment, especially at 1 wpt (Figure 3C-D). These findings

point to the diminished sensitivity of poplar LRs to JA treatment upon inoculation with  L.

bicolor, especially at the 1-week time point.

To gain deeper insight into the functional consequences of diminished JA sensitivity

in  early  colonized  LRs,  we  explored  the  nodes  that  were  exclusively  regulated  by  JA

treatment in uncolonized LRs (Supplemental Data Set 9). The presence of the mycorrhizal

fungus mitigated JA-induced expression of 16 genes predicted to encode serine protease

inhibitors, including eight putative Kunitz trypsin inhibitors. Also, the contact with  L. bicolor

counteracted  the  JA-triggered  downregulation  of  genes  likely  involved  in  cell  shape

modification, cell wall remodeling, and root hair elongation, such as homologs of Arabidopsis

genes encoding six expansins, seven extensins, six xyloglucan endotransglycosylases, and

four root hair-specific pectate lyases. Albeit reduced, the activation of plant defense was still

detectable in the transcriptome of JA-treated colonized LRs, as revealed by the induction of

genes putatively encoding ten protease inhibitors, six basic chitinases, four genes predicted

to encode white-brown complex homolog protein 11 (WBC11), and nine genes likely involved

in terpene biosynthesis (Supplemental Data Set 9).

L. bicolor colonization increases the sensitivity of poplar LRs to GA, SA and ET 
treatment 

The SHIN+GO pipeline revealed few or no nodes specifically regulated by GA, SA, or

ET treatment in colonized or uncolonized poplar LRs (Figure 3C-D, Supplemental Data Set

4), possibly due to the lower number of specifically regulated genes in response to these

phytohormones  compared  to  JA  (Supplemental  Data  Set  7).  Therefore,  to  explain  the

phenotypes of GA-, SA-, and ET-treated plants, we compared DEGs in GA-, SA-, and ET-

treated colonized and uncolonized LRs to their  respective untreated LRs. The response to

GA treatment was more pronounced in colonized LRs (465 genes at 1 wpt and 103 genes at

2 wpt) than in uncolonized LRs (5 genes at 1 wpt and 5 genes at 2 wpt). GA-downregulated

genes in  colonized LRs included  four  genes likely  involved in  ATP synthesis,  six  genes

putatively encoding ribosome subunits,  and nine genes predicted to encode RNA-binding

proteins. The sensitivity to SA was slightly higher in colonized LRs (494 genes at 1 wpt and

1325 genes at 2 wpt) than in uncolonized LRs (334 genes at 1 wpt and 624 genes at 2 wpt).
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The specific  responses of  colonized  LRs  to  exogenous  SA included  the upregulation  of

seven genes encoding predicted Ca2+-binding proteins, seven putative chaperones, and 18

predicted  cell  wall-  or  membrane-associated  protein  kinases.  Interestingly,  among  these

were  two  predicted  calmodulin  binding  protein-like  genes  (Potri.015G045300  and

Potri.012G054900).  These  genes  encode  homologs  of  Arabidopsis  SAR  DEFICIENT1

(SARD1),  which  is  required  for  SA  biosynthesis  during  pattern-triggered  immunity  (PTI;

Zhang et al., 2010; Wang et al., 2011; Truman and Glazebrook, 2012). Finally, ET treatment

triggered the regulation of more genes in colonized LRs (502 genes at 1 wpt and 491 genes

at 2 wpt) than in uncolonized LRs (275 genes at 1 wpt and 402 genes at 2 wpt). ET-treated

colonized  LRs  specifically  upregulated  genes  encoding  eight  phospholipase  A  2A,  Ca2+-

dependent lipid binding proteins putatively involved in PTI (La Camera et al., 2005; 2009;

Supplemental Data Set 7 and Supplemental Data Set 9).

The crosstalk between JA, SA, and ET signaling regulates transient defense 
responses and cell wall remodeling during ectomycorrhizal development

After  assessing  differential  responsivity  to  exogenous  phytohormones  in  poplar

colonized  and  uncolonized  LRs,  we  aimed  at  investigating  if  the  JA,  GA,  SA,  and  ET

signaling pathways were specifically triggered during ectomycorrhizal development. We first

searched  for  specifically  differentially  expressed  genes  after  phytohormone  treatment

(phytohormone-sDEGs) in uncolonized poplar LRs at 1 wpt and used them as proxies of

activated phytohormone signaling pathways. We detected 2452 JA-sDEGs, 232 SA-sDEGs,

and 97 ET-sDEGs. By contrast, we only detected six genes that were specifically regulated

upon  GA  treatment  of  LRs  (Supplemental  Figure  2A,  Supplemental  Data  Set  7,  and

Supplemental Data Set 10). Gene Ontology enrichment analysis (Supplemental Data Set 11)

revealed  that  JA  treatment  enhanced  response  to  wounding  (FDR  =  9.4  e-6)  and  lipid

metabolism (FDR = 0.00026), while repressing genes involved in cell wall modifications (FDR

= 2.4 e-8)  and possessing pectinesterase activity (FDR = 1.8 e-7),  xyloglucan:xyloglucosyl

transferase  activity  (FDR  =  5.6  e-5)  and  polygalacturonase  activity  (FDR  =  0.0034).  In

contrast,  SA  treatment  triggered  cell  wall  modifications  (FDR  =  0.00012)  based  on

pectinesterase activity (FDR= 0.0013) but inhibited the expression of photosynthesis-related

genes (FDR = 3.5 e-20). ET-upregulated sDEGs were enriched in oxidoreductases (FDR =

0.0043) and hydrolases (FDR = 0.0079), but no GO category was overrepresented in ET-

downregulated  sDEGs.  In  addition  to  phytohormone-sDEGs,  we  searched  for  crosstalk-

regulated  genes  in  uncolonized  poplar  LRs.  We  could  not  explore  the  potential  GA-JA

crosstalk because of the low number of detected GA-sDEGs, but we detected 5134 DEGs in

LRs under at  least  one among JA, SA, and ET treatment or  combined SA-JA or ET-JA

treatment at 1 wpt (Supplemental Figure 2B). To highlight clusters of genes regulated by SA-
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JA or  ET-JA crosstalk,  we  binned  these 5134  DEGs into  13 coexpression  modules  via

Weighted Gene Co-expression Network Analysis (WGCNA (Methods, Supplemental Figure

2C). Subsequently, we analyzed the expression profiles of these modules and merged 10 of

the  modules  into  four  clusters,  representing  genes  synergistically  or  antagonistically

regulated by SA-JA or ET-JA signaling.  Gene Ontology enrichment analysis revealed the

main biological processes these four clusters modulate (Supplemental Data Set 11). The red

cluster  includes  genes  regulated  by  synergy  between  SA-JA  and  ET-JA  signaling  and

responsive to wounding (FDR = 1.2 e-8) and to oxidative stress (FDR = 7.6 e-7). The green

cluster contains genes regulated by synergy between ET and JA signaling,  part  of which

involved in carbohydrate metabolism (FDR = 5.9 e-8) and photosynthesis (FDR = 0.00011).

Genes in the black cluster are antagonistically regulated by SA-JA and ET-JA and enriched

in terpene synthases (FDR = 1.1 e-7). Finally, genes in the purple cluster are antagonistically

regulated by SA and JA signaling and part of these genes act in cell wall modification (FDR =

2.6  e-11)  and  protein  phosphorylation  (FDR=  0.00042)  (Supplemental  Figure  2D,

Supplemental Data Set 2, and Supplemental Data Set 11).

We found substantial  consistency in the expression patterns of JA-, SA-, and ET-

sDEGs, as well as crosstalk-regulated genes, in hormone-treated colonized and uncolonized

poplar LRs at 1 week post-treatment (1 wpt) and 2 wpt (Supplemental Figure 7). The only

exception was downregulated JA-sDEGs, most of which were not regulated by JA treatment

in colonized LRs. Thus, these genes represent  bona fide  LR responses to the respective

hormones. Therefore, we utilized these gene sets to investigate whether JA, SA, and ET

signaling and their crosstalk are active along two stages of ectomycorrhizal development:

before (1 week post-contact (wpc)) and after (2 wpc) Hartig net initiation. Indeed, 167 out of

2452  JA-sDEGs,  28  out  of  232  SA-sDEGs,  and  17  out  of  97  ET-sDEGs  were  also

differentially  expressed  in  untreated  colonized LRs  at  1  or  2  wpc  (Figure  4A  and

Supplemental Data Set 3). Moreover, 136 out of the 1055 red cluster genes, 178 out of the

3178 green cluster genes, 25 out of the 234 black cluster genes, and 19 out of the 207

purple cluster genes were differentially regulated in untreated colonized LRs (Figure 4C and

Supplemental Data Set 3). These results suggest that (at least a branch of) JA, SA, and ET

signaling, as well as their crosstalk, are activated during ectomycorrhizal development.

Within this gene set 16 JA-upregulated sDEGs and 22 genes in the red cluster with

predicted roles in defense were upregulated  in untreated colonized LRs at 1 wpc. Among

these were genes encoding three putative Kunitz trypsin inhibitors and four putative terpene

synthase-like proteins.  Other ECM-responsive genes belonging to the red cluster encode

predicted  oxidative  stress-related  proteins;  six  of  these genes  were  also  ET-sDEGs.  By

contrast, 24 JA-downregulated sDEGs and 32 genes in the green cluster likely involved in

cytoskeleton/cell wall remodeling and root hair elongation were downregulated in  untreated
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colonized LRs at 2 wpc. Among these were genes for three predicted root hair-specific pectin

lyases,  two  putative  xyloglucan  endotransglucosylases/hydrolases,  and  one  cellulose

synthase-like protein D4 (Figure 4B,D, Table 2 and Supplemental Data Set 12).

In addition, we found that one putative ACC synthase gene and two putative ACC

oxidase genes, possibly mediating ET biosynthesis,  were upregulated 4.6- to 11.3-fold in

colonized LRs versus uncolonized LRs. Also, four genes predicted to encode 2-oxoglutarate-

dependent  dioxygenases,  which  function  in  GA  biosynthesis  and  inactivation,  were

upregulated  4.3-  to  4.9-fold  in  colonized  LRs  (Supplemental  Data  Set  3).  These  results

suggest  that  both  phytohormone  signaling  and  metabolism  are  altered  during  ECM

development.
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Figure  4. Ectomycorrhizal  development  induces  the  activation  of  subsets  of

phytohormone-specifically differentially expressed genes. 

A, C. Heat maps of the log2 FC in expression of genes specifically differentially expressed upon JA,

SA and ET treatment (JA-, SA-, and ET-sDEGs) (A) or crosstalk-regulated genes (C) in hormone-

treated uncolonized poplar  lateral  roots (LRs) versus untreated uncolonized LRs at  1 week post-

treatment (wpt), as well as untreated colonized LRs versus untreated uncolonized LRs at 1 and 2

weeks post-contact (wpc). B, D. Bar charts representing the number of upregulated (upper panels)

and downregulated (lower panels) genes in colonized LRs versus uncolonized LRs at 1 wpc (left

panels) and 2 wpc (right  panels) sorted by functional annotation. Colors indicate ECM-responsive

genes that are also regulated by hormone treatment (B) or hormone crosstalk (D). ULR: uncolonized

LRs. CLR: colonized LRs.
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Table 2. Notable overlaps between poplar specifically differentially expressed genes

after phytohormone treatment and ectomycorrhiza-responsive genes suggest that JA

and ET signaling function in ectomycorrhizal development. 

Gene expression  levels  and annotation  of  ectomycorrhiza  (ECM)-responsive  genes that  are  also

regulated upon hormonal treatment. Log2 fold change (FC) and Bonferroni adjusted p-value of gene

expression are reported for hormone-treated uncolonized poplar lateral roots (ULR) versus untreated

ULR at  1  week  post-treatment  (wpt),  as  well  as  untreated  colonized  lateral  roots  (CLR)  versus

untreated  ULR at  1  and  2  weeks  post-contact  (wpc).  When  available,  the  name  of  the  closest

Arabidopsis homologous gene, its symbol and its protein name are also reported.

