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Abstract in English

Cluster roots (CRs) are striking root developmental adaptations to soils with scarce nutrient avaibility. The
development of these spectacular structures, made of dozen of short packed small roots named rootlets, is mainly
triggered in phosphate-deprived conditions. These particular secondary root stuctures are dedicated to improve
phosphate acquisition by the plant, and are of interest for plant nutrition. Surprisingly, even though white lupin
(Lupinus albus) is a model species for the study of CRs, little information can be found about their formation and
the molecular mechanisms behind it.

To better understand rootlet formation in white lupin, an anatomical description was performed. Starting
with a tissular study, 8 stages in rootlet primordium development were defined by analogy with the model plant
Arabidopsis thaliana. Due to the major role of the phytohormone auxin in the formation of lateral roots, the work
was next focussed on auxin response. The expression of the DR5:GUS auxin reporter showed that an auxin
maximum was gradually established at the tip of the rootlet primordium.

With the aim to improve the description of rootlet primordium development, cell divisions dynamic and
tissue differentiation were studied. Using tissue-specific markers (AtCYCB1 ;1, LaWOL, LaSCR, LaPEP), cell divisions
were observed not only in the pericycle, but also in the endodermis and the cortex, suggesting a contribution of
these tissues to the formation of the rootlet primodium. Following these divisions, tissues started to differentiate
to form a higly-organized meristem, whose cellular organization was described with the same set of molecular
markers.

Lastly, a transcriptomic approach was performed on two detailed transcriptomics datasets describing
rootlet development in a spatial and temporal manner. Analysis of gene expression profiles during the early steps
of rootlet formation enabled the identification of specific expression profiles and the selection of candidate genes
for functional analyses. Inhibiting the activity of 9 transcription factors (by fusing them with the SRDX repressor
domain) allowed the identification of three genes for which repression prevented rootlet formation, suggesting a
crucial role for LalBD16, LaERF12 and LaSTY1 during rootlet organogenesis.

This thesis work suggests that a lateral root developmental program may have been recycled for the
formation of cluster roots. The molecular mechanisms governing the massive induction of rootlets at the origin of
the developmental curiosity that are cluster roots remain to be determined. In the future, this work may allow to
transfer the ability to produce these structures to other crop species to expand their soil exploration capacity and
improve their phosphate nutrition.

Keywords: cluster root, rootlet, development, white lupin, auxin.

Résumé en frangais

Les racines protéoides (RPd) sont une des adaptations développementales les plus frappantes du systeme
racinaire exposé a des sols pauvres en nutriments. Le développement de ces structures spectaculaires, composées
de dizaines de petites racines nommées rootlettes, se déclenche principalement en réponse a une carence en
phosphate (Pi). Ces racines particulieres sont dédiées a améliorer I'acquisition du Pi par la plante et sont
importantes pour sa nutrition. De facon surprenante, bien que le lupin blanc soit considéré comme une espéce
modele pour la formation des RPd, trés peu d’informations sont actuellement disponibles sur leur formation et
sur les mécanismes moléculaires qui controlent ce processus développemental.

Afin de mieux comprendre comment se forment les rootlettes chez le lupin blanc, une description
anatomique a été réalisée. Une étude tissulaire a permis de définir 8 stades dans le développement du
primordium de rootlette, par analogie avec la formation des racines latérales chez Arabidopsis. Du fait du réle
majeur de I'auxine dans la formation des racines latérales, I'étude s’est focalisée sur les mécanismes reliés a cette
hormone. L'expression du rapporteur auxinique DR5:GUS, chez le lupin blanc, a montré I'existence d’un maximum
d’auxine, graduellement établi a I'apex du primordium de rootlette.

Dans le but de générer une description détaillée du développement du primordium de rootlette, la
dynamique des divisions cellulaires et la différenciation des tissus ont été étudiées. L'utilisation de marqueurs
spécifiques des tissus de la racine protéoide (CYCB1 ;1, LaWOL, LaSCR, LaPEP) a identifié des divisions non



seulement dans le péricycle, mais également dans I'endoderme et le cortex, suggérant une contribution de ces
tissus a la formation du primordium. A la suite de ces divisions, les tissus commencent a se différencier pour former
un méristeme dont I'organisation cellulaire a été décrite grace au méme jeu de marqueurs moléculaires.

Enfin, une approche de transcriptomique a été réalisée sur deux jeux de données détaillés décrivant le
développement des rootlettes de facon spatiale et temporelle. L’analyse de I'expression des génes au cours des
étapes précoces de la formation des rootlettes a permis de dresser des profils types d’expression et de
sélectionner des génes candidats pour des analyses fonctionnelles. De plus, le blocage de I'activité de 9 facteurs
de transcription (par fusion avec le domaine répresseur SRDX) a permis d’identifier 3 genes dont la répression
blogue la formation des racines protéoides, suggérant un réle important de LaLBD16, LaERF12 et LaSTY1 dans
I'organogénese des rootlettes.

Ce travail de these suggére que le programme développemental de la racine latérale a pu étre recyclé pour
la formation des racines protéoides. Il reste a déterminer les mécanismes moléculaires qui gouvernent l'induction
massive des rootlettes a I'origine de la curiosité développementale que sont les racines protéoides. Ces travaux
permettront peut-étre de transférer la capacité a produire ces structures a d’autres especes cultivées pour élargir
leur capacité a explorer le sol et améliorer leur nutrition phosphatée.

Mots clés : racine protéoide, rootlette, développement, lupin blanc, auxine.
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Préface

Chez les plantes, contrairement aux animaux, le développement des organes est un
processus continu qui a lieu durant I'ensemble du cycle de vie de la plante. Le corps primaire
de la plante est établi dans 'embryon et produit un axe simple avec deux méristéemes : les
méristemes apicaux caulinaire et racinaire reliés par un systéeme vasculaire. Apres
I'embryogénese, de nouveaux organes se forment a partir de ces sites actifs pour batir
I'architecture entiére de la plante. Le développement des plantes est essentiellement post-

embryonnaire.

Parce gu’elles font face a des conditions environnementales hétérogenes, les plantes
adaptent leur développement. Cette plasticité leur permet de supporter des conditions
changeantes qu’elles ne peuvent fuir. Comprendre les mécanismes moléculaires impliqués
dans le développement et la plasticité du systeme racinaire est le domaine de recherche de

I’équipe dans laquelle jai effectué ma thése pendant les 3 dernieres années.

L'équipe « Développement et Plasticité du Systeme Racinaire » utilise deux plantes
modeles pour étudier ces aspects, Arabidopsis thaliana parce qu’elle est I'espece modele dans
la recherche en génétique des plantes et le lupin blanc (Lupinus albus L.), parce qu’il produit
des racines trés particulieres, au développement exacerbé, appelées racines protéoides. La
présente these est une étude qui a pour but de décrire et de comprendre les événements

précoces de la formation de ces racines.
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INTRODUCTION

Développement et plasticité du systéme

racinaire
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l. Les racines protéoides : une adaptation développementale remarquable

I.1. Les racines protéoides: définition et origine

Les racines protéoides ont été observées pour la premiere fois par Adolf Engler (1894)
et, plus tard, définies par Helen Purnell (1960). Cette botaniste leur a donné le nom de racines
protéoides, car elles ont été observées chez tous les membres de la familles des Proteaceae, a
I'exception du genre primitif Persoonia (Purnell, 1960). Elles ont originalement été définies
comme des amas denses de rootlettes avec une croissance déterminée (« dense cluster of
rootlets of limited growth »). Par la suite, les racines protéoides ont été décrites chez 10
familles botaniques éloignées, incluant des especes monocotylédones et dicotylédones parmi
les Betulaceae, Casuarinaceae, Cucurbitaceae, Cyperaceae, Eleagnaceae, Fabaceae, Moraceae,
Myricaceae and Restionaceae (Dinkelaker et al. 1995; Skene 1998). Ainsi, le terme plus général
de « cluster root » a été créé, pour définir ces structures sur la base de leur ressemblance

morphologique plutét que sur I’historique de leur découverte (Hocking and Jeffery, 2004).

Les racines protéoides représentent une des adaptations majeures pour améliorer la
nutrition des plantes, avec les nodules symbiotiques fixateurs de N, et les mycorhizes qui
permettent d’augmenter I'absorption du P (mycorhizes a arbuscules) (Neumann and Martinoia,
2002). En effet, les racines protéoides sont des organes dédiés a la remobilisation et a
I'absorption du phosphate inorganique (Pi). Ces racines exsudent de grandes quantités de
protons, d’acides organiques et de phosphatases afin de libérer le Pi non accessible a la plante
et permettre ainsi la biodisponibilité puis le prélevement du Pi par des transporteurs
spécifiques. Les mécanismes impliqués dans la physiologie des racines protéoides ont été bien
décrits (voir revue de Neumann and Martinoia 2002). Cependant, leur développement
atypique reste peu étudié. Les racines protéoides (RPd) sont des racines secondaires
comportant un ou plusieurs amas de racines tertiaires avec un développement déterminé,
appelées rootlettes (Watt and Evans, 1999b; Dinkelaker et al., 1995) (Fig. I.1). Les rootlettes
sont éphémeres et sont produites plus ou moins régulierement le long des RPd lors de leur

croissance (Shane and Lambers, 2005).
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Fig. I.1. Formation des racines protéoides sur le systéme racinaire du lupin blanc. (A) En absence de
phosphate inorganique dans le milieu, le lupin blanc produit deux types de racines secondaires: des
racines latérales et des racines protéoides. Les racines latérales sont initiées sur la racine primaire dans la
partie inférieure du systéme racinaire. Les racines protéoides sont des racines secondaires spécialisées et
sont initiées a partir la racine primaire dans la partie haute du systéeme racinaire (Watt 1999). (B) Ces
racines secondaires portent au moins un amas dense de racines tertiaires au développement déterminég,
appelées rootlettes.



La morphologie des RPd est variée chez les espéces de plantes qui les produisent. Ces
racines peuvent étre soit simples, soit composées (voir revue de Lambers and Shane 2007). Les
RPd simples sont des racines secondaires qui portent des amas de rootlettes et sont produites
par des especes de Proteaceae australiennes et sud-africaines, et d’autres genres comme le
lupin chez la famille des Fabaceae (Fig. |.2). Les racines composées sont formées quant a elles
par le branchement itératif de racines protéoides simples et ont tendance a former de denses
tapis racinaires a la surface du sol. Ces racines complexes sont produites par quelques espéces
de Proteaceae, comme le genre australien Banksia, et montrent une trés forte densité de

rootlettes.

Une faible disponibilité de certains nutriments est le déclencheur de la formation de ces
racines. Chez le lupin blanc, la formation de RPd est principalement déclenchée par une faible
disponibilité du Pi dans le milieu (Gilbert et al.,2000). Au contraire, chez Casuarina glauca, la
formation RPs est essentiellement déclenchée par une faible disponibilité en fer (Diem et al.,

2000).

[.2. Le lupin blanc : un modele pour la formation des racines protéoides

Dans le but de comprendre et décrire la formation des RPd, il est important d’établir
une espece modele. Puisque la plupart des especes formant des RPd sont des arbustes ou des
arbres, elles ne conviennent pas pour I'étude de ces racines notamment car leur culture est
longue. Parmi ces especes, le lupin blanc est une plante annuelle avec un cycle de vie
relativement court (6 a 8 mois) qui produit des RPd en conditions contrélées. Le lupin blanc
peut étre considéré comme un modele pour comprendre le développement racinaire et, en
particulier, I'initiation des racinaires tertiaires (voire revue: Skene 2001). En effet, cette espece
initie rapidement et massivement des RPd dans la partie supérieure de son systeme racinaire
apres 11 a 13 jours de culture, en condition de carence en Pi (Fig. I.3A). Cette induction massive
de rootlettes se produit de facon localisée sur les racines secondaires et suit un patron spatial
et temporel assez prédictible. Les rootlettes sont initiées de facon séquentielle dans I'axe
longitudinal et produisent ainsi un organe représentatif de tous les stades de développement
de la rootlette. Pour cette raison, il est possible de diviser une RPd en plusieurs zones

développementales distinctes (Fig. I.3B). La zone ou se forment les primordia de rootlettes est
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Fig. 1.2. Morphologie des racines protéoides chez plusieurs genres. (A-C) Racines protéoides simples
observées chez des especes du genre Hakea (Shane and Lambers, 2005). (A) Hakea petiolaris produit des
racines « en collier » chacune portant plusieurs amas de rootlettes (barre d’échelle: 20 mm). (B) Stades
successifs de la formation de racines protéoides chez Hakea prostrata, de I'émergence des rootlettes au
jour 0 jusgqu’a la sénescence des rootlettes au(x) jour(s) 20-21 (barre d’échelle : 10 mm). (C) Jeune racine
émergée d’'Hakea prostrata. La densité de rootlettes est trés élevée chez cette espece (barre d’échelle : 5
mm). (D) Racines composées de Banksia grandis. Sur le systeme racinaire, des amas de rootlettes en
développement (fleche noire) ou matures (fleche blanche) peuvent étre observées (barre d’échelle : 20
mm). (E) Racine protéoides de Lupinus albus. Les rootlettes sont initiées de facon séquentielle dans la zone
de I'amas (barre d’échelle : 5 mm) (Shane et al., 2003).
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Fig. 1.3. Le lupin blanc est une plante modeéle pour I'étude des racines protéoides. (A) Chez les plantes
carencées en P, des dizaines de racines protéoides sont formées dans la partie haute du systeme
racinaire (barre d’échelle: 5 cm) (Mdller et al., 2012). (B) Les racines protéoides sont caractérisées par
une induction massive de rootlettes. Les rootlettes sont formées de fagon continue le long des racines
protéoides et des dizaines de primordia sont initiés dans la zone d’initiation pendant leur croissance
(Sbabou et al., 2010).



caractérisée par de trées nombreux événements d’initiations. Cela explique pourquoi les amas
de rootlettes formés ont une densité qui s’éleve en moyenne a 30 rootlettes/cm (Doumas et
al., résultats non publiés). Cette forte densité offre une quantité importante de matériel

biologique pour étudier les premieres étapes du développement de ces racines.

D’un point de vue développemental, les rootlettes semblent similaires aux racines
latérales, mais une description tres détaillée de ces racines n’a pas encore été apportée. Ces
petites racines sont initiées en rangée en face des poles de xyleme (Johnson et al. 1996;
Hagstrom et al. 2001) (Fig. 1.4 A, B). Dans I'axe longitudinal, les rootlettes sont initiées tres
proches les unes des autres, au point que les primordia de rootlettes fusionnent parfois (Fig.
.4 C). Ainsi, les RPd peuvent étre considérées comme des racines secondaires avec une
initiation exacerbée, puisque la plupart des cellules du péricycle peuvent étre recrutées pour
participer a la formation de racines tertiaires (Skene 2000). Chez Arabidopsis, des mécanismes
moléculaires inhibent la formation/maintenance des cellules fondatrices en face ou a proximité
d’une cellule fondatrice pré-existante (Toyokura et al., 2018; Himanen et al., 2002). La forte
induction de l'initiation chez les RPd suggére que les mécanismes moléculaires impliqués dans
I'inhibition longitudinale et radiale des rootlettes sont absents ou supprimés dans la zone de
formation de I'amas de racines. Ces observations soulévent la question des mécanismes

moléculaires et hormonaux a I’origine de leur formation.

Plusieurs jeux de données et outils ont été produits pour comprendre les bases
moléculaires de la formation des RPd. Le développement de la transformation génétique dite
« hairy root » médiée par Agrobacterium rhizogenes a établi une base solide pour la
caractérisation fonctionnelle des genes impliqués dans la formation de ces racines (Uhde-Stone
et al.,, 2003). En parallele, des études transcriptomiques ont révélé les premiers acteurs
moléculaires et hormonaux de leur formation (Wang et al., 2015a; Secco et al., 2014; O’Rourke
etal., 2013). Cependant, seuls quelques genes en lien avec le développement ont été identifiés
dans ces jeux de données. Le développement de nouvelles approches de génétique classique

et inverse sont nécessaires pour identifier de nouveaux genes en lien avec leur formation.

Afin d’améliorer la compréhension du développement des RPd, mon équipe d’accueil a

développé plusieurs outils. A la moitié de ma thése, le génome du lupin blanc a été séquencé
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Fig. 4. La formation des racines protéoides dépend de I'initiation massive de rootlettes (A) Une racine
protéoide comporte au moins un amas de rootlettes (scale bar: 3 mm) (Watt 1999). (B-C) Formation des
primordia de rootlettes selon I'axe radial (B) et longitudinal (C). Les primordia de rootlettes sont initiés a
partir des tissus situés en face des poles de xyleme (B) et se développent trés proches les uns des autres
dans l'axe longitudinal. Les fleches pleines montrent les primordia en développement, et les fleches en
pointillés indiquent la position du péricycle. Le grossissement est 100X (Johnson et al., 1996).



au sein de notre équipe de recherche (début 2018) apportant une base solide pour I'analyse
des mécanismes moléculaires (Hufnagel et al.,, 2019). L'équipe a également produit deux
transcriptomes couvrant les différents stades de développement de la formation de RPs dans
le but d’étudier les mécanismes moléculaires a I'origine de la formation des rootlettes. La
présente these s’intéresse en particulier aux facteurs régulant les étapes précoces de la
formation des rootlettes. D’autres travaux sont en cours dans I'équipe pour étudier les stades

de développement plus tardifs (émergence, extinction du méristeme).

|.3. Facteurs induisant la formation des racines protéoides

Les RPd étant des organes dédiés a la remobilisation et I'acquisition du Pi, il est
couramment accepté que c’est la carence en Pi qui provoque I'induction de ces structures
(Neumann et al. 2000; Wang et al. 2015). Néanmoins, il a été également observé des RPd en
conditions riches en Pi, il semblerait donc que leur inhibition par ce nutriment ne soit pas
complétement totale (Gilbert et al., 2000; Abdolzadeh et al., 2010). Dans le sol, par nature
hétérogene, il est possible d’observer que les RPd apparaissent préférentiellement dans

I"horizon superficiel, ou la matiére organigue a tendance a s’accumuler (Skene, 1998).

Chezla plante modele Arabidopsis, 1a perception de la carence en Pi provoque différents
types de réponse qui ont été groupées en réponses locales et systémiques (Péret et al., 2011).
Les réponses locales couvrent les adaptations morphologiques et développementales (racines
primaire et latérales, poils racinaires) alors que les réponses systémiques concernent la

régulation de I'homéostasie du Pi (remobilisation et transport, recyclage et économie).

Des expériences de split-root ont démontré que la formation des RPd est induite par
une faible concentration en Pi dans les parties aériennes (Marschner et al., 1987; Shane et al.,
2003). Ces résultats suggérent que le développement des RPd est régulé de maniére
systémique par le statut en Pi des parties aériennes. En plus du réle du Pi interne, la
concentration externe en Pi semble réguler la formation des RPd. Dans un sol artificiel stratifié,
la présence locale de Pi favorise la formation de RPd dans ces strates, indiquant I'implication

d’un signal local capable de percevoir la concentration externe en Pi (Shu et al., 2007). Ainsi, la
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formation de RPd est contrblée a la fois par la concentration interne en Pi, mais aussi par sa

disponibilité locale.

D’autres carences en nutriments peuvent influencer la formation des RPd. C'est
notamment le cas d’une carence en azote (N) ou en fer (Fe). Lorsque la disponibilité du Pi est
faible, un faible apport d’azote va favoriser la formation de RPd mais également la formation
de nodules fixateurs d’azote (Dinkelaker et al. 1995). Les plantes qui s’engagent dans ces
symbioses ont généralement un fort besoin en P. La formation de RPd permet d’améliorer
I'acquisition du Pi, pour maintenir ’homéostasie du Pi dans les tissus de la plante, mais
également dans les tissus symbiotiques. L'induction de la formation de RPd serait donc
essentielle pour maintenir la symbiose et la croissance de la plante, en particulier lors d’'une

carence combinée en P et N.

Tres peu d’études se sont intéressées au réle du fer dans la formation des RPd. Une
carence en fer induit leur formation, mais I'induction de ces organes est moins importante que
dans le cas d’une carence en Pi (Hagstrom et al., 2001). La carence en Pi plutdt que la carence
en Fe semble donc déterminante pour induire le développement de ces racines chez le lupin
blanc. Néanmoins, une étude comparative de I'architecture racinaire au sein de notre équipe,
a montré qu’il existe une interaction complexe entre P et Fe dans le cadre de la formation de
RPd (résultats non publiés). Ces travaux suggerent qu’il y a un lien fort entre I'"homéostasie de
ces deux éléments au sein de la plante. Un tel lien semble exister puisqu’une étude récente a
montré qu’AtPHR1, un régulateur central de 'lhoméostasie du P, et son proche homologue
AtPHL1, peuvent réguler I'expression de genes nécessaires a |'homéostasie du fer comme
AtFER1 (Bournier et al., 2013). Il est probable qu’un mécanisme similaire existe pour réguler

finement 'homéostasie du P et du Fe chez le lupin, et module la formation des RPd.