2.5. Discussion

The multifaceted roles of JA signaling in poplar LRs during symbiosis development

Transcriptomic  network  analysis  highlighted  a  generalized  suppression  of  JA-

triggered gene expression in colonized poplar LRs compared to uncolonized LRs (Figure 3C-

D and Supplemental Data Set 7), impairing the activation of genes likely involved in defense

and cell  wall  remodeling  (Supplemental  Data Set  9).  Therefore it  is  likely  that  L.  bicolor

impairs the activation of JA-triggered responses by altering poplar sensitivity to JA, rather

than  affecting  JA  accumulation.  However,  some  JA-sDEGs  were  regulated  in  untreated

ECM, suggesting that one or more branches of JA signaling play a functional role in ECM

development. Indeed, 17 to 21% of ECM-responsive genes were also JA-sDEGs (Figure 4A-

B and Table 2). This finding suggests that a subset of JA-regulated genes is co-opted for

ectomycorrhizal development. Many ECM-responsive genes regulated by JA treatment, or by

the  synergistic  effects  of  SA-JA  and  ET-JA  signaling,  are  likely  involved  in  defense
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responses  against  pathogens  and  oxidative  stress  resistance.  Among these  are  several

genes coding for putative protease inhibitors. The synthesis of such enzymes upon cell wall

damage  often  determines  the  outcome  of  plant-pathogen  interactions.  Plant  protease

inhibitors  can  possess  antimicrobial  activity  (Kim  et  al.,  2009),  while  pathogen-derived

protease inhibitors can suppress plant defenses and promote infection (Jashni et al., 2015).

The role of plant protease inhibitors in the development of mutualistic interactions remains to

be investigated. In addition, four TPS-b monoterpene synthase genes (Irmsch et al., 2014)

were regulated in ECM. Two of these genes,  PtTPS21 (Potri.001G308300) and  PtTPS16

(Potri.001G308200), are expressed during root herbivory in P. trichocarpa. Their respective

enzymes  synthesize  a  wide  range  of  monoterpenes,  including  camphene,  α-pinene,  β-

pinene, limonene, and γ-terpinene (Lackus et al., 2018). Plants can emit monoterpenes to

deter chewing insects and pathogenic fungi (Stamopoulos et al., 2007; López et al., 2008;

Marei et al., 2012; Tak et al., 2016; Chiu et al., 2017; Quintana-Rodriguez et al., 2018) or to

communicate with other plants,  insects,  and microbes (Seybold et  al.,  2006;  Junker and

Tholl,  2013;  Schmidt  et  al.,  2016).  Therefore,  we  cannot  exclude  the  possibility  that

monoterpenes serve as chemical cues rather than defense compounds in poplar roots. In

addition,  mid-stage  ECM  might  co-opt  JA/ET  signaling  to  dampen  excessive  cell  wall

loosening through the repression of genes encoding putative pectin lyases, pectinesterases,

xyloglucan  endotransglucosylases,  expansins,  and  glycosyl  hydrolases  (Table  2  and

Supplemental Data Set 12). This may confer optimal rigidity to the cell wall in order to restrict

excessive fungal apoplastic penetration. JA signaling might also be co-opted for the inhibition

of root hair growth in ECM, via the downregulation of 10 putative root-hair-specific genes

involved in cell wall loosening (Won et al., 2009), and two genes encoding homologs of the

Arabidopsis bHLH transcription factor ROOT HAIR DEFECTIVE SIX-LIKE2 (RSL2) (Table 2;

Yi et al., 2010; Vijayakumar et al., 2016).

The suppression of responses to JA may be required to deter plant immunity during

ectomycorrhizal  colonization.  Indeed,  JA  treatment  of  colonized  LRs  enhanced  the

expression of genes predicted to function in plant defense, as well as four genes putatively

encoding  WBC11,  an ATP-binding  cassette protein  belonging to a family  of  transporters

required  for  cutin  and  suberin  secretion  (Panikashwili  et  al.,  2007;  Yadav  et  al.,  2014;

Supplemental Data Set 9). Suberins are biopolyesters that act as barriers between the plant

cell  and the environment, limiting water and gas exchange as well  as pathogen invasion

(Franke and Schreiber, 2007). In addition, the phenotype of JA-treated poplar cuttings, with

reduced  root  systems  and  enhanced  anthocyanin  accumulation,  suggests  that  systemic

defense responses were activated in  these plants,  limiting fungal  colonization  (Figure  2).

Alternatively, modified root architecture or physiology upon JA treatment may have affected

colonization by L. bicolor. The manipulation of poplar JA signaling by L. bicolor is essential
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for  Hartig  net  formation  (Plett  et  al.,  2014a,b).  Indeed,  L.  bicolor secretes  the  effector

MiSSP7 to stabilize PtJAZ6, a corepressor of JA signaling in poplar. Consistently, our data

confirm that Hartig net frequency is reduced in JA-treated colonized poplar plants (Figure

2A).

In conclusion, colonized poplar LRs displayed reduced sensitivity to JA. However, a

subset  of  JA-sDEGs  were  expressed  in  untreated colonized  LRs,  suggesting  that  JA

signaling, in synergy with SA and ET signaling, is co-opted for transient defense and stress

responses in early ECM as well as the inhibition of cell wall loosening in mid-stage ECM.

Therefore,  consistent  with  the  role  of  JA  signaling  in  other  beneficial  plant-microbe

interactions (Basso and Veneault-Fourrey, 2020), we propose that moderate JA signaling

contributes  to  ectomycorrhizal  development,  whereas  strong JA signaling,  which  triggers

excessive plant immunity and cell wall stiffening, is detrimental for this symbiosis.

ET signaling promotes LR initiation but affects fungal colonization

Exogenous ET treatment of colonized poplar LRs impaired the fungal colonization

rate (Figure 2A)  and upregulated eight  genes putatively  encoding  phospholipase A 2As;

these Ca2+-dependent lipid  binding proteins are involved in  PTI (La Camera et  al.,  2005;

2009;  Supplemental  Data  Set  9).  ET  treatment  also  reduced  the  expression  of  genes

involved in replication,  transcription,  and RNA processing in  colonizing  L. bicolor hyphae

(Supplemental Data Set 8) and transiently decreased the fresh weight of L. bicolor colonies

(Supplemental Figure 4). Together, these results suggest that the induction of PTI in ET-

treated colonized poplar LRs delays the completion of the fungal cell cycle and affects  L.

bicolor  colonization.  Alternatively,  reduced  LR  length  of  ET-treated  plants  may  have

counteracted the contact of fungal hyphae with the root surface. However, ET treatment did

not affect Hartig net depth or frequency (Figure 2A), in contrast to a previous report (Plett et

al.,  2014a). Such discrepancy may be explained by the different pH of the culture medium,

which in our experimental setup was stabilized at 5.8. Indeed, exogenous ACC inhibits H+-

ATPase activity in Arabidopsis and rice, resulting in alkalinization of the culture medium and

inhibited longitudinal root cell elongation (Staal et al., 2011; Chen et al., 2017). Therefore,

ACC treatment may affect Hartig net development via pH-dependent inhibition of cortical root

cell  elongation.  Alternatively,  pH  might  affect  the  growth  of  fungal  hyphae.  Indeed,  the

optimal pH range for growth of ectomycorrhizal fungi is pH 5 to 7 (Yamanaka, 2003; Sundari

and  Adholeya,  2003),  and  soil  alkalinization  reduces  the  frequency  of  ectomycorrhizal

colonization (Marx, 1990; Aggangan et al., 1996).

In  contrast  to  exogenous  ET,  endogenous  ET  signaling  might  promote  ECM

establishment. ET signaling functions in the morphogenetic responses of Cistus incanus and

Arabidopsis  roots  to  indirect  contact  with  Tuber spp.  mycelium  (black  truffle).  Indeed,
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although free-living truffle mycelia do not produce ET above the detection limit, Arabidopsis

ET-insensitive mutants fail  to exhibit  enhanced LR density in response to fungal volatiles

(Splivallo et al., 2009). In the current study, we detected the enhanced expression of three

predicted ET-biosynthetic genes in early colonized LRs, pointing to colonization-promoted ET

biosynthesis in poplar LRs (Supplemental Data Set 3). In addition, ET-treated uncolonized

poplar cuttings displayed very dense, short LRs, a phenotype reminiscent of mycorrhizal root

systems (Supplemental Data Set 6). Our results, together with those of Splivallo et al. (2009),

suggest that ectomycorrhizal fungi stimulate ET biosynthesis in host roots to regulate LR

patterning.

In conclusion, we propose that moderate ET signaling promotes the establishment of

ECM symbiosis by enhancing the density of LR primordia. However, intense ET signaling

might affect the fungal colonization rate by activating PTI and affecting fungal replication,

transcription,  and  translation.  In  addition,  excessive  ET signaling  might  affect  Hartig  net

development through a yet-to-be-elucidated pH-dependent mechanism.

SA accumulates in ECM but does not promote symbiosis

Through LC-MS/MS, we showed that SA levels were higher in ECM compared to

uncolonized poplar LRs and that FLM could synthesize this hormone. Thus, the SA detected

in  ECM  may  have  been  derived  from  the  plant,  the  fungus,  or  both.  However,  such

accumulation was not mirrored by the activation of many SA-sDEGs in colonized poplar LRs

(Figure 4A-B); also, exogenous SA did not promote ectomycorrhizal development (Figure

2A).  We  propose  two  main  hypotheses  to  explain  this  phenomenon:  (i)  fungal  signals

influence plant responses to SA or (ii) SA accumulation in ECM occurs in fungal hyphae and

SA is not perceived by poplar cells. SA treatment of colonized LRs triggers the regulation of

genes putatively involved in systemic defense (Supplemental Data Set 9; Zhang et al., 2010;

Wang et al., 2018; Guerra et al., 2019), suggesting that  L. bicolor  cannot suppress poplar

responses to exogenous SA. However, we cannot exclude the possibility that fungal MiSSPs

target endogenous SA signaling in poplar, similar to JA signaling (Plett et al., 2014b). Our

second hypothesis is that SA accumulation in ECM is localized to fungal hyphae. Since L.

bicolor FLM metabolizes the β-glucoside salicin to SA (Tchaplinski et al., 2014), the increase

in SA concentration in ECM might be due to an enhanced metabolic rate of hyphal feeding

on plant-derived glycosides. In our experiment,  L. bicolor  FLM and root-colonizing hyphae

responded  to  exogenous  SA  via  the  activation  of  carbohydrate  and  lipid  transport  and

metabolism (Supplemental  Data Set 8),  suggesting that SA triggers energy production or

storage in L. bicolor. In conclusion, the increased SA concentration in ECM may be derived

from fungal metabolism and may not be functional for the establishment of ECM symbiosis.
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Altered GA metabolism in ECM may regulate hyphal adhesion to host roots

Our assessment of phytohormone concentration and the expression of genes related

to hormone metabolism showed that  GA biosynthesis  and inactivation were enhanced in

ECM. On the other hand, GA treatment did not affect Hartig net  frequency,  but it  had a

negative impact on the fungal colonization rate (Figure 2A). Since the LR density of GA-

treated plants did not differ from that of untreated plants (Supplemental Data Set 6),  the

reduced colonization rate may depend on GA-driven inhibition of hyphal growth or adhesion

to host roots. Interestingly, colonizing L. bicolor hyphae responded to GA treatment via the

downregulation  of  genes  encoding  eight  glycoproteins  homologous  to  an  animal  blood

coagulation factor (Supplemental Data Set 8). Cytological observations of early mycorrhizal

development have shown that the fungal secretion of oriented fibrillar materials containing

polysaccharides and glycoproteins is important for adhesion to the host root (Lei et al., 1991;

Tagu  and  Martin,  1996).  Therefore,  we  propose  that  GA  treatment  affects  glycoprotein

biosynthesis in L. bicolor, thereby reducing hyphal adhesion to poplar roots.

Uncolonized poplar LRs were insensitive to GA treatment (Supplemental Data Set 7),

possibly  due  to  the  low  dosage (Busov  et  al.,  2006).  We  predict  that  higher  doses  of

exogenous GA would affect poplar root architecture and Hartig net development. Indeed,

GA-deficient and -insensitive poplar mutants display LR proliferation and elongation (Gou et

al.,  2010),  while  GA-overproducing  transgenic  poplar  lines  exhibit  enhanced  xylose  and

glucose deposition in their cell walls (Park et al., 2015). In conclusion, GA signaling might

affect fungal adhesion to the host root, but the other roles of GA signaling in ECM formation

remain to be investigated.

2.6. Conclusion

Here we investigated the role  of  the plant  hormones JA,  GA,  SA,  and ET in the

development  of  ECM between roots  of  P.  tremula  x  alba  and hyphae of  L.  bicolor.  We

demonstrated  that  fungal  colonization  alters  the  endogenous  hormonal  levels  and  the

sensitivity to exogenous phytohormones of poplar LRs. In particular, diminished sensitivity to

JA  may  be  required  for  Hartig  net  formation,  although  a  branch  of  JA/ET  signaling  is

activated  during  ectomycorrhizal  development.  Altogether,  this  work  illustrates  that

accumulation,  perception,  and responses to phytohormones implied in plant  defense and

development must be tightly regulated to ensure ectomycorrhizal development.
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2.10. Supplemental Material

Supplemental Figure 1.  Replicate analysis reveals consistency of normalized  poplar

lateral root and L. bicolor mycelium transcriptomes.

(Supports Figure 3.) A. Distribution and density of normalized, log2-transformed read counts of 28,502

genes from 96 biological replicates of colonized and uncolonized poplar lateral roots (LRs) treated or

not with exogenous phytohormones. B. Distribution and density of normalized, log2-transformed read

counts of 15,129 genes from 96 biological replicates of L. bicolor free-living mycelia (FLM) and root-

colonizing hyphae treated or not with exogenous phytohormones. C-D. Correlation of transcriptomes

among 96 biological replicates of colonized and uncolonized poplar LRs (C) or  L. bicolor FLM and

root-colonizing hyphae (D) treated or not with exogenous phytohormones. Left: Hierarchical clusters of

biological replicates based on the distances of transcriptomic similarities. Right: Adjacent matrix of the

correlation coefficients (p < 0.0001). ECM: Ectomycorrhizae, i.e., colonized poplar LRs. ROT: Roots

only, i.e., uncolonized poplar LRs. A/J/G/S/CT: Ethylene, jasmonic acid, gibberellic acid, salicylic acid,

and control (no treatment). 1/2: 7/14 days after treatment.
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Supplemental Figure 2.  Weighted Gene Co-expression Network Analysis reveals four

gene clusters regulated by SA-JA and ET-JA crosstalk. 

(Supports  Figure 4C-D.) A. Venn diagrams showing the number of upregulated (left  diagram) and

downregulated (right diagram) genes in uncolonized poplar lateral roots (LRs) treated with exogenous

JA, GA, SA or ET, as compared to untreated LRs, at 1 week post-treatment (wpt). B. Venn diagrams

showing the overlaps in the number of upregulated (left diagrams) and downregulated (right diagrams)

genes  between  uncolonized  poplar  lateral  roots  (LRs)  treated  with  exogenous  JA,  SA,  or  a

combination of JA and SA (upper panels) or JA, ET, or a combination of JA and ET (lower panels), as

compared to untreated LRs, at 1 week post-treatment (wpt). C. Eigengene profiles of the 13 modules

obtained through Weighted Gene Co-expression Network Analysis (WGCNA). D. Heat map of the log2

FC in expression of genes belonging to the WGCNA modules in hormone-treated uncolonized LRs

versus untreated uncolonized LRs at 1 wpt. Colors denote WGCNA modules or indicate crosstalk-

regulated gene clusters. Red cluster: SA-JA and ET-JA synergy. Green cluster: ET-JA synergy. Black

cluster: SA-JA and ET-JA antagonism. Purple cluster: SA-JA antagonism.
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Supplemental Figure 3. Condition-wise Tatami maps. 

(Supports Figure 3.) Condition-wise Tatami maps showing the averaged transcriptomic patterns from

uncolonized (A) and colonized (B) poplar lateral roots (LRs), as well as L. bicolor free-living mycelium

(FLM) (C) and root-colonizing hyphae (D) at 1 and 2 weeks post-treatment (wpt). Nodes represent

groups of  genes with similar  expression pattern.  Red color indicates high node-wise transcription,

while blue color indicates low node-wise transcription.
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Supplemental  Figure  4.  ET  treatment  transiently  affects  the  growth  of  L.  bicolor

colonies.

(Supports Figure 2.)  A.  Diameter growth curves of  L.  bicolor colonies grown on Pachlewski  agar

medium supplemented with 2-morpholinoethanesulfonic acid sodium salt (P20 MES medium) with and

without the addition of phytohormones or 0.061% v/v EtOH over a 14-day time-course. Error bars

indicate standard deviation of six to sixteen replicates per condition. Linear models of growth curves

from phytohormone- or  EtOH-treated  L.  bicolor colonies  do not  differ  significantly  from untreated

colonies according to χ2 test. Equivalences reported on top of growth curves at single time points

indicate significant differences between conditions as revealed by Kruskal-Wallis one-way analysis of

variance and post-hoc Fisher’s LSD test with Bonferroni correction (p < 0.05), performed at each time

point. B. Boxplot charts representing differences in fresh weight among L. bicolor colonies treated or

not with phytohormones or 0.061% v/v EtOH at 1 week post treatment (wpt, upper panel) or 2 wpt

(lower panel). Whiskers represent the limits of the 1.5 interquartile range. Letters indicate the result of

Kruskal-Wallis one-way analysis of variance and post-hoc Fisher’s LSD test with Bonferroni correction

(p < 0.05). N.S.: non significant.
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Supplemental Figure 5. Pictures of representative poplar cuttings. 

(Supports Figure 2B.) Representative untreated and hormone-treated uncolonized (upper panel) and

colonized (lower panel) poplar cuttings at 2 weeks post-treatment (wpt). Scale bar: 1 cm.
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Supplemental Figure 6. Groups of phytohormone-treated colonized and uncolonized

poplar cuttings showing specific phenotypes. 

(Supports  Figure  2B.)  Boxplot  charts  representing  differences  in  weight,  pigment  content,  root

architecture, and ectomycorrhizal development for groups of poplar plants resulting from hierarchical

clustering (Figure 2B). Whiskers represent the limits of the 1.5 interquartile range. Letters indicate the

result of Kruskal-Wallis one-way analysis of variance and post-hoc Fisher’s LSD test with Bonferroni

correction (p < 0.05).  Group 1:  Untreated, GA-treated, and ET-treated colonized plants.  Group 2:

Untreated, GA-treated, SA-treated, and ET-treated uncolonized plants. Group 3: JA-, SA-, GA-JA-,

and SA-JA-treated colonized plants. Group 4: JA-, GA-JA-, SA-JA-, ET-JA-treated uncolonized plants,

and ET-JA-treated colonized plants.
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Supplemental Figure 7. Expression levels of  phytohormone-specifically differentially

expressed genes (phytohormone-sDEGs) and crosstalk-regulated genes are constant

in hormone-treated colonized and uncolonized poplar lateral roots at different time

points.

(Supports Figure 4.) Heat maps representing the log2 FC in expression of specifically differentially

expressed genes (sDEGs) after JA (A), SA (B), or ET (C) treatment and in crosstalk- (D-G) responsive

genes in hormone-treated uncolonized lateral roots (LRs) versus untreated uncolonized LRs, as well

as  hormone-treated  colonized  LRs  versus  untreated  colonized  LRs,  at  1  or  2  wpt.  Crosstalk-

responsive genes are regulated by: SA-JA and ET-JA synergy (D, red cluster); ET-JA synergy (E,

green cluster);  SA-JA and ET-JA antagonism (F, black cluster); and SA-JA antagonism (G, purple

cluster). ULR: uncolonized LRs. CLR: colonized LRs.
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Supplemental Data Set 1. Summary of RNA-seq statistics.

RNA  was  extracted  from  three  biological  replicates  per  each  of  untreated  or  hormone-treated

uncolonized poplar lateral roots (LRs), colonized poplar LRs, and L. bicolor free-living mycelium (FLM)

samples.  Sampling  was performed at  two  time points:  1  and  2 weeks  post-treatment  (wpt).  The

resulting 143 RNA samples were utilized to construct stranded sequencing libraries. After 2 × 150 bp

Illumina  HiSeq2000/2500  sequencing,  raw  reads  were  obtained.  Reads  were  quality-filtered  and

trimmed to give the total  number of sequenced fragments. Reads were mapped on the  L. bicolor

genome (v1.1)  and/or  on  the  Populus  trichocarpa genome (v3.1).  The  percentages of  fragments

mapped on each genome and of total mapped fragments are provided. ULR: uncolonized LRs. CLR:

colonized LRs.

Supplemental Data Set 2. Weighted Gene Co-expression Network Analysis (WGCNA)

reveals four gene clusters regulated by SA-JA and ET-JA crosstalk. 

A. Ten WGCNA-derived modules are grouped into four clusters of crosstalk-regulated genes.

Correlation coefficients and p-values of Pearson’s correlation tests between each of the 13 color-

coded modules obtained via  WGCNA (Supplemental  Figure 2C) and each hormonal  treatment  of

uncolonized plants at 1 week post-treatment (wpt). Significant correlations (p < 0.05) and inspection of

expression profiles of each module (Supplemental Figure 2D) allowed regrouping of 10 modules into

four clusters, representing genes synergistically or antagonistically regulated by SA-JA and ET-JA. It

is reported whether genes belonging to each cluster are up- or downregulated upon phytohormone

crosstalk.  B-E.  Crosstalk-regulated  gene  clusters.  Gene  expression  levels  and  annotation  of

crosstalk-regulated  genes.  Log2 FC and  Bonferroni adjusted  p-values  are  reported  for  hormone-

treated uncolonized poplar  lateral  roots  (LRs)  versus  untreated uncolonized LRs at  1 wpt.  When

available, the name of the closest Arabidopsis homologous gene, its symbol and its protein name are

also reported. ULR: uncolonized LRs. B. Red cluster (SA-JA and ET-JA synergy). C. Green cluster

(ET-JA synergy).  D. Black cluster (SA-JA and ET-JA antagonism). E.  Purple cluster (SA-JA

antagonism).

Supplemental Data Set 3. Several ectomycorrhiza-responsive poplar genes are also

specifically differentially expressed genes after phytohormone treatment or respond

to hormonal crosstalk.

Gene expression levels and annotation of ectomycorrhiza (ECM)-responsive differentially expressed

poplar genes (DEGs). ECM-responsive DEGs were defined as > 4-fold (p < 0.05) regulated genes in

untreated colonized poplar lateral roots (LRs) compared to untreated uncolonized LRs at 1 or 2 weeks

post-contact  (wpc).  Log2 FC  and  Bonferroni  adjusted  p-values  are  reported  for  ECM-responsive

genes. Annotations describe whether these genes are also specifically differentially expressed genes

after JA, SA, or ET treatment (JA-, SA- or ET-sDEGs) (Supplemental Data Set 10), whether they are

regulated by more than one of these treatments and whether they respond to hormonal crosstalk

(Supplemental Data Set 2). When available, the name of the closest Arabidopsis homologous gene,

its symbol and its protein name are also reported. The manual annotation of gene function, based on
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the Arabidopsis  homolog,  is  reported.  Finally,  genes with  similar  functions were grouped onto 12

categories  of  biological  functions,  as  reported  in  Figure  4B,D.  CLR:  colonized  LRs.  A.  ECM-

responsive genes at 1 wpc. B. ECM-responsive genes at 2 wpc.

Supplemental Data Set 4. Genome-wide co-regulated gene clusters for colonized and

uncolonized poplar lateral root transcriptomes using Self-organizing map Harbouring

Informative Nodes with Gene Ontology (SHIN+GO). 

The  annotations  per  protein  IDs  in  1147  nodes  (gene  clusters).  The  nodes  with  high/differential

transcriptions are labelled. The table also includes JGI protein IDs with following information. Log2

transformed normalized read counts of the genes averaged from the triplicates under all conditions at

two time points; the log2 fold difference of the transcriptions (i.e. hormone-treated against non-treated)

at two time points with statistical significance (FDR adjusted p-value < 0.05); functional annotation

information on Carbohydrate Active Enzyme (CAZyme), Proteases (MEROPS), the Gene Ontology

(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), EuKaryotic Orthologous Groups (KOG),

and Protein families (Pfam). ECM: Ectomycorrhizal root. Rot: Root. S: Salicylic acid. J: Jasmonic acid.

G: Gibberellic acid. A: ethylene. CT: Control (no-treatment). 1/2: 1 or 2 week-old.

Supplemental Data Set 5. Genome-wide co-regulated gene clusters for L. bicolor free-

living mycelium and root-colonizing hyphae transcriptomes using Self-organizing map

Harbouring Informative Nodes with Gene Ontology (SHIN+GO). 

The  annotations  per  protein  IDs  in  596  nodes  (gene  clusters).  The  nodes  with  high/differential

transcriptions are labelled. The table also includes JGI protein IDs with following information. Log2

transformed normalized read counts of the genes averaged from the triplicates under all conditions at

two growth points; the log2 fold difference of  the transcriptions (i.e.  hormone treated against non-

treated)  at  two  time points  with  statistical  significance  (FDR adjusted  p-value  <  0.05);  functional

annotation  information  on  theoretically  secreted  Carbohydrate  Active  Enzyme  database  (CAZy),

lipases, proteases, small secreted proteins (< 300 aa), InterPro (IPR), the Gene Ontology (GO), Kyoto

Encyclopedia  of  Genes  and  Genomes  (KEGG)  and  EuKaryotic  Orthologous  Groups  (KOG),  and

SignalP for prediction of signal peptides. ECM: Ectomycorrhizae. FLM: Free-living mycelia. S: Salicylic

acid. J: Jasmonic acid. G: Gibberellic acid. A: ethylene. CT: Control (no-treatment). 1/2: 1 or 2 week-

old.

Supplemental  Data Set 6. Phytohormone treatments alter root architecture,  weight,

pigment content, and ectomycorrhizal colonization of poplar cuttings. 