La faible disponibilité en nutriments modifie également le partitionnement des
photoassimilats des organes sources aux organes puits (Marschner et al., 1996). Pendant la
carence en P, la photosynthese est négativement affectée mais la translocation des
photoassimilats au phloéme, en particulier du sucrose, est maintenue pendant les 6 premiers
jours de la carence (Hermans et al., 2006; Lemoine et al., 2013). Les sucres transportés, via le

phloéme, sont utilisés comme une source de carbone par les racines pour leur croissance.
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Plusieurs études suggerent également que la translocation des sucres au phloeéme jouerait un
réle dans la signalisation systémique a la carence en Pi (Hammond et White 2008, 2011). Chez
le lupin, il a été proposé que le saccharose agisse comme un signal systémique de la carence
en Pi et induise la formation des RPd (Zhou et al., 2008; Wang et al., 2015b). L'ajout de
saccharose dans le milieu suffit pour induire la formation des RPd, méme a des concentrations
élevées en Pi externe, mais n’induit pas les réponses physiologiques associées (Wang et al.
2015). De la méme maniére, il a été montré que les sucres induisent la formation des racines

latérales indépendamment de la concentration en Pi dans le milieu (Jain et al., 2007).

Des changements dans la concentration, le transport ou la sensibilité a certaines
hormones peuvent également étre impliqués dans les réponses développementales du
systeme racinaire a la carence en Pi (Rubio et al., 2009). Parmi ces hormones, 'auxine est une
hormone centrale qui contréle les modifications de I'architecture racinaire lors d’une carence
en Pi (Lépez-Bucio et al. 2002; Nacry et al. 2005). Le transport polaire de I'auxine des parties
aériennes aux racines est important pour la formation des racines latérales et il a été envisagé
que le transport a longue distance de I'auxine soit un signal pour induire la formation des RPd
(Bhalerao et al., 2002; Meng et al., 2013). Cependant, des expériences impliquant I’élimination
des parties aériennes et I'application d’inhibiteurs du transport de I'auxine ont montré que
I'auxine synthétisée dans les feuilles n’est pas la source principale d’auxine qui contréle la
formation des RPd (Meng et al., 2013). Il apparait au contraire que 'auxine synthétisée par les
RPd, et sa redistribution le long de la racine, joue un réle critique dans leur formation. Des
données transcriptomiques suggerent que 'auxine serait synthétisée dans les RPd par les
enzymes YUCCA, puis redistribuée par les transporteurs AUX1 et PIN3 (Secco et al., 2014; Wang
et al., 2014). L'implication de ces génes dans la formation des rootlettes rappelle que ces

racines sont tres similaires a des racines latérales d’un point de vue développemental.

La formation des racines latérales implique une interaction entre les auxines et les
cytokinines qui agissent de facon antagoniste pour réguler leur développement (Fig. 1.5).
Contrairement a I'effet stimulateur de 'auxine, un traitement exogene avec des cytokinines
réprime l'initiation des racines latérales et leur développement et a un effet similaire sur la
formation des RPd (Laplaze et al., 2007, O’Rourke et al., 2013b). L'effet inhibiteur des

cytokinines sur l'initiation repose sur des composants de la signalisation des cytokinines, en
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Fig. I.5. Lauxine et les cytokinines ont un effet antagoniste sur la formation des racines protéoides chez
le lupin blanc. (A-B) Lapplication foliaire de I'auxine synthétique ANA (acide naphthoxyacétique) promeut
la formation des racines protéoides a des concentrations en Pi qui inhibent normalement leur formation.
LUANA a été appliqué aux concentrations indiquées a 4, 8, et 12 jours aprés I'émergence des parties
aériennes (Gilbert et al., 2000). (C-D) Lapplication foliaire de cytokinines supprime la formation de
racines protéoides chez des plantes carencées en P. Lauxine synthétique BAP (6-benzylaminopurine) a
été appliquée a des concentrations de 1 ou 10 uM a 3, 6 et 8 jours aprés I'émergence des parties
aériennes (O’Rourke et al., 2013).



particulier leur récepteur CRE1/AHK4 (Li et al., 2006). L’expression de ce récepteur est réduite
chez des plantes carencées en Pi (Franco-Zorrilla et al., 2002) et cette répression a pour effet
d’augmenter le nombre de racines latérales (Gonzalez-Rizzo et al., 2006). La carence en Pi
semble induire I'expression de CRE1 dans des racines de lupin transgéniques, indiquant
I'importance de la perception et de la signalisation des cytokinines pendant la formation des
RPd (O’Rourke et al., 2013b). L'augmentation de la capacité a percevoir les cytokinines dans la
zone d’initiation et de formation des primordia de rootlette pourrait étre ainsi impliquée dans

la formation dense de ces racines le long de RPd.

La carence en Pi peut également modifier la concentration de certaines
phytohormones, en altérant leur biosynthése. Une augmentation de la production en éthyléne
est caractéristique des tissus carencés en Pi et est également observée dans les racines de
plusieurs légumineuses dont les RPd chez le lupin (Gilbert et al., 2000). Dans ces racines, une
forte biosynthese de I'éthyléne est observée dans les rootlettes matures et conduirait a
I"'accumulation de cette hormone (O’Rourke et al., 2013). Une forte concentration d’éthyléene
a un effetinhibiteur sur I’élongation racinaire et pourrait donc étre impliquée dans la croissance
déterminée de ces racines (Negi et al., 2008). Au contraire, une faible concentration en
éthylene est connue pour promouvoir l'initiation des racines latérales et pourrait favoriser
I'initiation des rootlettes (lvanchenko et al., 2008). En accord avec cette hypotheése, il a été
observé que les enzymes impliquées dans la voie de biosynthese de I'éthylene sont faiblement
exprimées dans la zone d’initiation et qu’une application d’éthyléne a un effet stimulateur sur
la formation de ces racines (Wang et al., 2015a). L'effet de I"éthylene sur l'initiation peut
s’expliquer par son réle sur le transport de I'auxine et son accumulation locale (Muday et al.,
2012). Ainsi, une faible concentration en éthylene favorise l'initiation racinaire en permettant

I"accumulation locale de I'auxine.

Plusieurs phytohormones impliquées dans la formation des racines latérales
coordonnent également la formation des RPd (Fig. 1.6), indiquant que le développement de ces
racines est régulé par des mécanismes moléculaires trés similaires. Ces processus
développementaux sont contrélés par I'environnement et une carence en Pi induit des

réponses locales et systémiques qui gouvernent la formation de ces racines.
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Fig. 1.6. Modeéle schématique montrant I'effet combiné du phosphore et des hormones dans la formation
des racines protéoides chez le lupin blanc. (A) La formation de racines protéoides est déclenchée par un
signal local en réponse a la perception de la faible concentration du Pi disponible dans le milieu. La
carence en P dans la plante induit également le transport du saccharose des parties aériennes vers les
racines. Le saccharose interagirait avec les hormones pour déclencher la formation des racines
protéoides (Uhde-Stone et al, 2017, Mdller et al., 2012). (B) Interactions hormonales dans la zone
d’initiation et de maturation des rootlettes. Uinitiation des rootlettes est coordonnée par l'interaction
entre 5 phytohormones (Wang et al., 2014). Le rouge indique une régulation positive, alors que le bleu
indigue une régulation négative.



D’un point de vue développemental et anatomique, les RPd sont comparables aux
racines latérales. Afin de comprendre la formation des RPd, il apparait donc nécessaire de
s‘appuyer sur les données obtenues sur la formation des racines latérales, un processus

développemental bien décrit chez Arabidopsis.

Il. Formation des racines latérales

Pendant le développement post-embryonnaire, les parties aériennes des plantes sont
générées a partir du méristeme apical caulinaire. Ce méristeme est formé de cellules
indifférenciées, qui initient des feuilles a ses flancs et participent a I’élongation de la tige a sa
base. A l'aisselle de chaque feuille, un ou plusieurs méristemes secondaires aussi appelé
méristémes axillaires se développent pour former de nouvelles fleurs ou tiges (McSteen and
Leyser, 2005). La formation de ces méristémes assure la ramification du systéme aérien.
Contrairement au méristeme apical caulinaire, les cellules du méristeme apical racinaire ne
génerent pas directement des méristemes secondaires. Le branchement du systéeme racinaire
nécessite la formation de novo de racines secondaires, communément appelées racines

latérales (RLs), a partir de cellules différenciées.

La racine primaire d’Arabidopsis a une organisation radiale tres simple puisqu’elle est
formée d’un ensemble de couches monocellulaires entourant le systeme vasculaire de la plante
(Dolan et al., 1993) (Fig. Il.1). Cette simplicité se retrouve également le long de la racine
primaire qui est composée de plusieurs zones développementales appelées (i) zone
méristématique, (ii) zone d’élongation et (iii) zone de différenciation (lvanov and Dubrovsky,
2013). C’est a partir de cette derniere zone, composée de cellules différenciées, que se forment

les RLs.

La formation des RLs a été décrite au niveau anatomique par Malamy et Benfey (1997)
et comprend huit stades (Fig. 11.2). Le processus développemental est initié par des divisions
asymétriques dans les cellules du péricycle situées en face des poles de xyleme. Elle se poursuit
par une succession de divisions non stéréotypiques qui produisent un primordium de RL. Ce

primordium croit a travers les tissus de la racine primaire, forme un méristéeme puis émerge
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Fig. Il.1. Organisation de la racine primaire d’ Arabidopsis thaliana. (A) La racine en croissance peut étre
divisée en trois zones développementales le long de I'axe longitudinal. La zone méristématique
comprend le méristeme apical racinaire (MAR) et produit de fagon continue de nouvelle cellules
progénitrices pour tous les tissus de la racine (Rodriguez-Alonso et al, 2018) (B) Schéma montrant

I'organisation et les différents types cellulaires du MAR (Trinh et al., 2018).