Average  and  standard  error  of  hormone-treated  and  untreated uncolonized  and  colonized  poplar

cuttings at 2 weeks post-treatment (wpt) in terms of weight, pigment content, root architecture, and

ectomycorrhizal  development.  Letters  represent  the results  of  Kruskal-Wallis  one-way analysis  of

variance and post-hoc Fischer’s LSD test with Bonferroni correction (p < 0.05).  Unc.: uncolonized

plants;  Col.:  colonized  plants.  A.  Hormone-treated  poplar  cuttings.  The  number  of  biological

replicates per treatment for measurement of weight  and pigments ranges from four to eight.  The
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number of biological replicates per treatment for assessment of root architecture ranges from 32 to 37.

The number of biological replicates per treatment for estimation of the ectomycorrhizal colonization

rate ranges from 25 to 53. The number of biological replicates per treatment for assessment of other

parameters of  ectomycorrhizal  development  ranges from three to five.  B. Groups of  treatments

established according to the hierarchical clustering results (Figure 2B). The number of biological

replicates per group of treatments for measurement of weight and pigments ranges from 12 to 40. The

number of biological replicates per group of treatments for assessment of root architecture ranges

from 109 to 176. The number of biological replicates per group of treatments for estimation of the

ectomycorrhizal colonization rate ranges from zero to 123. The number of biological replicates per

group of treatments for assessment of other parameters of ectomycorrhizal development ranges from

zero to 19.

Supplemental  Data  Set  7.  Exogenous  phytohormones  have  wider  effects  on  the

transcriptomes of poplar lateral roots than of L. bicolor mycelia.

A.  Hormonal  treatments  affect  poplar  lateral  root  transcriptomes. Number  of  up-  and

downregulated genes, and total differentially expressed genes (DEGs) in hormone-treated colonized

and uncolonized poplar lateral roots (LRs) compared to untreated colonized and uncolonized LRs,

respectively. Transcriptomic analysis was performed at two time points: 1 and 2 weeks post-treatment

(wpt). DEGs were defined as > 4-fold (p < 0.05) regulated genes in hormonal treatments as compared

to  untreated  LRs.  Prior  to  DEG  calling,  reads  were  normalized  with  two  different  methods.  1.

Normalization on the total reads from uncolonized LR libraries. These DEGs were exploited to

define specific DEGs after phytohormone treatment (phytohormone-sDEGs) (Figure 4A) and as input

for  Weighted  Gene  Co-expression  Network  Analysis  (WGCNA)  (Supplemental Figure  2).  2.

Normalization on the total  reads from colonized and uncolonized LR libraries. These DEGs

were used to define specific responses of colonized or uncolonized LRs to GA, SA, and ET treatment

(Supplemental Data Set 9). ULR: uncolonized LRs. CLR: colonized LRs.  B. Hormonal treatments

have minor effects on  L. bicolor transcriptomes. Number of up- and downregulated genes, and

total  DEGs  in  hormone-treated  L.  bicolor free-living  mycelium (FLM)  and  root-colonizing  hyphae

compared  to untreated FLM and root-colonizing hyphae. Transcriptomic analysis was performed at

two time points: 1 and 2 wpt. DEGs were defined as > 4-fold (p < 0.05) regulated genes in hormonal

treatments as compared to untreated hyphae. Prior to DEG calling, reads were normalized by the total

mapped reads from L. bicolor FLM and root-colonizing hyphae libraries. CH: root-colonizing hyphae.

Supplemental Data Set 8. The transcriptome of L. bicolor responds to exogenous SA,

ET and GA. 

Gene  expression  levels  and  annotation  of  genes  regulated  by  hormonal  treatment  in  L.  bicolor

transcriptomes. Log2 FC and Bonferroni adjusted p-values are reported for hormone-treated free-living

mycelium (FLM)  versus untreated  FLM at  1  week post-treatment  (wpt),  or  hormone-treated  root-

colonizing hyphae versus untreated root-colonizing hyphae at 2 wpt. Functional KOG annotations are

also reported. CH: root-colonizing hyphae. A. SA-regulated genes in FLM. B. GA-regulated genes
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in root-colonizing hyphae. C. SA-regulated genes in root-colonizing hyphae. D. ET-regulated

genes in root-colonizing hyphae.

Supplemental  Data  Set  9.  Altered  sensitivity  to  phytohormones  upon  fungal

colonization determines selective regulation of genes functioning in defense and root

architecture.

Gene  expression  levels  and  annotation  of  notable  genes  regulated  by  hormonal  treatment  in

hormone-treated  uncolonized lateral roots (LRs) versus untreated uncolonized LRs at 1 week post-

treatment (wpt), or in hormone-treated colonized LRs versus untreated colonized LRs at 1 wpt. Log2

FC  and  Bonferroni  adjusted  p-values  are  reported.  When  available,  the  name  of  the  closest

Arabidopsis homologous gene, its symbol and its protein name are also reported. ULR: uncolonized

LRs. CLR: colonized LRs.  1. Genes upregulated upon JA treatment in uncolonized, but not in

colonized  LRs. 2.  Genes  downregulated  upon  JA  treatment  in  uncolonized,  but  not  in

colonized LRs. 3. Genes upregulated upon JA treatment in uncolonized and colonized LRs. 4.

Genes downregulated upon GA treatment in colonized, but not in uncolonized LRs. 5. Genes

upregulated upon SA treatment in colonized, but not in uncolonized LRs. 6. Genes upregulated

upon ET treatment in colonized, but not in uncolonized LRs.

Supplemental  Data  Set  10.  Specifically  differentially  expressed  genes  after

phytohormone treatment. 

Gene  expression  levels  and  annotation  of  specifically  differentially  expressed  genes  after

phytohormone treatment (phytohormone-sDEGs). Phytohormone-sDEGs were defined as > 4-fold (p

< 0.05) regulated genes in only one of the uncolonized lateral root (LR) transcriptomes upon JA, SA,

and ET treatment compared to untreated uncolonized LR transcriptome. Prior to DEG calling, reads

were normalized by the total mapped reads from uncolonized LR libraries. Log2 FC and Bonferroni

adjusted p-values are reported. When available, the name of the closest Arabidopsis homologous

gene, its symbol and its protein name are also reported. ULR: uncolonized LRs. A. JA-sDEGs. B. SA-

sDEGs. C. ET-sDEGs. D. GA-sDEGs.

Supplemental Data Set 11. Gene Ontology enrichment analysis of groups of genes

regulated upon phytohormone treatment or responding to hormonal crosstalk.

Results of  Gene Ontology (GO) enrichment analysis  for  groups of  genes specifically  differentially

regulated upon phytohormone treatment (phytohormone-sDEGs) and groups of genes regulated by

hormonal  crosstalk  (see  Supplemental  Figure  2  and  Supplemental  Data  Set  2),  as  obtained  via

AgriGO (see Methods). The table reports significantly enriched GO terms, along with their accession

number,  type,  number  of  genes  belonging  to  such  GO term  in  the  query  and  in  the  reference

background,  total  number of  genes belonging to the query or  the reference background,  p-value

resulting from Fisher’s exact  test,  false discovery rate (FDR)-adjusted p-value (Benjamini-Yekutieli

correction  for  multiple  testing),  and  the  GeneID  of  the  query  genes  assigned  to such  GO  term
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(entries). Only terms scoring FDR<0.01 are shown. Term type:  P.  Biological  process.  C. Cellular

component. F. Molecular function. Bg: background.

Supplemental Data Set 12. Phytohormone crosstalk regulates genes involved in cell

wall  modifications  and  responses  to  biotic  and  abiotic  stress  during  fungal

colonization.

Gene expression levels and annotation of  notable crosstalk-regulated and ectomycorrhiza (ECM)-

responsive genes. The entire sets of crosstalk-regulated genes are reported in Supplemental Data Set

2, while the entire sets of ECM-responsive genes are reported in Supplemental Data Set 3. Log2 FC

and Bonferroni adjusted p-values are reported for hormone-treated uncolonized poplar lateral roots

(LRs)  versus  untreated  uncolonized  LRs  at  1  week  post-treatment  (wpt),  as  well  as  untreated

colonized  LRs  versus  untreated  uncolonized LRs  at  1  and  2  weeks  post-contact  (wpc).  When

available, the name of the closest Arabidopsis homologous gene, its symbol and its protein name are

also  reported.  ULR:  uncolonized  LRs.  CLR:  colonized  LRs.  1.  Red  cluster  (SA-JA  and  ET-JA

synergy). 2. Green cluster (ET-JA synergy). 3. Black cluster (SA-JA and ET-JA antagonism). 4. Purple

cluster (SA-JA antagonism).
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3. Appendix: additional data

In this appendix we report some additional data that has not been included in the submitted

manuscript.  Indeed,  to  investigate  the  dynamics  of  phytohormone  metabolism  during

ectomycorrhizal  development,  we  screened  101  phytohormones  using  liquid

chromatography-tandem mass spectrometry (LC-MS/MS; Šimura et al., 2018). In addition to

JAs,  SA and GAs (reported in  the article),  we also detected bioactive auxins,  cytokinins

(CKs),  abscisates  (ABA),  as  well  as  their  precursors,  conjugates  and  catabolites  in  (i)

ectomycorrhizae (ECM) of  in vitro-grown colonized poplar cuttings at 2 weeks post-contact

(wpc),  (ii)  uncolonized  poplar  lateral  roots  (LRs),  and (iii)  L.  bicolor  free-living  mycelium

(FLM). Moreover, we identified genes involved in phytohormone metabolism to be regulated

during  ectomycorrhizal  development.  We  briefly  discuss  the  perspectives  of  these

preliminary findings. 

3.1. Additional results

Auxins, cytokinin ribosides, and phaseic acid accumulate in mid-stage ECM in vitro

To  obtain  the  hormonal  blueprint  of  ECM  development,  we  screened  101

phytohormones  using  liquid  chromatography-tandem  mass  spectrometry  (LC-MS/MS;

Šimura et al.,  2018). Among the auxin-related compounds examined, with concentrations

ranging  from  2.81  ±  0.53  pmol/g  fresh  weight  (FW)  to  129.6  ±  26.8  nmol/g  FW,  the

concentration of bioactive indole-3-acetic acid (IAA) was 1.7 times higher in ECM than in LRs

but was comparable to that in FLM. Similar patterns were observed for the IAA precursor

tryptophan, its degradation product oxIAA, and its conjugated form, IAA-Glu (Additional Table

1). These results are consistent with previous findings (Vayssières et al., 2015). 

We measured the concentrations of total  isoprenoid cytokinins (CKs) belonging to

four  groups,  including  isopentenyladenine  (iP),  trans-zeatin  (tZ),  cis-zeatin  (cZ),  and

dihidrozeatin (DHZ), which ranged from 0.0036 ± 0.0011 to 64.40 ± 21.90 pmol/g FW. All of

these compounds were present at low levels in FLM, suggesting that detected CKs were

mainly synthetized by poplar roots. Therefore, the slight reduction in total CK content in ECM

could be explained by the dilution of  poplar  tissue with fungal hyphae (data not shown).

However,  some  groups  of  CK  metabolites  showed  specific  accumulation  patterns.  For

instance, CK ribosides (transported forms of CK) were 2 times more concentrated in ECM

than in LRs. Specifically, the concentration of iP riboside (iPR) increased 2.1-fold in ECM

versus LRs. By contrast, CK  O-glucosides (reversible CK conjugates) were 9.1 times less

concentrated in ECM than in LRs. Finally, even though the concentration of total bioactive
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CK bases did not differ between samples,  cis-zeatin was 1.5 times more concentrated in

ECM than in LRs.

We  also  detected  the  stress  hormone  abscisic  acid  (ABA)  and  its  degradation

products phaseic acid (PA) and diphaseic acid (DPA), which ranged from 6.22 ± 0.76 to

108.94 ± 17.7 pmol/g FW. The levels of these metabolites were below the detection limit in

FLM. The differences in ABA levels between LRs and ECM disappeared if the ECM content

was  corrected  by  a  dilution  factor  (data  not  shown).  However,  the  PA  concentration

increased 2.7-fold in ECM compared to LRs, while the pool of DPA was completely depleted

in ECM. 

Such variations  in  hormonal  contents suggest  that  altered phytohormone turnover

occurs during ectomycorrhizal development, which may affect the expression of hormone-

related gene networks.

Cytokinin and auxin metabolism is promoted during ectomycorrhizal development

To corroborate the finding that  hormone levels  are altered in mid-stage ECM, we

investigated the expression of ECM-responsive genes with a role in phytohormone turnover

by quantifying transcript levels in colonized and uncolonized poplar LRs at 1 and 2 wpc via

paired-end Illumina RNA-seq.  Several  genes involved  in  phytohormone biosynthesis  and

degradation were upregulated during ectomycorrhizal development, especially at 1 wpc (>4-

fold,  p  <  0.05;  Appendix  Table  2).  For  example,  the  putative  cytokinin  oxidase

3/dehydrogenase gene  PtCKX3 (Potri.007G066100),  which might be involved in bioactive

CK degradation, was upregulated 26-fold in colonized versus uncolonized LRs. 