Fig. I1.2. Stades développementaux de la formation du primordium de racine latérale chez Arabidopsis
thaliana. Organisation schématique du primordium de racine latérale au cours des 8 stades successifs de
sa formation. (1) Uinitiation de la racine débute avec une premiere division asymétrique et produit deux
petites cellules centrales flanquées de deux cellules plus larges. (Il) Des divisions périclines dans les
cellules du péricycle produisent un primordium formé d’une couche cellulaire interne (IL) et externe
(OL). Ce primordium traverse I'endoderme. (llI-IV) Deux séquences de divisions périclines donnent
naissance a un primordium formé de trois puis quatre couches cellulaires, lequel traverse le cortex. (V-VI)
La prolifération cellulaire se poursuit dans le primordium qui s‘organise. (VII) Le primordium au stade VI
est formé de cellules différenciées et son organisation est comparable a celle de la racine primaire (Porco
et al., 2016).



des tissus parentaux. Suite a son émergence, le méristeme de la RL devient actif pour permettre

la croissance de la RL.

II.1. Evenements précoces de la formation des racines latérales

La formation de RL commence avec la spécification des cellules du péricycle puis est
suivie par l'initiation de ces racines. La spécification des cellules du péricycle correspond a
I"acquisition de la compétence a former des RLs alors que l'initiation est la conséquence de
I"activation de ces cellules (Chandler, 2011). Ainsi, la spécification et I'activation des cellules du
péricycle peuvent étre considérées comme deux processus développementaux différents et

participent successivement a la formation des RLs.

Pré-initiation

Si la formation des racines latérales a lieu dans la zone de différenciation, la sélection
des cellules qui vont devenir des cellules du péricycle a plutbt lieu dans une large région située
en aval de la zone d’élongation de la racine primaire. Dans cette zone, les cellules sont choisies
de facon périodique par un mécanisme oscillatoire nommé « priming ». Ce mécanisme
oscillatoire a d’abord été visualisé par De Smet et al. (2007) qui ont observé des fluctuations de
la réponse a l'auxine a I'aide du rapporteur synthétique DR5 (DIRECT REPEAT 5) couplé a la B-
glucuronidase. Les auteurs ont montré que des pulses de la réponse a 'auxine se produisent
dans les cellules du protoxyleme du méristeme basal avec une périodicité de 15 h et marquent
les sites oU apparaissent plus tard les RLs. Ces oscillations périodiques ont également été
observées in vivo avec le rapporteur DR5 fusionné au géne de la luciferase (LUC) (Moreno-
Risueno et al., 2010). L'expression récurrente de DR5:LUC se produit dans une région,
dénommeée zone d’oscillation, couvrant la zone de transition (aussi appelée méristeme basal)
etle début de la zone d’élongation de la racine primaire (Fig. II.3). Les cellules qui montrent des
oscillations de I'expression de ce géne rapporteur deviennent ensuite marquées par un pic
stable de son expression, dans le début de la zone de différenciation. Ces pics stables,
appelés sites de pré-branchement, caractérisent des régions compétentes a former des RLs.
Le positionnement des RLs serait donc ainsi basé sur des oscillations de la réponse a I'auxine.

Le priming permet de définir des sites de pré-branchement et donc de marquer les cellules qui
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Fig. I1.3. Le priming des racines latérales repose sur des oscillations de |'expression des genes de réponse
a l'auxine. (A) Uexpression du gene rapporteur DR5:/uciférase permet du suivre l'oscillation temporelle de
la réponse a I'auxine qui se produit dans la zone incluant la zone de transition et le début de la zone
d’élongation. Cette oscillation pré-sélectionne les cellules qui pourront devenir compétentes pour former
la racine latérale (Jansen et al, 2018). (B) La persistance du signal DR5:luciférase dans la zone de
différenciation marque I'emplacement des sites de pré-branchement, ou se formeront les futures racines
latérales (Xuan et al., 2016).



peuvent devenir compétentes pour former des RLs. Cependant, tous les sites de pré-
branchement ne produisent pas des racines latérales. Les cellules du péricycle marquées par le
priming ne sont donc pas toutes destinées a devenir des cellules fondatrices. Cela suggere que

des mécanismes additionnels doivent étre impliqués dans la spécification de ces cellules.

Spécification des cellules du péricycle

L'auxine et la signalisation auxinique participent également a la spécification des cellules
du péricycle. Une accumulation locale d’auxine est observée dans les cellules du péricycle avant
leur division et permettrait leur spécification (Dubrovsky et al. 2008). Il est possible de créer
une accumulation locale d’auxine dans les cellules du péricycle en utilisant un systeme
inductible. Dans ce systeme, une enzyme de biosynthese de I'auxine est exprimée de facon
aléatoire dans des secteurs de la racine et permet d’augmenter sa production dans des patchs
de cellules, comme les cellules du péricycle. L’auxine synthétisée dans ces cellules permet
d’induire la formation de RLs, indiquant qu’une accumulation de cette hormone est nécessaire
et suffisante pour spécifier les cellules fondatrices. De ce fait, I'accumulation de I'auxine agit

comme un déclencheur morphogénétique de la formation de RLs.

'accumulation locale d’auxine dans les cellules du péricycle est a l'origine d’une
cascade de signalisation de l'auxine impliquée dans la spécification de ces cellules. Cette
cascade, impliquant INDOLE-3-ACETIC ACID 28 (IAA28) et plusieurs AUXIN RESPONSE FACTORS
(ARFs), active directement GATAZ23, un facteur de transcription exprimé dans les cellules du
péricycle qui quittent la zone de transition (Fig. 11.4A,B) (De Rybel et al., 2010). GATA23 est
connu pour réguler le destin cellulaire des cellules de mammiféres (Cripps and Olson, 2002;
Chou et al., 2009) et est considéré comme le premier marqueur moléculaire de la spécification
des cellules fondatrices. L'expression de GATA23 chez certaines cellules du péricycle participe

ainsi a déterminer la position des RLs le long de la racine primaire.

MEMBRANE-ASSOCIATED KINASE REGULATOR 4 (MAKR4) est un autre géne nécessaire
a la spécification des cellules fondatrices (Xuan et al., 2015). Cette kinase est exprimée au
niveau des sites de pré-branchement et sa protéine s’accumule au niveau de la membrane

plasmique juste avant l'initiation, indiquant que cette protéine est impliquée dans la phase
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Fig. Il.4. La spécification des cellules du péricycle est initiée dans le méristéme basal et se poursuit dans
la zone d’élongation. (A) La spécification des cellules fondatrices dépend de I'expression de GATA23 dans
la zone d’élongation (EZ) et de MAKR4 dans la zone de différenciation (DZ). Lexpression de GATA23
spécifie les cellules du péricycle pendant ou en aval de l'oscillation, alors que MAKR4 agit en aval de
I'oscillation et son expression est requise pour convertir un site de pré-branchement en racine latérale
(Du and Scheres. 2017) (B) Localisation tissulaire de la protéine pMAKR4:GFP-MAKR4 au niveau d’un site
de pré-branchement chez le mutant makr4-1, dans une racine colorée a l'iodure de propidium (Xuan et
al., 2015). (C) Expression de GATA23 dans un groupe de cellules du péricycle qui quittent le méristeme
basal (De Rybel et al., 2010). MZ, zone méristématique; BM, méristeme basal; EZ, zone d’élongation; DZ,
zone de différenciation ; Ep, épiderme, ; Co, cortex; En, endoderme; Pe, péricycle.



précoce de la formation des RLs (Fig. I1.4C). La perte de fonction de ce gene chez le mutant
makr4 a pour effet de réduire le nombre de RLs formées mais n’altére pas le nombre de sites
de pré-branchement. MAKR4 semble donc agir en aval de la formation des sites de pré-
branchement et son expression serait nécessaire pour convertir ces sites en cellules

compétentes a former des RLs.

Initiation

Les cellules fondatrices spécifiées sont compétentes a former des RLs et vont pouvoir
étre activées par un signal pour initier de nouvelles RLs. L'initiation de RLs désigne tous les
événements conduisant a la premiéere division asymétrique et a I"établissement du destin

cellulaire des cellules filles.

Dans les cellules spécifiées, I'auxine s’accumule et crée un maximum qui contribue a
I'activation de ces cellules. Cette accumulation, induit la signalisation de l'auxine, peut étre
visualisé a I'aide du gene rapporteur DR5 :GUS dans les cellules fondatrices activées (Benkova
et al., 2003). Un composant essentiel de cette signalisation est le module SOLITARY-ROOT
(SLR)/IAA14-ARF7/ARF19 (Fukaki et al., 2002). En réponse a I'accumulation de l'auxine, la
dégradation de SLR/IAA14 permet la dérépression des facteurs de transcription ARF7 et ARF19
qui peuvent activer I'expression de leurs genes cibles, en particulier les genes appartenant a la

famille des protéines LATERAL ORGAN BOUNDARIES DOMAIN (LBD).

Parmi les facteurs de transcription de la famille LBDs, LBD16 est connu pour jouer un
réle central dans l'initiation des RLs (Liu et al., 2018). Ce gene est exprimé dans les noyaux des
paires de cellules fondatrices spécifiées pendant leur migration et durant la division
asymétrique (Goh et al., 2012). Ces événements de la formation des RLs sont perturbés chez
des plantes transgéniques plLBD16:LBD16-SRDX dans lesquelles LBD16 a été converti en
répresseur transcriptionnel. De plus, I'expression de LBD16 dans les cellules du péricycle est
suffisante pour supprimer le défaut de formation de RLs chez le mutant arf7arf19. De ce fait,

I'expression de LBD16 est spécifique a I'initiation et est nécessaire pour que l'initiation ait lieu.
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L'expression d’autres genes de la famille des LBDs, en particulier LBD18 et LBD33, est
également requise pendant la premiere division asymétrique (Berckmans et al., 2011). Les
protéines codées par ces deux génes sont capables de former un dimére pour réguler la
transcription de E2Fa, un géne activateur des génes impliqués dans la progression du cycle
cellulaire. Le cycle cellulaire apparait donc comme une cible directe de la signalisation

auxinique.