In addition, one 2-oxoglutarate and Fe(II)-dependent oxygenase, putatively involved

in  auxin  catabolism,  the  homolog  of  the  Arabidopsis  gene  PLEIOTROPIC  DRUG

RESISTANCE 9, a negative regulator of auxin accumulation in the root apex, and a gene

putatively coding for a GH3 auxin conjugating enzyme were significantly upregulated at both

time points, suggesting active auxin catabolism in ECM (Appendix Table 2). The activation of

auxin  catabolism in poplar  roots during ectomycorrhizal  colonization  has been previously

reported (Vayssières et al., 2015).
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3.2. Additional discussion

Auxin signaling in ECM

Our  data  confirmed  that  auxin,  its  precursor,  and  catabolites  accumulate  during

poplar-L. bicolor ECM development. Moreover, fungal colonization of poplar roots triggers

the expression of genes implied in auxin catabolism. These data confirm a previous report

(Vayssières  et  al.,  2015).  Auxin  signaling  seems  to  play  a  dual  role  during  ECM

development. In the pre-contact phase between host roots and ECM fungi, induced auxin

signaling  promotes  LR  development  (Felten  et  al.,  2009),  possibly  in  crosstalk  with  ET

signaling (Splivallo et al., 2009). On the other hand, during ECM maturation (2 wpc in vitro),

L.  bicolor appears  to  inhibit  LR  elongation  via  manipulation  of  root  auxin  signaling

(Vayssières et al., 2015). GA and ET signaling, which alter auxin transport in roots (Splivallo

et al., 2009; Gou et al., 2010), might also function in this process. In many tree species an

important morphological modification of colonized LRs is the loss of root hairs (Horan et al.,

1988; Béguristan and Lapeyrie, 1997). Auxin signaling promotes root hair elongation through

induction of the bHLH transcription factor ROOT HAIR DEFECTIVE 6-LIKE4 (RSL4, Yi et al.,

2010),  while  the ectomycorrhizal basidiomycete  Paxillus involutus  hijacks this mechanism

through the secretion of the indolic compound hypaphorine (Béguristan and Lapeyrie, 1997;

Ditengou et al., 2000). However, our findings suggest that JA/ET signaling contributes to the

suppression of root hair formation in poplar-L. bicolor ECM (Basso et al., submitted). The role

of  the  crosstalk  between  auxin  and  JA/ET  signaling  pathways  in  regulating  root  hair

development should be addressed in the future.

CK ribosides and cis-zeatin accumulate in ECM

ECM preferentially  accumulated CK ribosides,  mainly  iPR,  and  exhibited  reduced

contents of CK O-glucosides (Additional Table 1). The latter are inactive conjugated forms of

CK that are easily converted into bioactive CK and thus represent a pool of readily available

CKs. CK ribosides are transported forms of  CK (Sakakibara,  2006).  Therefore,  colonized

poplar LRs might convert CK O-glucosides into CK ribosides to mobilize CK or to maintain

the concentration of bioactive CK forms at an optimal range. On the other hand, the slight

increase in bioactive cis-zeatin concentration might be relevant for ECM symbiosis. 

Fungal  inoculation  induced  the expression  of  PtCKX3,  putatively  encoding  a  CK-

degrading enzyme (Additional Table 2). Since AtCKX3 is CK responsive (Ariel et al., 2012;

van Zeijl et al., 2015; Reid et al., 2016), the enhanced expression of  PtCKX3  might result

from active CK signaling in colonized LRs. In legumes, CK signaling reduces polar auxin

transport and induces ET biosynthesis in rhizobium-infected roots, thereby promoting nodule
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development (Plet et al., 2011; van Zeijl et al., 2015). Interestingly, we found that a gene

encoding  a  predicted  inhibitor  of  polar  auxin  transport  and  three  genes  that  putatively

function in  ET biosynthesis  were upregulated in 1-week-old colonized LRs (Basso et  al.,

submitted; Additional  Table 2).  Therefore, it  is  tempting to speculate that CK signaling is

responsible for the reduced polar auxin transport detected in 2-week-old ECM (Vayssières et

al.,  2015).  The possible  cross-regulation  between CK signaling,  auxin  transport,  and ET

biosynthesis in ECM deserves further attention.

ABA/PA signaling may contribute to stress resistance in poplar ECM

Quantification of ABA and its catabolites, PA and DPA, suggested that ABA degradation is

perturbed upon ECM formation. Indeed, the PA content of ECM was significantly higher than

that of uncolonized poplar  LRs, while the pool of PA-derived DPA was depleted in ECM

(Additional  Table  1).  Interestingly,  PA  activates  a  subset  of  ABA-related  genes  in

Arabidopsis,  as  well  as  a  PA-specific  gene  set  encoding  metabolic  enzymes  such  as

laccases, acylhydrolases, xyloglucan endotransglucosylases, aspartyl proteases, and flavin-

monooxygenases (Weng et al., 2016). ABA plays major roles in mediating plant resistance to

abiotic stress (Vishwakarma et al., 2017). Consistently, our transcriptomic analysis revealed

the upregulation of 29 genes putatively involved in responses to oxidative stress, salinity,

drought, heat, and heavy metals in colonized LRs (Basso et al., submitted, Supplemental

Data Set 5). Therefore, ABA/PA signaling might mediate a transient abiotic stress response

in developing ECM.
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3.3. Additional tables

Class Hormone Type Metabolism 

 

LRs 
 

 

ECM 
 

 

FLM 
 

A
b

sc
is

ic
 

a
ci

d
 

ABA 
bioactive 
hormone 

17.62 ± 2.39 6.22 ± 0.76 *§ <LOD 

PA 
degradation 

product 
48.49 ± 13.23 133.25 ± 38.68 *§ <LOD 

DPA 
degradation 

product 
108.94 ± 17.7 <LOD * <LOD 

A
u

xi
n

s 

Tryptophan 
precursor 37560.6 ± 8336.6 129619.4 ± 26832.1 *§ 71817 ± 9145.3 

IAA 
bioactive 
hormone 

68.43 ± 3.92 115.47 ± 17.38 * 105 ± 16.6 

oxIAA 
degradation 

product 
<LOD 80.09 ± 8.95 * 33.32 ± 7.53 

IAA-Glu conjugated form 2.81 ± 0.53 0.95 ± 0.24 * <LOD 

C
yt

ok
in

in
s 

Total Cytokinins  73.63 ± 23.09 22.74 ± 4.94 *§ 0.66 ± 0.22 

Total CK Bases 
bioactive 
hormones 

1.49 ± 0.09 1.55 ± 0.31 § 0.01 ± 0.01 

trans-zeatin (tZ) 
bioactive 
hormone 

0.83 ± 0.11 0.8 ± 0.21 § <LOD 

cis-zeatin (cZ) 
bioactive 
hormone 

0.5 ± 0.06 0.75 ± 0.2 *§ <LOD 

Isopentenyladenine (iP) 
bioactive 
hormone 

0.17 ± 0.04 <LOD * <LOD 

2-methyltio-iP (2MeSiP) 
bioactive 
hormone 

<LOD <LOD § 0.016 ± 0.005 

Total CK Ribosides transport forms 7.02 ± 1.69 14.13 ± 3.6 *§ 0.65 ± 0.22 

tZ riboside (tZR) transport form 0.22 ± 0.03 0.1 ± 0 *§ <LOD 

cZ riboside (cZR) transport form 2.59 ± 0.69 0.75 ± 0.2 *§ 0.27 ± 0.09 

iP riboside (iPR) transport form 4.1 ± 0.99 8.78 ± 1.99 *§ 0.37 ± 0.13 

2-methylthio-cis-zeatin 
riboside (2MeScZR) 

transport form 0.1 ± 0.02 0.21 ± 0.07 *§ <LOD 

2MeSiP riboside 
(2MeSiPR) 

transport form 0.0093 ± 0.0013 
 

<LOD *§ 

 
0.0036 ± 0.0011 

Total CK O-glucosides 
conjugated 

forms 
64.38 ± 22.44 7.06 ± 3.53 *§ <LOD 

tZ O-glucoside (tZOG) conjugated form 2.8 ± 1.03 0.97 ± 0.33 *§ <LOD 

tZR O-glucoside (tZROG) conjugated form 0.1 ± 0.03 
 

<LOD * 
 

<LOD 

cZ O-glucoside (cZOG) conjugated form 59.34 ± 21.44 6.68 ± 2.37 *§ <LOD 

cZR O-glucoside 
(cZROG) 

conjugated form 1.97 ± 0.29 0.94 ± 0.18 *§ <LOD 

dihidrozeatin riboside O-
glucoside (DHZROG) 

conjugated form 0.17 ± 0.04 
 

<LOD * 
 

<LOD 

Total CK N-glucosides 
conjugated 

forms 
1.21 ± 0.13 

 
<LOD * 

 
<LOD 

tZ 7-N-glucoside (tZ7G) conjugated form 1.21 ± 0.13 
 

<LOD * 
 

<LOD 

Total tZ-types various 4.67 ± 1.16 1.65 ± 0.52 *§ <LOD 

Total cZ-types various 64.4 ± 21.9 12.09 ± 4.08 *§ 0.27 ± 0.09 

Total DHZ-types various 0.17 ± 0.04 
 

<LOD * 
 

<LOD 

Total iP-types various 4.27 ± 1.02 8.78 ± 1.99 *§ 0.37 ± 0.13 

Total MeSCKs various 0.11 ± 0.02 0.21 ± 0.07 *§ 0.013 ± 0.009 

 

Additional Table 1.  ECM accumulate auxins, CK ribosides, and phaseic acid. 

Average and standard error of the concentrations of selected phytohormones, their precursors, and

their degradation/inactivation products in uncolonized poplar LRs, ECM at 2 wpc, and L. bicolor FLM,

as measured by LC-MS/MS and reported in pmol/g FW. <LOD represents concentrations below the

detection limit. * or § indicate significant differences between ECM and LRs, or between ECM and

FLM, respectively, according to Kruskal-Wallis one-way analysis of variance and post-hoc Fisher’s

LSD test with Bonferroni correction (n = 5, p < 0.05).
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Gene ID 

CLR vs 

ULR 

1wpc 

log2FC 

CLR vs 

ULR 

1wpc 

p-value 

CLR vs 

ULR 

2wpc 

log2FC 

CLR vs 

ULR 2wpc 

p-value 

Arabidopsis 

homolog 
Arabidopsis symbol Protein name 

Biological 

process 

Potri.007G050300 2.8 1.1e-10 2.7 1.9e-09 AT2G14960.1 GH3.1 
Auxin-responsive 

GH3 family protein 
IAA 

conjugation 

Potri.011G146600 2.2 3.3e-06 1.6 0.0032 AT1G14130.1  

2-oxoglutarate (2OG) 
and Fe(II)-dependent 

oxygenase 
superfamily protein 

auxin 
catabolism 

Potri.010G153700 2.3 0.00097 4.3 3e-11 AT3G53480.1 ABCG37,ATPDR9,PDR9,PIS1 
pleiotropic drug 

resistance 9 

negative 
regulation of 

auxin 
accumulation 

in the root 
apex 

Potri.007G066100 4.7 7.4e-16 3.9 1.6e-10 AT5G56970.1 ATCKX3,CKX3 cytokinin oxidase 3 
CK 

catabolism 
 

Additional Table 2. Expression of genes that function in auxin and CK metabolism in

early colonized poplar LRs. 

Gene  expression  level  and  annotation  of  genes  that  function  in  phytohormone  biosynthesis,

conjugation, and degradation in control colonized poplar LRs versus control uncolonized LRs at 1 and

2 wpc. Log2 FC and adjusted Bonferroni p-value of gene expression are reported. When available, the

name of the closest Arabidopsis homologous gene, its symbol and its protein name are also reported.