La plupart des cellules qui quittent le méristeme basal sont arrétées en phases G1 et
seules les cellules situées en face des pdles de protoxyleme sont capables de progresser dans
le cycle cellulaire (Beeckman et al., 2001). Cette progression est essentielle pour la premiere
division asymétrique et est finement controlée par des sérines/thréonines kinases. Ces kinases
sont des hétérodimeres formées par une unité catalytique, appelé kinase cycline-dépendante
(CDK), et une sous-unité régulatrice, appelée cycline (CYC). Plusieurs de ces cyclines sont
impliquées dans l'initiation des RLs et participent a la transition G1-S (CYCDs) et G2-M (CYCAZs,
CYCB1,1) du cycle cellulaire (De Smet, 2012; Beeckman et al., 2001). La cycline CYCB1;1 qui
controle la transition G2-M est fortement exprimée dans les cellules fondatrices lors de leur
division (Beeckman et al., 2001). Cependant, si I'activation du cycle cellulaire est nécessaire a
la formation des RLs, elle n’est pas suffisante pour déclencher leur formation. En effet, la
surexpression de la cycline CYCD3;1, impliquée dans la transition G1-S, entraine une
prolifération cellulaire mais ne permet pas la développement d’une RL (De Smet et al., 2010).
Cette absence d’organogénese peut étre surmontée par un traitement auxinique indiquant une
régulation complexe de l'initiation par la signalisation auxinique. De nombreux génes induits
par cette signalisation ou exprimés indépendamment de celle-ci sont requis pour la formation
des RLs et ont récemment été décrits dans plusieurs revues (Du and Scheres, 2017a; Trinh et

al., 2018).

L'initiation commence avec le gonflement des cellules fondatrices et la diminution du
volume des cellules de I'endoderme (Vermeer et al., 2014) (Fig. Il.5). En méme temps que ce
changement morphologique se produit, le noyau s’arrondit, ce qui marque I'activation des
cellules fondatrices (Fig. Il.5A). Suite a leur activation, les noyaux de deux cellules fondatrices
du péricycle migrent vers la paroi cellulaire qui les séparent et la premiére division anticline et

asymétrique a lieu (De Smet et al. 2007; De Rybel et al. 2010) (Fig. 11.5B). Cette division produit
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Fig. I.5. Uinitiation des racines latérales se déroule en 3 étapes et est régulée par plusieurs modules de la
signalisation auxinique. (I) Uinitiation débute lorsque I'auxine s'accumule dans les cellules du péricycle
spécifiées et active ces cellules (B). Larrondissement des noyaux est considéré comme un marqueur de
leur activation (A). (Il) Linitiation se poursuit avec la migration des noyaux des cellules fondatrices du
péricycle et dépend de l'induction de l'expression de LBD16 par le module de réponse a l'auxine
SLR/IAA14-ARF7/ARF19. En méme temps que les noyaux migrent, 'endoderme subit une perte de son
volume cellulaire, ce qui permet I'expansion radiale des cellules du péricycle. Ce processus est régulé par
un deuxieme module de signalisation de la réponse a l'auxine faisant intervenir SHY2/IAA3. (lIl)
Uinitiation se termine lorsque la premiere division asymétrique a eu lieu et que l'identité des quatre
cellules filles est établie. La re-spécification du destin cellulaire de ces cellules ferait intervenir la
signalisation auxinique médiée par SLR/IAA14 (Du and Scheres. 2017; Goh et al., 2012).



un primordium de RL au stade |, formé de 4 cellules de tailles inégales : deux petites cellules
centrales flanquées par deux cellules plus larges (Casimiro, 2001; De Rybel et al., 2010). Cette
division est formative car elle produit des cellules filles avec des identités cellulaires différentes

(Smolarkiewicz and Dhonukshe, 2013).

Ainsi, les cellules du péricycle sont sélectionnées par une série d’événements qui leur
permettent de devenir compétentes a former une RL puis sont activées afin d’initier des RLs.
Cette succession d’évenements est régulée par un programme développemental complexe qui
conduit a la premiere division asymétrique, laguelle initie la formation du primordium de RLs.
Durant toutes les étapes précoces de la formation des RLs, I'auxine et la signalisation auxinique
régulent I'expression de genes impliqués dans le priming et la spécification des cellules du
péricycle, puis I'activation et la division des cellules fondatrices. Apres la premiere division
asymétrique, ces cellules vont se diviser a plusieurs reprises et s’organiser pour former le

primordium de la RL.

[I.2. Organogénese du primordium de racine latérale

Suite a l'initiation du primordium de RL, I'organogéneése et la croissance du primordium
se poursuivent et un nouvel organe se forme puis émerge des tissus parentaux. Ce processus
repose sur une série de divisions complexes et produit une structure tres organisée dotée d’un
méristeme fonctionnel. Ce développement, originellement décrit par Malamy and Benfey
(1997), peut étre décomposé en 8 stades discrets. Le stade | du primordium, formé par une
seule couche de cellules du péricycle de RL, est le point de départ de ce développement. A
partir de ce primordium, une série de divisions ordonnées forme un primordium avec deux
(stade Il), puis trois (stade Ill) et, enfin, quatre couches cellulaires (stade IV). A partir du stade
Il, le primordium traverse I'endoderme et acquiert sa forme typique en déome. Le primordium
franchit ensuite le tissu du cortex (stade lll) et atteint I'épiderme (stade VII). Cette nouvelle
racine comprend un méristeme fonctionnel identique a celui de la racine primaire, formé d’un

centre quiescent entouré de cellules souches.

'analyse de la séquence de divisions pendant la formation du primordium de RL a mis

en évidence que la premiere division asymétrique est stéréotypique (Von Wangenheim et al.,
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2016). Pendant le second tour de division, les cellules se divisent d’une facon anticline ou
péricline et ce, d’une facon aléatoire. Ce patron non stéréotypique de division se poursuit apres
le deuxieme tour de division. Entre deux divisions consécutives, les cellules changent
I'orientation de leur plan de division de 90° et montrent une alternance entre des divisions
anticlines et périclines. L’orientation de ces plans de division est importante pour produire des
organes fonctionnels, et dépendrait de la capacité de cellules a répondre a 'auxine (Yoshida et

al. 2014).

Un gradient d’auxine est formé dans le primordium de RL en développement et est
nécessaire a la formation du méristeme de RL (Benkova et al., 2003). Ce gradient est reflété par
la réponse a I'auxine et peut étre visualisé a I'aide du marqueur DR5:GUS (Fig. II.6A). Sa mise
en place requiert 'action coordonnée de transporteurs d’influx et, surtout, de transporteurs
d’efflux. Parmi ces transporteurs, la famille des transporteurs d’efflux PIN-FORMED (PINs) joue
un réle important dans la distribution de I'auxine dans les tissus du primordium (Fig. 11.6B, C).
Cette famille présente une forte redondance fonctionnelle et la mutation d’'un gene PIN n’a
que peu d’effet sur I'organogénese du primordium (Blilou et al., 2005; Benkova et al., 2003).
Cependant, la mutation simultanée de plusieurs de ces genes perturbe fortement
I'établissement du gradient d’auxine puisque qu’elle induit la formation de primordia
désorganisés (Benkova et al.,, 2003). La formation de ces massifs cellulaires chez le mutant
pinlpin3pin4 traité avec I'auxine montre que ces protéines ont un role important des le stade

Il du développement du primordium de RL.

La localisation des protéines PINs est notamment régulée par les genes PLETHORASs
(PLTs). Les génes PLTs, appartenant a la famille de facteurs de transcription AINTEGUMENTA-
like, ont une fonction redondante dans la formation du primordium de RLs (Galinha et al., 2007,
Mahonen et al., 2015; Aida et al., 2004). L’expression des génes PLT3, PLT5 et PLT7 dans les
cellules du péricycle juste avant la premiere division asymétrique est requise pour I'expression
de PLT1, PLT2 et PLT4 a des stades plus tardifs (Hofhuis et al., 2013; Du and Scheres, 2017b).
De ce fait, le mutant p/t3pl/t5plt7 forme des RLs anormales (Du and Scheres 2017b). Chez ce
mutant, I'expression de PIN1 et PIN3 est réduite dans les stades tardifs de la formation du

primordium, ce qui a pour conséquence d’empécher la formation du gradient d’auxine.

29



1] v Vv e

- z
o __ L | ;‘: =
| PE Wi o
{
|
y C

Fig. 1I.6. Lorganogénése du primordium de racine latérale dépend de |'établissement d’un gradient de
I'auxine formé grace a l'action des transporteurs d’efflux PINs. (A) La réponse a 'auxine observée avec le
rapporteur DR5:GUS refléte la distribution de cette hormone dans le primordium. Lauxine s‘accumule
dans les cellules fondatrices de la racine latérale avant et pendant la premiere division cellulaire. Dans les
stades suivants, le flux d’auxine est dirigé vers les cellules situées a I'apex du primordium, ce qui

contribue a la formation d’un gradient d’auxine. (B-C) Laccumulation d’auxine dépend du patron
d’expression et de la localisation des protéines PIN1 et PIN2 dans le primordium. PIN1 est présente dans

les couches internes du primordium et dirige le flux vers I'apex du primordium (B) alors que PIN2 est
localisée dans les couches externes et redirige le flux sur les flancs du primordium (C) (Benkova et al.,
2003).



L'expression de PLT3, PLT5 et PLT7 a partir du stade Il est donc requise pour la formation d’un

maximum d’auxine et I'organogénese du primordium de RL.

Chez le triple mutant, plt3plt5plt7, les genes SHORTROOT (SHR) et SCARECROW (SCR)
ne sont pas ou faiblement exprimés (Du and Scheres, 2017b). Comme les génes PLTs, ces genes
sont connus pour leur réle dans le développement racinaire. Ces deux genes sont importants
pour la différenciation des différentes couches dans le primordium de RL. En effet, ils sont
exprimés a partir du stade Il et leurs domaines d’expression délimitent les couches internes et
externes du primordium, ce qui est important pour la formation du centre quiescent et
I'organisation finale de cet organe (Goh et al., 2016). De ce fait, la mutation des génes SHR et
SCR chez les mutants shr-2 et scr-3 perturbe les divisions périclines a partir du stade Il et, par
conséquent, affecte drastiqguement I'organogenese du primordium de RLs. Ce défaut
d’organogénese produit chez le mutant shr des racines anormales qui n’ont pas de structure
interne et produisent des cellules non viables (Lucas et al., 2011). Il apparait donc que la
délimitation des domaines dans le primordium en développement soit cruciale pour

I'organogénese du primordium et |la formation d’une RL fonctionnelle.

Simultanément a la formation du primordium, le domaine périphérique (ou flanquant)
qui limite et contraint son développement est défini. Ce domaine forme un anneau de cellules
autour du primordium et résulte de divisions radiales et tangentielles sur les flancs du
primordium (Lucas et al. 2013). Plusieurs genes régulant la formation du domaine périphérique
ont été identifiés. PUCHI est un facteur de transcription de la famille APETALA2/Ethylene
Responsive Element Binding-like (AP2/EREB-like) qui participe a définir les flancs des primordia
de RLs. Son expression est observée au stade | puis se restreint au domaine périphérique au
stade IV (Hirota et al., 2007; Kang et al., 2013). PUCHI semble nécessaire pour contrdler la
prolifération et la différenciation des cellules flanquantes du primordium puisque la mutation
de ce gene entraine des divisions anticlinales supplémentaires et un élargissement anormal de
ces cellules. De plus, I'expression de PUCH! est régulée par le module de signalisation de
I'auxine ARF7/ARF19 et co-agit avec LBD16 et LBD18 pendant la formation et I'émergence du

primordium (Kangetal., 2013).

30



Pendant son développement, le primordium s’organise pour donner naissance a un
méristeme fonctionnel. Ce nouvel organe doit émerger a travers I'endoderme, le cortex et

I’épiderme pour pouvoir atteindre la rhizosphere.

II.3. Différenciation des tissus et émergence du primordium

Pendant les étapes tardives du développement, les tissus du primordium de la RL
s’organisent et les cellules se différencient pour générer un primordium hautement organisé.
L'utilisation de marqueurs de I'endoderme, du cortex et de I'épiderme a permis de visualiser le
début de la différenciation de ces types cellulaires et a montré que le primordium sur le point
d’émerger a une structure identique a celle de la racine primaire (Malamy and Benfey, 1997).
En effet, le primordium est formé par un ensemble de couches cellulaires uniques et comprend
un groupe de cellules méristematiques qui assurent le fonctionnement du méristeme (Goh et

al., 2016).

Le méristeme du primordium de RLs est fonctionnel et doit traverser I’épiderme pour
émerger de la racine primaire et devenir actif. L'émergence de la RL est associée a une
séparation des tissus cellulaires et a un allongement cellulaire qui permet la croissance radiale
du primordium. L'émergence s’acheve lorsque le primordium de RL arrive dans le milieu
extérieur et s"accompagne d’une reprise de l'activité mitotique dans le méristeme. Pendant
I’émergence, la séparation des tissus, qui correspond a la perte d’adhérence des cellules le long
de la lamelle moyenne, est assurée par des enzymes de remodelage de la paroi (Cell Wall
Remodelling Enzymes, CWR), des polygalacturonases (PG) et des expansines (EXP) (Lee et al.
2009; Kumpf et al. 2013). L'induction de ces enzymes est dépendante d’une boucle rétroactive
positive impliquant I'accumulation de I'auxine dans les cellules de I'épiderme et I’expression de
LAX3 dans ces cellules (Swarup et al., 2008; Porco et al., 2016). Ce processus est régulé par la

signalisation auxinique et implique le module de signalisation IAA14/SLR-ARF7-LBD29.
’auxine et la signalisation auxinique jouent ainsi un réle central dans toutes les étapes

de la formation des RLs (Du and Scheres, 2017a). L'auxine est nécessaire pour les étapes

précoces de la formation des racines allant du priming a l'initiation des racines mais intervient
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également pendant l'organisation du primordium et dans les étapes plus tardives pour

permettre leur émergence.

lll. Transduction du signal auxinique

Les auxines sont des molécules présentes a de faibles concentrations chez les plantes
et controlent de nombreux aspects de leur croissance et de leur développement. Parmi ces
processus développementaux, [l'‘auxine régule: I'embryogénése, [linitiation et le
développement vasculaire des feuilles, la formation du fruit, et la formation des racines
latérales (Fig. Ill.1) (Pattison et al. 2014; Scarpella et al. 2010; Jenikkand Barton, 2005; Du
and Scheres, 2017a). Plusieurs molécules présentent une fonction auxinique mais la plus
abondante chez les plantes est I'acide indole 3-acétique (AIA). LAIA a été isolée il y a un siecle
(Kogl et al. 1934) et s’est révélée étre une hormone versatile contrélant a la fois la division,
I"élongation mais aussi la différenciation cellulaire. Puisque I'‘auxine régule de
nombreuses fonctions cellulaires et contrdle la formation des organes chez les plantes,
son homéostasie, son transport et sa perception sont finement régulés au niveau cellulaire

et tissulaire.

[1l.1. Perception et signalisation

Au niveau cellulaire, la perception de I'auxine dans le noyau régule la transcription de
genes de réponse a I'auxine (Fig. 111.2). Cette perception dépend de la formation d’un complexe
comportant une multi-protéine SCF (SKP, CULLIN, F-BOX) (Gray et al., 1999, 2002), une protéine
de la famille TIR1/AFB (TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX
PROTEINS) (Dharmasiri et al. 2005; Kepinski and Leyser 2005) et une protéine de la famille des
Aux/IAA (Auxin/INDOLE ACETIC ACID) (Luo et al. 2018). Une quatrieme famille de protéines,
appelée AUXIN RESPONSE FACTORS (ARFs) régulent la transcription de genes de réponse a

I"auxine (voir revue de Li et al. 2016).
A une faible concentration d’auxine dans la cellule, les facteurs de transcriptions ARFs

sont inhibés car ils forment des hétérodiméres avec les protéines répressives AUX/IAA

(Guilfoyle et al., 1998; Guilfoyle and Hagen, 2007). Les protéines AUX/IAA répriment au moins
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Fig. lll.1. La distribution de I'auxine contréle les processus développementaux. (a) Racine latérale. Le
transport polarisé de l'auxine (fleche rouge) permet son accumulation a l'apex du primordium. (b)
Embryon. Dans le jeune embryon (1 jour), l'auxine est apportée par PIN7 puis redistribuée dans
I'embryon. A un stade plus tardif (3 jours), le flux d'auxine s’inverse et I'auxine est exportée de I'embryon.
(c) Meéristeme apical caulinaire. Lauxine est transportée de |apex caulinaire (en bleu) vers
les primordia de feuilles naissant (I1) et en développement (P1/P2). (d) Feuilles. auxine participe
a la vascularisation des feuilles et régule leur développement. Dans la feuille, l'auxine est
synthétisée (rond noir) et saccumule localement (rond orange). (e) Racine primaire. Les
protéines PINs dirigent le flux d’auxine vers le centre quiescent, puis le redirige vers I'épiderme
(adapté de Teale et al., 2006).
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Fig. 11l.2. Régulation de la transcription par le complexe SCFTRVAFB-Aux/IAA. Les genes de réponse a
I'auxine peuvent étre activés par des diméres d’ARFs qui sont fixés dans le promoteur au niveau de
séquences conservées appelées ARE ou AuxREs. Cependant les AUX/IAA interagissent avec les ARFs et
participent au recrutement de protéines co-répressives, inhibant ainsi I'expression de ces genes.
Néanmoins, I'auxine agit comme une glue moléculaire qui rapproche les protéines TIR1/AFB et AUX/IAA
(1), permettant ainsi la polyubiquitination des AUX/IAA par le complexe SCF de type ubiquitin ligase E3
(2) et leur dégradation par le protéasome (3). La destruction des AUX/IAA permet aux ARFs de se fixer
dans les AuxRE des promoteurs et d’activer la transcription des genes de réponse a I'auxine (4) (adapté
de Leyser 2018).



en partie l'activité des ARFs en permettant le recrutement de protéines qui participent au
remodelage de la chromatine (Szemenyei et al. 2008; Krogan et al. 2012). Parmi ces protéines,
des histones désacétylases (HDACs) peuvent enlever des groupements acétyl au niveau de la
qgueue des histones, ce qui modifie la conformation de la chromatine et favorise la répression

transcriptionnelle (Bestor, 1998).

L'inhibition de la transcription peut étre levée lorsque I'AlA s"accumule dans la cellule,
favorisant ainsi la formation du complexe SCFTRYAPB_Aux/IAA. A l'intérieur de ce complexe, 'AIA
agit comme une glue moléculaire qui rapproche les protéines co-réceptrices TIR1/AFB et
AUX/IAA (Villalobos et al., 2012). Cette interaction permet l'ubiquitination des protéines
AUX/IAA par le complexe SCFTRYAP® E3 ybiquitin ligase, induisant ainsi leur dégradation par le
protéasome 26S (Gray et al., 2001; Dos Santos Maraschin et al., 2009). La dégradation de ces
protéines permet I'activation des ARFs, qui se fixent au niveau des séquences de réponses a

I"auxine (AuxRE) et induisent la transcription de leur cibles (Paponov et al., 2008).

Les mécanismes de transduction du signal auxinique peuvent sembler relativement
simples, mais la présence de plusieurs molécules auxiniques et de nombreux genes codant pour
les TIR1/AFB (5), AUX/IAA (29) et ARFs (23) permet une régulation dynamique de la réponse a
I’auxine dans chaque tissu (Dharmasiri et al., 2005; Overvoorde et al., 2005; Chandler, 2016).
Cette régulation dépend des interactions possibles entre les composants de cette voie de
signalisation. Les 5 protéines TIR1/AFB peuvent hypothétiquement interagir avec 29 AUX/IAA,
mais ont une affinité préférentielle pour certains de ces AUX/IAA (Villalobos et al. 2012;
Shimizu-Mitao and Kakimoto 2014). D’autre part, une compilation de plusieurs interactomes a
prédit que les AUX/IAA pourraient avoir prés de 544 interactions différentes avec les ARFs (voir
revue de Luo et al. 2018). En plus de ces interactions canoniques, il a été montré que les
protéines AUX/IAA peuvent interagir entre-elles (Kim et al., 1997) et que la répression
transcriptionnelle pourraitimpliquer la formation de multiméres d’AUX/IAA et d’ARFs (Korasick

etal., 2014; Nanao et al., 2014).

Ainsi, un grand nombre d’interactions sont possibles entre les protéines TIR1/AFB,

AUX/IAA et ARFs. Cette multitude d’interactions explique comment I'auxine contribue a la
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diversité de réponses transcriptionnelles qui régulent de nombreuses réponses

développementales.