The last column indicates the biological process in which each gene is involved.
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Chapter 5: Discussion and perspectives

1. Distinct branches of JA signaling might differentially regulate 
poplar-L. bicolor ECM development

In  the  course  of  this  PhD project  we  provided  new knowledge  on  the  role  of  plant

hormones  in  the  transcriptomic  reprogramming  associated  to  the  development  of  ECM

between  Populus spp.  and  the  basidiomycete  L.  bicolor.  We  focused  our  study  on  the

phytohormone  JA,  since  it  had  been  previously  demonstrated  that  the  effector  protein

MiSSP7 of  L. bicolor stabilizes the poplar JA co-receptor PtJAZ6, represses JA signaling,

and  allows  Hartig  net  development  by  dampening  plant  defense  reactions  (Plett  et  al.,

2014a). Since JA signaling regulates many aspects of plant physiology and development, our

overarching  goal  was  to  determine  whether  a  specific  subset  of  JA-mediated  molecular

responses is implied in the regulation of ECM development. The aim of such investigation is

to unravel whether fungal manipulation of plant immunity and/or development is required for

ECM symbiosis. Within this line of research, our main findings are:

 The  transcriptional  regulator  PtJAZ6  interacts  with  poplar  homologs  of  the

Arabidopsis bHLH  transcription  factors  MYC2 and  JAM1,  and  the  fungal  effector

MiSSP7  strengthens  the  binding  of  PtJAZ6  to  PtMYC2.1,  while  weakening  the

PtJAZ6-PtMYC2.2 interaction;

 The overexpression of PtaMYC2.1 in poplar roots inhibits the Hartig net development,

while  the  overexpression  of  PtaJAM1.1 promotes  hyphal  colonization  of  the  root

apoplast.  Fungal  colonization  slightly  reduces  the  expression  of  these  genes  in

transgenic poplar roots;

 A subset of JA-responsive genes is regulated during ECM development, suggesting

that moderate JA signaling may be co-opted during fungal colonization and mediates

a transient  stress  response,  the  suppression  of  root  hair  elongation,  and optimal

rigidity of the plant cell wall;

 Fungal inoculation suppresses the sensitivity of poplar roots to exogenous JA, thus

hampering the expression of  many JA-responsive genes implied  in  plant  defense

against biotic and abiotic stress.

 Altogether,  our results  suggest  that  JA signaling  is a crucial  pathway determining

ECM development and that the different branches of JA signaling may differentially regulate

the  extent  of  fungal  colonization  in  planta (Figure  1).  We  speculate  that  PtMYC2.1
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preferentially controls the expression of defense-related genes, and that the suppression of

its activity is required for intercellular fungal penetration. On the other hand, PtMYC2.2 may

regulate  the  expression  of  JA-dependent  genes  involved  in  root  hair  suppression  and

modification of plant cell wall properties, required for optimal ECM development. Therefore,

preferential binding of PtJAZ6 to PtMYC2.1 in presence of MiSSP7 may inhibit the activation

of  defense-related genes while  PtMYC2.2,  free from inhibition,  may mediate a moderate

response to JA and promote optimal fungal colonization. Further experimental evidence is

required to validate this model.

Figure 1. Working model: distinct branches of JA signaling differentially regulate ECM

development. 

Hypothetic model describing the role of JA signaling and JA-related TFs in the development of ECM

between  poplar  and  L.  bicolor.  The  fungal  effector  MiSSP7  stabilizes  the  poplar  JA  co-receptor

PtJAZ6  by  inhibiting  its  interaction  with  the  F-box  protein  PtCOI1.  MiSSP7 also  strengthens the

binding of PtJAZ6 to the TF PtMYC2.1, possibly limiting its activity. PtMYC2.1-regulated genes may

be  involved  in  defense,  and  the  repression  of  such  genes  may  be  essential  for  the  apoplastic

penetration of fungal hyphae. On the other hand, MiSSP7 negatively affects the interaction between

PtJAZ6 and PtMYC2.2,  a paralog of  PtMYC2.1.  It  is  thus possible that  moderate JA signaling in

colonized poplar roots activates the expression of PtMYC2.2-regulated genes, which may contribute

to the suppression of root hair development and to attaining the optimal level of cell wall rigidity, two

processes that  might  promote ECM development.  Further  experimental  evidence  is  necessary  to

validate this model.

Assuming our working hypothesis proved correct, moderate or transient activation of JA

signaling may be beneficial for ECM development, while sustained activation of responses to

JA may lead to the rejection of the symbiotic fungus. In this respect, the role of JA signaling

in ECM symbiosis would resemble the function of this hormonal signaling pathway in the
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establishment of the arbuscular mycorrhizal (AM) symbiosis (Basso & Veneault-Fourrey, in

press). In fact, moderate activation of JA signaling promotes root colonization of several host

species by AM fungi (Regval et al., 1996; Kiers et al., 2010; Landgraf et al., 2012), while

massive  or  repeated  exogenous  application  of  JA  results  in  lower  frequency  of  fungal

colonization (Herrera-Medina et al., 2008; Riedel et al., 2008; Fernandez et al., 2014). Fine-

tuning  of  JA-dependent  responses,  therefore,  is  emerging  as  a  common  mechanism  to

regulate  the  extent  of  several  types  of  mycorrhizal  symbioses,  in  accordance  to

environmental stimuli (Kiers et al., 2010) and to the level of compatibility between host and

microbe (Fernandez et al., 2014). Since poplar species can also interact with AM fungi, it

would  be  interesting  to  assess  if  JA  signaling  plays  similar  roles  in  regulating  the

establishment of the AM and the ECM symbiosis in poplar roots. Also, to verify if JA signaling

is implied in the definition of symbiotic compatibility between trees and ectomycorrhizal fungi,

it would be worth investigating whether the activation of JA-dependent defense mechanisms

underlies the diminished colonization of recalcitrant host species  Populus deltoides by  L.

bicolor (Tschaplinski et al., 2014).
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2. The hormonal landscape of ECM development

To  generate  an  overview  of  the  role  of  phytohormones  in  ECM  establishment,  we

described the hormonal landscape of developing ECM and investigated possible interactions

between JA signaling and other phytohormone signaling pathways in poplar roots. In brief,

our main findings are:

 Phytohormone  metabolism  is  altered  during  ECM  development,  with  increased

accumulation of several auxin species, SA, CK ribosides, and phaseic acid in mid-

stage ECM;

 L.  bicolor inoculation  modifies  the  sensitivity  of  poplar  roots  to  phytohormones,

inhibiting poplar responses to exogenous JA, while rendering roots more sensitive to

exogenous SA, GA, and ET;

 Exogenous supply of JA, GA and ET, alone or in combination, negatively affects the

frequency of fungal colonization and/or ECM development, indicating that an optimal

hormonal balance is required for the establishment of mutualism;

 Positive crosstalk with SA and ET signaling may contribute to the role of moderate JA

signaling in ECM development.

Within the framework of published research and our current data, we propose that

several hormonal pathways contribute to ectomycorrhizal development and functional output

(Figure 2).

In  the  pre-contact  phase  of  the  ectomycorrhizal  symbiosis  (3  days  post  indirect

contact in vitro), fungal volatiles and/or diffusible molecules determine enhanced lateral root

initiation  in  host  and  non-host  plants  (Felten  et  al.,  2009;  Splivallo  et  al.,  2009).  Auxin

signaling, in combination with volatiles, like sesquiterpenes and ethylene, participates to such

induction (Figure 2a; Felten et al., 2009; Splivallo et al., 2009; Ditengou et al., 2015). Several

mycorrhizal  fungi  produce bioactive  auxins (Frankenberger  and Poth,  1987;  Niemi et  al.,

2002; Splivallo et al., 2009; Vayssières et al., 2015). For the poplar-L. bicolor  interaction, it

was suggested that fungal auxin is uptaken by the host root apex and transiently stimulates

the expression of the basipetal auxin transporter PtaPIN9 and the auxin-responsive protein

PtaIAA19.3.  Consequently,  apical/lateral  transport  of  auxin  in  the  elongation  zone  likely

primes pericycle cells for lateral root initiation (Felten et al., 2009; Laskowski et al., 2008). On

the other hand, both auxin transport and ethylene signaling were necessary to reproduce the

full  range  of  root  phenotypes  stimulated  by  truffle  volatiles  on the  non-host  Arabidopsis

(Splivallo et al., 2009). Moreover, in our experiment, ET treatment enhanced poplar lateral
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root density. Auxin promotes ET biosynthesis by increasing the expression and the stability

of ACC synthases (Lee et al., 2017), while ET signaling modulates the expression of polar

auxin  transporters  (Lewis  et  al.,  2011).  Therefore,  ET  signaling  may  prompt  the

establishment of optimal auxin gradients for lateral root emergence upon fungal inoculation.

Surprisingly,  in  Arabidopsis  ET signaling  negatively  regulates  auxin-mediated lateral  root

emergence (Ivachenko et al., 2008; Negi et al., 2008; Lewis et al., 2011). Thus, fungi likely

stimulate additional plant signaling pathways to induce positive ethylene-auxin crosstalk in

lateral root initiation.

In the early contact phase between the symbiotic partners (1 wpc in vitro), a transitory

response to biotic and abiotic stress takes place in the plant. This has been reported also for

other kinds of mutualistic interactions (Liu et al., 2003; Duplessis et al., 2005; Siciliano et al.,

2007; Jacobs et al., 2011; Vahabi et al., 2015) and it is possibly determined by a premature

plant defense response prior to recognition of the symbiont. Our data suggest that poplar JA

signaling and its crosstalk with SA and ET signaling are implied in this early reaction to the

fungus  (Figure  2b).  During  this  stage,  fungal  hyphae  need  to  anchor  to  the  host’s  root

surface through the secretion of  polysaccharides  and glycoprotein microfibrils  (Lei  et  al.,

1991; Tagu and Martin, 1996). Our results suggest that root response to GA leads to an

inhibition  of  the  expression  of  putative  glycoprotein-coding  genes  of  L.  bicolor,  possibly

impacting hyphal adhesion to the roots (Figure 2b).

During ECM maturation (2 wpc in vitro), poplar lateral roots become shortened and

surrounded by a thick fungal mantle. Vayssières et al. (2015) proposed that fungal auxins are

synthesized in hyphae in the vicinity of roots, secreted and transferred to root cells, where

they modify host auxin metabolism and trigger the expression of a set of auxin-responsive

genes, leading into root growth arrest and increased lateral root development. GA and ET

signaling, altering auxin transport in plant roots  (Splivallo et al., 2009; Gou et al., 2010), may

also be important players in this process. Another important morphological modification of

mycorrhizal lateral roots is the root hairs decay (Horan et al., 1988; Ditengou et al., 2000).

Auxin signaling promotes root hair elongation through induction of the bHLH TF ROOT HAIR

DEFECTIVE 6-LIKE 4 (RSL4, Yi et al., 2010). The ectomycorrhizal basidiomycete  Paxillus

involutus  can  hijack  this  mechanism  through  the  secretion  of  the  indolic  compound

hyphaporine (Ditengou et al.,  2000).  On the other hand, our findings suggest  that JA/ET

signaling  contributes  to  root  hair  suppression  in  poplar-L.  bicolor ECM.  The  crosstalk

between auxin  and JA/ET signaling  pathways in  the regulation  of  root  hair  development

needs to be addressed in the future (Figure 2c).

Finally, during ECM maturation fungal hyphae grow in the root cortex apoplast to form

the Hartig net (Blasius et al., 1986; Massicotte et al., 1987; Balestrini & Kottke, 2016). Our

findings suggest that JA/ET signaling induces the downregulation of genes coding for pectin
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lyases,  xyloglucan  endotransglucosylases/hydrolases  and  extensins  in  Populus  roots in

interaction  with  L.  bicolor.  On  the  other  hand,  mycorrhizal  L.  bicolor secretes  fungal

Carbohydrate  Active  enZymes  (CAZymes)  that  likely  contribute  to  cellulose  and  pectin

degradation,  allowing apoplastic  penetration (Martin  et  al.,  2008;  Veneault-Fourrey et  al.,

2014; Zhang et al., 2018; Zhang et al., unpublished results). Therefore, our data support the

hypothesis  that  mycorrhizal  poplar  roots activate  a  branch of  JA signaling  to counteract

excessive cell wall loosening and hyphal invasion (Plett et al., 2014b). However, excessive

JA can hamper fungal apoplastic growth (Plett et al., 2014a,b). Therefore, L. bicolor hijacks

the  JA signaling  pathway  through  secretion  of  the  effector  protein  MiSSP7  (Plett  et  al.,

2014a). We speculate that MiSSP7 diminishes JA sensitivity of poplar roots, mitigating JA-

mediated  defense  responses  and  cell  wall  rigidity  (Figure  2c).  In  this  phase,  the

concentration  of  several  hormonal  species  is  modified.  For  instance,  we  found  that  SA

accumulation is enhanced in poplar mycorrhizal roots. However, since exogenous SA did not

promote symbiotic development, nor many poplar SA-responsive genes responded to fungal

inoculation,  the  role  of  SA  accumulation  in  ECM  remains  to  be  elucidated.  Since  SA

treatment increased the expression of carbohydrate and lipid metabolic enzymes in L. bicolor

free-living mycelium, we propose that SA perception may trigger fungal energetic metabolism

rather than plant responses. Alternatively, if the SA and JA signaling pathways were proved

to  be  mutually  antagonistic  in  poplar  roots,  as  they  are  in  Arabidopsis,  increased  SA

accumulation might hamper tree responses to JA, and mediate the observed decrease of

sensitivity to JA in L. bicolor-colonized poplar roots.

Phytohormone  signaling  likely  mediates  also  the  functional  outputs  of  the

ectomycorrhizal  symbiosis,  like  nutrient  exchange and growth promotion (Figure 2d).  For

instance,  SA and ABA signaling  have been implied  in  enhanced salt  stress tolerance of

poplar  upon  P. involutus inoculation  (Luo et  al.,  2009).  Also,  ECM-induced resistance to

aboveground  herbivory  in  poplar  relies  on  systemic  activation  of  JA-dependent  defense

mechanisms  (Kaling  et  al.,  2018).  Thus,  the  rearrangement  of  hormone  content  and

perception in colonized plants might not only be significant for the regulation of symbiosis

development, but also required to ensure enhanced host fitness.

In conclusion,  phytohormone biosynthesis,  transport  and perception must undergo

tight  regulation  to  ensure  ECM  development.  Ectomycorrhizal  fungi  may  achieve  this

through:  (i)  emission  of  volatile/diffusible  plant  hormones  or  molecules  stimulating  plant

hormone biosynthesis (Felten et al., 2009; Splivallo et al., 2009; Ditengou et al., 2015); (ii)

secretion of effector proteins hijacking phytohormone signaling pathways (Plett et al., 2014a);

(iii) epigenetic regulation of gene expression through differential DNA methylation, similarly to

arbuscular mycorrhizal fungi (Cicatelli et al., 2014). Further studies are necessary to unravel
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the  molecular  mechanisms  through  which  the  ectomycorrhizal  symbionts  modulate

phytohormone accumulation, perception and responses.

Figure 2. The roles of phytohormones in the development of the ECM symbiosis. 

a. During the pre-contact phase of the symbiosis, L. bicolor mycelium emits volatile signals, such as

ET and sesquiterpenes, and secretes phytohormones, such as auxins,  which promote lateral  root

development in the host plant. The effect of fungal auxin can be attributed to the increased expression

of the poplar auxin transporter PtaPIN9 with subsequent increased basipetal auxin flux and enhanced

lateral  root  priming.  b.The  fungal  mantle  forms  at  1  wpc in  vitro.  During  this  phase,  a  transient

response of poplar roots to biotic and abiotic stress takes place, possibly mediated by the crosstalk

between JA, SA, and ET signaling. GA signaling may affect hyphal adhesion to host roots by affecting

fungal  secretion  of  adhesive  proteins.  c.  During  ECM  maturation,  LR  elongation  and  root  hair

development are suppressed. GA and JA/ET signaling may perturb auxin transport and/or responses

to influence root morphology. In mid-stage ECM, fungal hyphae penetrate the apoplast to generate the

Hartig net. Apoplastic growth requires the expression of L. bicolor plant cell wall degrading enzymes

(PCWDEs), possibly counteracted by JA-induced inhibition of pectin and cellulose degradation. During

this  phase,  auxin  and  SA  contents  increase,  but  the  reason  for  this  is  currently  unknown.  d.

Phytohormones like JA, SA, and ABA are also implied in ECM-induced plant systemic resistance to

biotic  and abiotic stress.  QC: quiescent centre.  MZ:  meristematic zone. EZ: elongation zone. DZ:

differentiation zone. IAA: Indole-3-acetic acid.
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3. Microbial manipulation of phytohormone signaling through 
effectors across different trophic strategies

This  research  project  provided  novel  evidence  on  the  role  of  phytohormones  in  the

transcriptional reprogramming occurring during the establishment of poplar-L. bicolor ECM.

Altered  phytohormone  signaling  is  a  common  outcome  of  plant-microbe  interactions.

Microorganisms of different kingdoms and lifestyles, ranging from pathogens to mutualists,

can  influence  phytohormone  accumulation  and  responses  to  ensure  colonization  and/or

infection of their hosts (Jacobs et al., 2011; Gutjahr, 2014; Kazan & Lyons, 2014; Ferguson &

Mathesius,  2014).  The negative crosstalk  between JA and SA signaling,  determining the

specific  panel  of  defense  mechanisms activated by  the  plant,  is  a  major  target  of  such

microbe-driven regulation (Gimenez-Ibanez et al., 2016; Zhang et al., 2017). Microbes and

insects perturb JA and SA signaling either through the production of phytohormones and

phytohormone-mimics  or  upon  secretion  of  specialized  small  secreted  proteins,  termed

effectors, targeting plant signaling components (Gimenez-Ibanez et al., 2016; Zhang et al.,

2017).  For  instance,  the  SA-sensitive  pathogen  Pseudomonas  syringae  synthetizes

coronatin, a JA-mimic that suppresses SA signaling, thus ensuring infection (Zheng et al.,

2012).  P.  syringae can  activate  JA  signaling  also  through  the  secretion  of  specialized

effectors. For example, XopX1 and HopZ1a promote JA signaling by interacting with JAZ

repressors and inducing their degradation (Gimenez-Ibanez et al., 2014; Jiang et al., 2013),

while the effector HopBB1 activates a subset of JA-dependent responses by dissociating the

JAZ3-MYC2  complex  and  leading  the  transcriptional  repressor  TCP14  to  proteasomal

degradation (Yang et al., 2017). Our findings suggest that the mutualistic effector MiSSP7 of

L. bicolor might also induce specific JA-related gene expression by influencing the activity of

PtJAZ6-interacting  TFs in  poplar  roots (Figure  1).  Since the MiSSP7 effector  specifically

strengthens the binding of PtJAZ6 to PtMYC2.1, but not to its paralog PtMYC2.2, it seems

that the function of this fungal effector is very precise and targeted, pointing at a close co-

evolution between the genomes of poplar and L. bicolor. Indeed, even though L. bicolor is a

generalist  ectomycorrhizal  fungus,  the  expression  of  a  wide  repertoire  of  fast-evolving,

species-specific  small  secreted  proteins  may  confer  selective  advantage  during  the

colonization  of  different  host  species.  However,  MiSSP7  is  part  of  the  core  regulon

expressed by L. bicolor upon root colonization of both Populus trichocarpa and Pseudotsuga

menziesii (Plett et al., 2015), indicating that this mutualistic effector may play a similar role in

the  roots  of  different  host  tree  species  than  poplars.  To  understand  the  evolutionary

dynamics of the L. bicolor genome, it will be worth investigating whether MiSSP7 affects JA
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signaling also in the roots of different hosts of L. bicolor, or performs different functions in the

roots of distinct tree species.

The discovery that also mutualistic microbes can manipulate plant immune signaling in

order to ensure infection challenged the idea of a clear-cut distinction between beneficial and

detrimental microbes in evolutionary and functional terms (Plett & Martin, 2015; Martin et al.,

2016). As such, differences in colonization strategies among microbial species would depend

more on their evolutionary history rather than on their trophic mode and on their impact on

plant  fitness.  The  initial  conception  that  symbionts  and  pathogens  exploited  separate

strategies  for  plant  colonization  came  from  the  study  of  the  mechanisms  of  arbuscular

mycorrhizal  (AM) symbiosis  and root  nodule  symbiosis  (RNS) development,  which utilize

partially  overlapping  signaling  pathways  whose  common  components  form  the  ancient

Common Symbiosis Pathway (CSP; Oldroyd, 2013; Martin et al., 2017). The CSP seemed a

more refined and concerted pathway than effector-dependent  evasion of  plant  immunity,

promoting the idea that plants were “willingly” colonized by beneficial microbes. However, the

CSP seems only marginally involved in the establishment of ECM symbiosis between poplar

and  L.  bicolor  (Cope  et  al.,  2019),  and  the  absence  of  many  CSP genes  in  Pinaceae

suggests that this signaling pathway is not required for a wide range of mutualistic fungus-

tree interactions (Garcia et al., 2015). Therefore, some ECM fungi may have evolved the

ability  to  co-opt  the  CSP  for  host  colonization,  while  others  employ  different  molecular

mechanisms to communicate with their hosts, such as the emission of volatile signals, the

biosynthesis of phytohormones, and the secretion of effector proteins (Garcia et al., 2015).

This  variety  reflects  the  phylogenetic  history  of  ECM  fungi,  which  rose  several  times

independently from saprotrophic ancestors and do not form a compact phylogenetic clade

like AM fungi (Kohler et al., 2015). Thus, by means of convergent evolution, different species

of  ectomycorrhizal  fungi  acquired  the  ability  to  develop  morphologically  and  functionally

similar structures in association to tree roots, albeit  using different molecular mechanisms

and expressing species-specific sets of symbiosis-related genes (Martin et al., 2016). 

The  observation  that  ectomycorrhizal  basidiomycetes  display  an  enlarged  array  of

candidate  effectors  in  their  genomes  suggests  that  convergent  evolution  of  MiSSPs  is

relevant  for  the appearance of  the ECM lifestyle (Kohler  et  al.,  2015).  As stated earlier,

effector proteins are fundamental for successful infection of many pathogenic bacteria and

fungi (Kazan & Lyons, 2014). Moreover, also the AM fungus  Glomus intraradices and the

beneficial endophyte  Piriformospora indica secrete effector proteins promoting colonization

(Kloppholtz et al., 2011; Akum et al., 2015). These observations suggest that the evolution of

effectors is a common mechanism for microbes of different lifestyles to avoid rejection from

the target host plant. Thus, the study of effector biology also hints that the classification of

microbes into saprotrophs, pathogens, and mutualists is rather artificial and human-biased,
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and does not necessarily reflect the evolutionary history or the colonization strategy of such

microorganisms (Plett & Martin, 2015).
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4. Future research and perspectives

4.1. Further experiments needed to complete this work

Despite  the  key  highlights  provided  by  our  research  project,  additional  experimental

evidence is required to validate our working model predicting the involvement of different

branches  of  JA  signaling  in  ECM  development.  For  instance,  high-throughput  RNA

sequencing will  be useful to determine the transcriptomic responses to overexpression of

PtaMYC2 and PtaJAM1 TFs in colonized poplar roots. We expect that these TFs regulate the

expression of at least part of the JA-responsive genes identified in this research project. If

specific transcriptional patterns were found for each PtJAZ6-associated TF, it would suggest

that  MiSSP7-driven  alterations  in  the  strength  of  PtJAZ6-TF  interactions  bear  defined

functional consequences. In particular, we are interested in unraveling whether PtaMYC2.1

and PtaMYC2.2 regulate the expression of different groups of target genes. The identification

of genes belonging to either the PtaMYC2.1- or the PtaMYC2.2-branch of JA signaling will

indicate  which  JA-dependent  responses  need  to  be  specifically  repressed  during

ectomycorrhizal  colonization  of  poplar  roots,  and  will  confirm  whether  a  subset  of  JA-

responsive genes needs to be activated for optimal apoplastic penetration of fungal hyphae.

Since Arabidopsis MYC2 hierarchically regulates a transcriptional cascade involving the

activation of additional TFs (Kazan & Manners, 2013), it  could be interesting to assess if

such regulatory cascade is conserved in poplar. Performing Chromatine ImmunoPrecipitation

coupled to sequencing (ChIP-seq) on HA-tagged PtaMYC2s in transgenic poplar lines would

allow to identify the promoters directly bound by these TFs, and thus determine the direct

targets of PtaMYC2.1 and PtaMYC2.2. Secondly, the comparison between this data and the

results  of  RNA-seq  may  provide  information  on  the  extent  of  signal  amplification  via

molecular relay to lower-rank TFs. Finally, a short-list of PtaMYC2.1 and PtaMYC2.2 direct

targets might unravel previously unknown functions of JA signaling, not related to defense or

cell wall remodeling, in the regulation of ECM symbiosis development. 

Since the amino acid sequences of PtMYC2.1 and PtMYC2.2 display 86.5% identity, and

they are almost identical in their DNA-binding domains, it is possible that these TFs perform

similar  biochemical  functions,  binding  to  the  same  regulatory  proteins  and  to  the  same

promoter sequences of target genes. If this is the case, it would be interesting to analyze

whether  tissue-  or  cell  type-specific  expression  patterns  exist  for  these  two  paralogous

proteins,  via the expression of promoter-reporter fusions or antisense RNA-based mRNA

localization. Similar techniques could be applied to investigate the extent and the localization

of  PtaJAM1.1-mediated repression of  gene expression.  Discoveries  in  this  context  might
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disclose whether the indirect  influence of  MiSSP7 on poplar  transcription needs to occur

locally or systemically for the promotion of fungal colonization. 

4.2. Further lines of research

4.2.1. Manipulation of phytohormone signaling by sRNAs produced by trees or 

mutualistic fungi

We serendipitously discovered that the overexpression of  PtaMYC2.1 is suppressed in

mycorrhizal  roots,  hinting at  the regulation  of  PtaMYC2.1 expression at  the mRNA level.