La transcription des genes de réponse a l'auxine dépend de I'action d’ARFs. Chez
Arabidopsis, parmi les 23 genes de cette famille, 5 ARFs (5, 6, 7, 8 et 19) agissent comme des
activateurs transcriptionnels alors que les autres ARFs seraient des répresseurs
transcriptionnels. Les ARFs activateurs régulent la transcription via la dégradation des AUX/IAA
et activent I'expression de nombreux génes des familles Aux/IAA (IAA1 and IAA19), SAURs, GH3,
et AS2/LOB (voir revue de Guilfoyle and Hagen 2007). Parmi ces ARFs, ARF5, 7 et 19 permettent
la transcription de génes qui régulent l'initiation des RLs (De Smet et al., 2010; Okushima et al.,
2007). Par exemple, ARF7 et ARF19 activent directement I'expression de genes de la famille
AS2/LOB, qui contrdlent I'expression d’un gene activateur du cycle cellulaire (Berckmans et al.,

2011).

Bien que le role des ARFs activateurs a été bien décrit et certains des genes cibles ont
été identifiés, on ignore encore comment les répresseurs ARFs inhibent I'expression des genes
de réponse a l'auxine. Il a été précédemment proposé que les ARFs répresseurs pourraient
interagir avec les AUX/IAA ou les ARFs activateurs pour réguler la transcription (Tiwari et al.,
2003; Hardtke et al., 2004). Cependant, il est probable que les ARFs répresseurs et activateurs
rivalisent pour se lier aux mémes sites AuxREs (Vert et al., 2008). Cette compétition entre les
ARFs représente un autre niveau de complexité intervenant dans la régulation des genes de Ia

réponse a l'auxine.

La transduction du signal auxinique dépend en grande partie de la perception de
I'auxine par le complexe SCFTRVAFB_AUX/IAA et de la présence d’auxine dans les cellules. Le
maintien de I’homéostasie intracellulaire de I'auxine est complexe et sa régulation fait
intervenir un ensemble de voies métaboliques, pour lesquelles toutes les enzymes n’ont pas

été identifiées, ainsi que des transporteurs d’auxines.
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[11.2. Homéostasie de |'auxine

L’homéostasie intracellulaire de I'auxine intégre a la fois la biosynthése, la conjugaison
et la dégradation de I'auxine, mais aussi le transport de I'auxine et sa compartimentation (Fig.

111.3).

La biosynthese de I'AlA a principalement lieu dans les jeunes feuilles et les cotylédons,
mais peut également avoir lieu dans les feuilles en expansion et le systeme racinaire (Ljung et
al., 2001). Dans les racines, I'AlIA est synthétisée localement au niveau des méristemes de la

racine primaire et des racines latérales (Ljung et al., 2005).

Au niveau cellulaire, I'AlIA serait synthétisée dans le cytoplasme via une voie
métabolique dépendante du tryptophane (Zhao, 2012). La plupart des enzymes et
intermédiaires intervenant dans cette biosynthése ont été caractérisés (Ljung, 2013; Kasahara,
2016; Casanova-Sdez and Vol3, 2019). Cependant, I'’étude de mutants auxotrophes du mais a
montré que l'auxine pourrait également étre synthétisée indépendamment du tryptophane
(Wright et al., 1991). Cette voie alternative existerait chez plusieurs especes mais reste a ce

jour peu décrite (Sitbon et al., 2000; Epstein et al., 2002).

Dans la cellule, I'auxine est retrouvée principalement sous forme conjuguée. La
conjugaison de l'auxine permet son transport, son stockage et sa protection contre la
dégradation (voir revue de Ljung 2013). Elle régule ainsi le niveau d’auxine dans la cellule et
empéche sa toxicité. Ce processus permet la liaison de I'auxine a des sucres via une liaison ester
et a des acides aminés, peptides ou protéines via une liaison amide (voir revue de Korasick et
al. 2013). Les formes conjuguées via des liaisons amides sont majoritaires chez les plantes
dicotylédones. En effet, certaines de ces molécules peuvent étre hydrolysées et fournir de I'AlA

a la cellule (Rampey et al., 2004; LeClere, 2004).

Les différentes formes d’auxine, libres ou conjuguées, peuvent étre dégradées pour
réguler les différents pools d’auxine. Cette dégradation se fait essentiellement par
décarboxylation non oxidative et entraine des modifications de la chaine latérale et du noyau

indole (voir revue de Ruiz Rosquete et al. 2012). Elle peut également étre réalisée par
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Fig. I11.3. Métabolisme de l'auxine. La concentration en auxine dans la cellule dépend de sa biosynthese,
sa conjugaison, sa dégradation, sa compartimentation et son transport (adapté de Kasahara 2016).
'image de la molécule d’auxine provient de Wikimedia commons.



décarboxylation oxidative du noyau indole. Ces processus évitent une élévation du taux
d’auxine dans la cellule et jouerait un role dans certains processus développementaux, ou

pendant les réponses des plantes au stress oxidatif.

L'auxine peut également étre transporté vers le réticulum endoplasmique par les
protéines d’efflux de la famille PIN et PIN-likes (PILs), comme PIN5, PILS2 et PILS5 (voir revue
de Barbez and Kleine-Vehn 2013). Cette compartimentation régulerait la quantité d’auxine
dans le cytoplasme et pourrait permettre la conjugaison de l'auxine dans le réticulum

endoplasmique. Les mécanismes exacts de cette compartimentation restent a découvrir.

Au niveau tissulaire, le transport de I'auxine par des transporteurs spécifiques est
également important pour I'établissement de gradients, qui sont essentiels dans les processus
développementaux, et représentent un niveau de contrdle supplémentaire de I’lhoméostasie

de l'auxine.

[1l.3. Transport de "auxine

Dans les plantes, I'auxine est distribuée par un transport a longue distance et par un
transport polarisé de cellule a cellule (voir revue de Petrasek and Friml 2009; Grones et al. 2015;
Abualia et al. 2018). Le transport a longue distance de I’AIA des organes sources aux racines
assure un transport rapide de I’AlA via le phloeme (Cambridge and Morris, 1996). Au contraire,
le transport polarisé permet un transport plus lent de I'auxine de cellule a cellule et joue un
réle crucial dans la formation des gradients d’auxine a I'échelle de I'organe (Goldsmith, 1997).
Ce transport nécessite I'action coordonnée de transporteurs membranaires d’influx et d’efflux,
qui permettent respectivement I’'entrée et |la sortie de I'auxine dans la cellule. Il est assuré par
3 principales classes de transporteurs : (1) des protéines de la famille AUXIN RESISTANT1/LIKE
AUX1 (AUX1/ LAX) (Swarup and Péret, 2012), (2) des protéines PIN-formed (PINs) (Adamowski
and Friml, 2015), (3) des P-glycoproteins (PGP) de la famille a ATP binding cassette (ABCB) (Cho
and Cho, 2013).

La caractérisation du mutant auxin resistant 1 (aux1), qui présente un fort

agravitropisme et un phénotype de résistance a I'auxine, a permis la découverte de la famille
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AUX/LAX. Les protéines AUX/LAX sont des transporteurs d’influx qui assurent le transport de
I’AIA de I'apoplasme aux cellules (Swarup and Péret, 2012). Chez Arabidopsis, la famille
AUX/LAX est formée de 4 genes fortement conservés nommés AUX1, LAX1, LAX2 et LAX3. Cette
famille de genes forme une sous-classe spécifique aux plantes a l'intérieur de la superfamille
des perméases a acides aminées et auxine. Elle contribuent a la distribution de I'auxine pendant
certains processus développementauxy compris la vascularisation des cotylédons (LAX2) (Péret
et al. 2012), I'initiation réguliére des feuilles (LAX1 et LAX2) (Bainbridge et al., 2008) et la
formation des RLs (AUX1 et LAX3) (Swarup et al., 2008; Marchant et al., 2002).

Les genes PINs codent pour des protéines transmembranaires qui assurent I'efflux de
I'auxine. Chez Arabidopsis, 8 genes ont été identifiés et sont généralement divisés en deux
sous-groupes. Le premier sous-groupe de genes (« short » PINs) comprend PIN5/6/8 et codent
pour des transporteurs adressés a la membrane du réticulum endoplasmique et participe donc
au transport intracellulaire d’auxine (Kfecek et al. 2009). Les genes du deuxiéeme groupe
(« long » PINs), formé par PIN1/2/3/4/7, codent quant a eux pour des protéines qui sont
localisées a la membrane plasmique et exportent 'AIA de la cellule (Zazimalova et al. 2010).
Ces protéines sont localisées de fagcon asymétrique a la membrane plasmique et leur polarité
est responsable de la direction des flux d’auxines (Blilou et al. 2005; Wisniewska 2006). De ce
fait, la polarisation des protéines PINs est critique pour la formation des gradients et des
maxima d’auxine qui sont nécessaires a de nombreux processus développementaux (Vieten et

al., 2007; Petrasek and Friml, 2009; Grunewald and Friml, 2010).

Certaines protéines PGP assurent également le transport d’influx et d’efflux de I'auxine
(voir revue de Cho and Cho 2013). Ces protéines, localisées de facon uniforme a la membrane
plasmique, transportent I'auxine de facon active contre son gradient de concentration (Park et
al., 2017). Contrairement aux PINs, ces protéines sont retenues a la membrane plasmique,
indépendamment des signaux internes et externes, et assureraient potentiellement le

transport basal de I'auxine de cellule a cellule (Grones and Friml, 2015).
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[1l.4. Outils pour suivre I'auxine in planta

La capacité a visualiser la distribution de l'auxine est essentielle pour comprendre
comment cette phytohormone régule de facon dynamique le développement et a grandement
été améliorée par le développement récent de marqueurs histochimiques et fluorescents. La
création du premier élément de réponse a I'auxine synthétique DR5 a initié le développement
d’une série de biosenseurs pour l'auxine (Ulmasov et al., 1997). Le rapporteur DR5 a été créé
en réalisant une mutagenese dirigée dans un élément AuxRE rencontré chez le promoteur du
gene GH3 du soja. Ce marqueur est formé de 7 a 9 répétitions en tandem de 11 paires de bases
incluant le motif canonique TGTCTC et marque les sites de la réponse transcriptionnelle a
I’auxine en activant des rapporteurs comme la B-glucuronidase, des protéines fluorescentes ou
la luciférase. La fusion de 7 répétitions en tandem de 11 bp avec un promoteur minimal
CaMV35S controlant I'expression du géne GUS a donné naissance au rapporteur DR5:GUS (Fig.

[11.4A) (Sabatini et al., 1999).