Similarly, an ECM-dependent downregulation of PtaMYC2.2 and PtaJAM1.1 expression was

detected in lateral roots of transgenic poplar lines, but not in wild-type lateral roots. Also, in

transgenic roots, especially when only lateral roots were sampled, the basal expression of

PtaMYC2.1 and  PtaMYC2.2 tended to be higher than in wild-type lateral roots. Altogether,

these  results  suggest  that  genetic  transformation  slightly  stimulated  JA  signaling  and/or

rendered roots more sensitive to wounding, resulting from sampling of lateral roots. However,

it  is  also  possible  that  PtaMYC2.1,  PtaMYC2.2,  and  PtaJAM1.1 transcripts  accumulate

locally  in  transgenic  lateral  roots,  and  that  L.  bicolor inoculation  diminishes  the  pool  of

PtaMYC2.1,  PtaMYC2.2,  and  PtaJAM1.1 mRNAs  locally  rather  than  systemically.  This

phenomenon and its possible implications in ECM development deserve further attention in

future research. 

Also, this discovery suggests that the expression of (at least) PtaMYC2.1 is controlled by

RNA  interference  (RNAi)  by  non-coding  small  RNAs  (sRNAs).  sRNAs  and  the  RNAi

machinery are commonly used to regulate gene expression in  both plants and microbes

(Song et  al.,  2019 Katiyar-Agarwal  & Jin,  2010; Mallory & Vaucheret,  2006).  sRNAs are

mainly  distinguished between microRNAs (miRNAs) and short-interfering RNAs (siRNAs).

miRNAs are 20-24 nt-long RNA fragments derived from the cleavage of single-stranded RNA

precursors with stem-loop structures,  whereas siRNAs are 21-40 nt-long RNA fragments

emerging from the maturation of long double-stranded RNA precursors. Both miRNA and

siRNA are derived from the enzymatic activity of ribonuclease III-like enzymes Dicer or Dicer-

like (DCL) on a precursor RNA molecule, and loaded onto ARGONAUTE (AGO) proteins in

order  to  form  the  RNA-induced  silencing  complex  (RISC).  By  targeting  complementary

mRNA sequences, miRNA and siRNA can affect the expression of their target gene through

steric hindrance of the ribosomal machinery, induced mRNA degradation, or the induction of

heterochromatic DNA methylation (Song et al., 2019). In recent years it was discovered that

pathogenic fungi or symbiotic rhizobia can transfer sRNAs into host cells and exploit the host

RNAi  machinery  to  affect  the  expression  of  selected  host  genes  and  promote  infection

(Weiberg et al., 2013; Wang et al., 2017; Ren et al., 2019; Huang et al., 2019). Conversely,
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plants can transport sRNAs into cells of pathogenic fungi and oomycetes to silence genes

involved in pathogen virulence (Zhang et al., 2016; Jiao & Peng, 2018; Cai et al., 2018; Hou

et al.,  2019). To our knowledge, symbiotic RNA transfer between plants and mycorrhizal

fungi  has  not  yet  been  demonstrated,  although  L.  bicolor-colonized  P.  trichocarpa roots

display differential expression of 357 putative miRNAs, six of which are complementary to

the sequences of four fungal genes (Mewalal et al., 2019). Since L. bicolor utilizes effector

proteins  to alter  host  responses,  similarly  to  pathogenic  fungi,  we could  expect  that  this

mutualistic  microbe  has  also  evolved  RNAi-based  strategies  to  control  the  host

transcriptome. Therefore, it  would be interesting to assess if  suppressed accumulation of

PtaMYC2.1 transcripts  in  colonized  poplar  roots  depends  on  sRNAs,  and  whether  such

molecules derived from the plant or from the fungus. In a wider perspective, it will be worth

investigating  if  cross-kingdom  RNA  transfer  occurs  also  in  the  establishment  the

ectomycorrhizal symbiosis. sRNA-seq and the annotation of putative  L. bicolor miRNA and

siRNA precursors may disclose a new chapter in the dissection of the molecular dialogue

between trees and fungi.

4.2.2. Investigation of additional mutualistic effectors targeting other phytohormone 

signaling pathways

In  addition  to  MiSSP7,  over  50  small-secreted  proteins  are  produced  by  L.  bicolor

mycelium when in  contact  with  host  roots  (Martin  et  al.,  2008).  One  of  them has  been

identified as a β-1,4 endoglucanase possibly involved in host cell wall remodeling (Zhang et

al., 2018), while another seems implied in hyphal aggregation for efficient adhesion to the

root  surface  (Pellegrin  et  al.,  2019).  In  addition,  MiSSP7.6  may  also  influence  the

transcription of  poplar  genes related to defense by targeting  nuclear  trihelix  transcription

factors (Kang & Martin, unpublished results). However, the function of many other MiSSPs

has not yet been investigated. Since the balance of hormonal signaling is fundamental for

ECM development, it would be interesting to assess whether additional components of plant

hormone signaling  pathways  are  targeted  by  L.  bicolor secreted  effectors.  Such  studies

would deepen current knowledge on the complexity of the regulatory pathways underpinning

the establishment of mutualism between trees and fungi.

4.2.3. Altered phytohormone signaling by mutualistic fungi: does it impact the poplar 

root microbiome?

In order to set the current model of ECM development between poplar and L. bicolor in a

wider ecological context, it would be interesting to assess whether fungus-induced changes
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in phytohormone homeostasis and perception of host roots affected the interactions between

poplar roots and other soil microbes. Indeed, tree-associated microbial communities play key

roles in  the promotion of  plant  growth,  nutrition,  and health (Hacquard & Schadt,  2015).

Several plant species can modulate the composition, structure, and function of their root-

associated  microbiome  according  to  developmental  and  environmental  stimuli,  via  the

secretion  of  specialized  root  exudates  (Berendsen  et  al.,  2012;  Chaparro  et  al.,  2013;

Castrillo et al., 2017; Sasse et al., 2018). Phytohormones can either be a component of root

exudates or alter their composition by affecting root metabolism. For instance, root-secreted

strigolactones stimulate branching of beneficial AM fungi, increasing the likelihood of their

contact with host roots (Akiyama et al., 2005); on the other hand, systemic JA signaling can

determine the production of specific root exudates in order to select microbial communities

that might help plants cope with biotic stress (Carvalhais et al., 2013, 2015), while impaired

SA signaling affects the abundance of specific bacterial phyla in Arabidopsis roots (Lebeis et

al., 2015). 

In this context, it would be interesting to investigate if altered phytohormone metabolism

and perception upon L. bicolor colonization of poplar roots affected the poplar rhizospheric

and  endophytic  microbial  communities,  and  whether  these  alterations  bore  functional

consequences for tree physiology, nutrition, and health. For example, the transient response

against biotic stress taking place in the early stage of L. bicolor colonization might affect the

composition and/or the functions of rhizospheric/endophytic bacteria, archea and fungi, with

consequences on tree physiology or symbiotic development. Alternatively, the repression of

JA signaling by MiSSP7 may hamper tree immunity and allow root colonization by additional

microbes  that  would  be  otherwise  rejected.  The  potential  consequences  for  the  root

microbiome of increased SA accumulation during ECM development also deserve attention.

Since several bacterial species can promote the development of ECM symbiosis (Frey-Klett

et  al.,  2007),  it  would  be  particularly  interesting  if  fungal  modulation  of  plant  hormonal

signaling were contributing to the recruitment of such mycorrhiza-helper bacteria. Pursuing

this  line  of  research  may allow  to  disentangle  the complexity  of  multipartite  interactions

between trees and microbes in a natural context.
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Résumé

Les  ectomycorhizes  (ECM)  sont  des  interactions  mutualistes  essentielles  dans  les
écosystèmes forestiers,  car elles promeuvent la croissance des arbres et  participent aux
cycles des éléments nutritifs. Cependant, les signaux et les mécanismes moléculaires qui
sous-tendent leur développement sont encore mal connus. En utilisant le modèle d’étude
entre peuplier et le champignon  Laccaria bicolor, il a été montré que la protéine fongique
MiSSP7  (Mycorrhiza-induced  Small  Secreted  Protein  7  kDa)  est  sécrétée,  pénètre  les
noyaux  des  cellules  racinaires  corticales  de  son  arbre  hôte  où  elle  stabilise  PtJAZ6,  le
répresseur de la voie de signalisation de l’acide jasmonique (AJ). Cette stabilisation inhibe
les réponses médiées par l’AJ et permettent l’établissement de la symbiose. La signalisation
de l’AJ est  impliquée dans la  défense et  le  développement  des plantes,  mais on ignore
actuellement quelles sont les réponses dépendantes de l’AJ qui doivent être supprimées
pour autoriser le développement de la symbiose ECM. C'est  pourquoi,  dans cette thèse,
nous  tentons  de  répondre  aux  questions  suivantes:  (i)  Comment  la  protéine  effectrice
MiSSP7 influence-t-elle la structure du complexe de perception de l’AJ dans les racines de
peuplier?  (ii)  Des  branches  distinctes  de  la  signalisation  de  l’AJ  jouent-elles  des  rôles
spécifiques lors de l'établissement de l'ECM? (iii) L'interaction entre la voie de signalisation
de  l’AJ  et  d'autres  voies  de  signalisation  hormonale  influence-t-elle  le  développement
symbiotique? 
Nous avons identifié le complexe protéique associé à PtJAZ6 dans les racines de peuplier et
avons montré que MiSSP7 module la force des interactions entre PtJAZ6 et ses facteurs de
transcription associés (FT). La modification de l'expression des gènes codant pour ces FT
dans les racines de peuplier, par transformation génétique, influence la maturation des ECM,
indiquant que les FT associés à PtJAZ6 régulent cette interaction mutualiste. De plus, en
couplant une analyse hormonomique à une analyse physiologique et transcriptomique de
racines de peuplier et de mycélium de L. bicolor traités aux hormones, nous avons démontré
que des modifications de la biosynthèse et de la perception des phytohormones ont lieu au
cours du développement de l’ECM. Pris ensemble, nos résultats suggèrent un double rôle de
la signalisation de l’AJ dans le développement de l'ECM avec une branche fonctionnant pour
réguler la pénétration apoplastique des hyphes fongiques et une autre étant responsable de
l’exclusion du champignon dans des conditions de stress. Nous proposons que la régulation
fine  de  la  signalisation  des  phytohormones,  et  en  particulier  de  l’AJ,  est  cruciale  pour
l'intégration des signaux fongiques et végétaux, afin de reprogrammer à la fois la physiologie
des cellules racinaire et des hyphes pour le développement de l’ECM. 

Mots-clefs: symbiose, ectomycorhize, phythohormones, acide jasmonique
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Abstract

Promoting  nutrient  cycling  and  tree  fitness,  ectomycorrhizae  (ECM)  are  mutualistic
interactions pivotal in forest ecosystems. However not much is known about the signals and
molecular  mechanisms  underpinning  their  establishment.  Using  Populus and  Laccaria
bicolor as a model system, it was shown that the fungal Mycorrhiza-Induced Small Secreted
Protein of 7 kDa (MiSSP7) is secreted upon ECM establishment, penetrates the nuclei of
cortical  root  cells  of  its  host  and stabilizes the repressor of  jasmonic acid (JA)  signaling
PtJAZ6, dampening plant responses to JA and promoting mutualism. JA signaling is implied
in plant defense and development, but it is currently unknown which part of JA-dependent
responses in host roots need to be suppressed for ECM formation. Therefore, the thesis
aims to answer the following questions: (i) how does the effector protein MiSSP7 impact the
structure  of  the  JA perception  complex  in  poplar  roots?  (ii)  do  distinct  branches  of  JA
signaling play specific roles during ECM establishment? (iii) does the interplay between JA
signaling and other hormone signaling pathways influence symbiotic development? 
Through protein-protein interaction studies, we deciphered the composition of the PtJAZ6-
associated protein complex in poplar roots and showed that MiSSP7 modulates the strength
of  interactions  between  PtJAZ6  and  its  associated  transcription  factors  (TFs).  Altered
expression of the genes coding for such TFs in poplar roots, through genetic engineering,
influences ECM maturation, indicating that PtJAZ6-binding TFs regulate the extent of this
mutualistic interaction. In addition, by means of hormonomics coupled with physiologic and
transcriptomic  analysis  of  hormone-treated  poplar  roots  and  L.  bicolor  mycelium,  we
demonstrate that a complex rearrangement of phytohormone biosynthesis and perception
takes place in host roots during symbiotic development. In particular, we found that fungus-
colonized roots are less sensitive to JA. Altogether, our results suggest a dual role of JA
signaling  in  developing  ECM,  with  one  branch  functioning  to  regulate  fungal  apoplastic
penetration to an optimal extent, and another being responsible of fungal exclusion under
stress conditions. We propose that finely tuned phytohormone signaling, and in particular JA
signaling,  is  crucial  for  the  integration  of  fungal  and  plant-derived  signals,  in  order  to
reprogram root and mycelial physiology for a successful mutualistic interaction. 

Keywords: symbiosis, ectomycorrhiza, phytohormones, jasmonate

292


	Page de couverture
	Table of contents
	Résumé élargi en français
	Résumé/Abstract