Cette version du marqueur DR5 a d’abord été améliorée en fusionnant 9 répétitions
inversées de 11 bp en tandem avec le méme promoteur minimal et une séquence régulatrice
du virus de la mosaique du tabac pour créer la version DR5rev (Fig. I11.4B) (Friml et al., 2002).
Cependant, la découverte de la séquence TGTCGG, qui a une meilleure affinité pour la liaison
aux ARFs (Boer et al., 2014), a conduit au développement d’'un marqueur de réponse a I'auxine
plus sensible, appelé DR5v2 (Fig. I1l.4C) (Liao et al., 2015). Ce marqueur est exprimé dans des
domaines additionnels comparé au marqueur DR5 et est un bon outil pour visualiser des
réponses a I'auxine méme faibles dans les tissus de I'embryon en formation ou dans la racine
primaire. Cependant, I'expression de ces marqueurs ne reflete pas directement le niveau
endogene d’auxine, mais plutdt sa réponse intégrative dans une voie de signalisation complexe

(Chapman and Estelle, 2009).

Plus récemment, un autre type de marqueur, appelé Dll-venus, a été créé pour suivre
la distribution de I'auxine dans les tissus (Fig. [11.4D) (Brunoud et al., 2012). Le senseur Dll-venus
est formé par la fusion traductionnelle entre le domaine Il (DIl ou degron) de la protéine IAA28
et la protéine fluorescente a maturation rapide VENUS sous le controle d’un promoteur

constitutif. D’'une maniere dose-dépendante a la présence d’auxine, le domaine DIl est
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Fig. lll.4. Marqueur de la perception et de la signalisation auxinique. (A) DR5::GUS. La premiére version
de DR5 consistant en 7 répétitions de la séquence TGTCTC fusionnées a la B-glucuronidase marque les
sites d’accumulation de l'auxine. (B) DR5rev::VENUS-N7 est une version améliorée du marqueur DR5,
avec 9 répétitions de la méme séquence de réponse a l'auxine. (C) p35S-DHFR::DR5v2-ntdTomato-DR5-
n3GFP. Le rapporteur DR5v2, plus sensible que DR5 et DR5rey, révele la signalisation auxinique dans des
domaines additionnels comme le métaxyleme et le péricycle. (D) p35S::DIl:VENUS-N7. DII-VENUS a
I'avantage d’étre basé sur un mécanisme de la signalisation auxinique et permet une visualisation plus
directe de la distribution de l'auxine. (E) p35S-DHFR::RPS5A-DII-ntTomato-RPS5A-DII-n3VENUS. R2D2
comprend un domaine DIl et un domaine Il muté, fusionnés chacun a une protéine fluorescente, et a été
créé pour effectuer des mesures quantitatives des signaux de réponse a l'auxine (Yan et al,, 2013; Xuan
et al., 2015; Liao et al., 2015; Rowe et al., 2016; Barbez et al., 2017).



ubiquitiné et la protéine dégradée par le systéme qui prend en charge les AUX/IAA, de sorte
que I'absence de fluorescence dans une cellule reflete la présence d’auxine. Par rapport aux
précédents marqueurs, ce nouveau senseur présente donc l'avantage de permettre la
visualisation directe de la présence d’auxine, et apporte ainsi des informations spatio-
temporelles sur la distribution de I'auxine dans les tissus. La nécessité de pouvoir quantifier ce
signal entrant a conduit au développement d’un rapporteur ratiométrique appelé R2D2 (pour

Ratiometric version of two DlIs).

Le gene rapporteur R2D2 combine sur un seul transgene la séquence DII-VENUS
classique et une version mutée du domaine Il (mDIl) insensible a I'auxine, fusionné a une
protéine fluorescente rouge (ntdTomato) (Fig. Ill.4E) (Liao et al., 2015). R2D2 permet ainsi une
mesure semi-quantitative de I'accumulation d’auxine, grace au calcul de ratio entre les signaux
émis par les deux protéines fluorescentes. De méme que DIl, ce marqueur permet une
observation des changements de I'accumulation d’auxine au niveau cellulaire et en temps réel,

mais avec I'avantage de pouvoir effectuer une quantification de ces changements.
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Objectifs de la thése

Ce travail de these s’inscrit dans un programme de recherche qui vise a étudier le
développement et la plasticité du systéme racinaire. Il s'intéresse en particulier a comprendre
comment se forment les rootlettes du lupin blanc et se focalise sur les évenements précoces
de leur formation. L'étude qui suit a pour but (i) d’apporter une description précise de
I'initiation des rootlettes et (i) d’identifier des genes régulant les premiéres étapes de leur

formation. Ce travail de these se divise en trois chapitres :

Le chapitre 1 correspond a une étude histologique du développement de rootlettes qui
a permis d’identifier des stades développementaux par analogie avec le développement de la
racine latérale chez la plante modele Arabidopsis thaliana. Afin de déterminer I'implication de
I'auxine dans ce processus développemental, I'identification de genes impliqués dans la voie
de réponse a l'auxine (TIRs et AFBs) chez le lupin blanc a été initiée grace aux premieres
ébauches de génome générées dans I'équipe en 2017. Le développement de la méthode de
transformation par « hairy root» a permis d’utiliser le marqueur DR5 et de révéler
I’établissement d’un gradient d’auxine dans les rootlettes. Ce chapitre correspond a un article
publié dans le journal Physiologia Plantarum, a l'occasion d’un numéro spécial sur la
thématique « Root Biology: Adventitious, lateral and primary roots — development, growth and
adaptation to the environment ».

Le chapitre 2 correspond a une étude plus détaillée de la contribution respective des
différents tissus (péricycle, endoderme et cortex) dans la formation du primordium de
rootlettes. La maitrise en routine du protocole « hairy root » a permis d’utiliser plusieurs
marqueurs identifiés par analogie avec des génes marqueurs chez la plante modele (spécifique
de certains tissus ou marqueurs des divisions cellulaires). Ce chapitre est écrit sous la forme
d’un article scientifique en préparation.

Finalement, le chapitre 3 correspond a une approche visant a identifier des régulateurs
de la formation des rootlettes chez le lupin par génétique inverse. Pour cela, des données
transcriptomiques couvrant les différents stades du développement des rootlettes ont été

produites au laboratoire. Leur analyse a permis d’identifier des genes candidats (facteurs de
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transcription, FT) pour lesquels une étude fonctionnelle en « hairy root» a été réalisée.
L'inhibition de ces FT par fusion avec le domaine répresseur SRDX a permis, dans certains cas,
de bloquer la formation des racines protéoides, suggérant une implication de ces genes dans
ce mécanisme de développement. Ce chapitre est écrit sous la forme d’un article scientifique
en préparation.

L'ensemble des approches présentées dans cette thése a visé a mieux caractériser le
développement des rootlettes, tant du point de vue anatomique que moléculaire dans le
contexte de la création d’une nouvelle équipe au sein de I'unité B&PMP en Juillet 2015. Les
données de séquence génomique du lupin blanc ont été obtenues par I'équipe fin 2017 et les
données transcriptomiques courant 2018. Grace a I'obtention progressive de ces données, ce

projet a pu évoluer vers des approches plus moléculaires et finalement fonctionnelles.
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CHAPITRE 1

Description anatomique et hormonale du
développement du primordium de rootlette

chez le lupin blanc
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Avant-propos

Ce premier chapitre a pour but (1) d’apporter une description anatomique des premiers
stades de développement des rootlettes et (2) de déterminer dans quelle mesure leur
formation est similaire aux racines latérales des dicotylédones, en se focalisant sur la réponse
a I'auxine. A cette fin, nous apportons une description des stades successifs dans la formation
des rootlettes avec une approche histologique. Nous nous sommes ensuite concentrés sur le
réle de I'auxine pendant la formation de la rootlette et avons caractérisé le profil d’expression
tissulaire du marqueur synthétique de réponse a I'auxine DR5:GUS, ainsi que I'expression de

genes en lien avec le transport, la perception ou la signalisation auxinique.

Cette étude, présentée sous la forme d’un article scientifique publié dans Physiologia
Plantarum, apporte une référence histologique de la formation des rootlettes chez le lupin
blanc a la communauté scientifique s’intéressant aux adaptations développementales du
systeme racinaire. Cette approche élargit nos connaissances sur la formation des racines chez

une espece de légumineuse d’'importance agronomique, comme le lupin blanc.
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Abstract

Cluster root (CR) is one of the most spectacular developmental adaptations, it can be
found in a few species from a dozen botanical families, including white lupin (Lupinus albus) in
the Fabaceae family. These spectacular structures are produced in phosphate-deprived
conditions and are made of hundreds of short roots, the rootlets. White lupin is the only crop
bearing CRs and is considered as the model species for CR studies. However, little information
is available on their atypical development, including the molecular events that trigger their
formation. To provide insights on CR formation, we performed an anatomical and cellular
description of rootlet development in white lupin. Starting with a classic histological approach,
we described rootlet primordium development and defined 8 developmental stages from
rootlet initiation to their emergence. Due to the major role of hormones in the developmental
program of root system, we next focussed on auxin-related mechanisms. We observed the
establishment of an auxin maximum through rootlet development in transgenic roots bearing
the DR5:GUS auxin reporter. Expression analysis of the main auxin related genes (TIR, ARF,
AUX/IAA...) during a detailed time course revealed specific expression associated with the
formation of the rootlet primordium. We showed that LaTIR1b expression progressively
established a gradient during rootlet primordium formation and that LaARF5 is expressed in
the vasculature but absent in the primordium itself. Altogether, our results bring a description
of the very early cellular events leading to CR formation and reveal some of the auxin-related
mechanisms.

Abbreviations: CR, cluster root; GUS, R-glucuronidase; LR, lateral root; PCR, polymerase chain
reaction; Pi inorganic phosphate; LaARF5, Lupinus albus auxin response factor 5; LaTIR1b,
Lupinus albus transport inhibitor response 1b.
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Introduction

Cluster roots or proteoid roots are specific organs that are produced by the Proteaceae
and a limited number of species belonging to several botanical families that are adapted to
habitats with extremely low soil fertility (Shane and Lambers 2005, Lambers et al. 2015).
Indeed, cluster roots correspond to bottlebrush-like clusters of rootlets with limited growth
occurring along lateral roots (reviewed in Vance et al. 2003 ; Fig. 1A, B). These organs represent
an evolutionary adaptation to phosphorus-impoverished soils. As a result, cluster roots exhibit
four main characteristics regarding their development and physiology (Skene, 2000): i) a
massive induction of rootlets (up to 20-100 per cm), ii) a determinate development leading to
a limited growth and subsequent entry into senescence, iii) an exudative burst resulting in
massive secretion of protons, organic acids, phenolics and phosphate remobilizing enzymes
and iv) a high phosphate uptake capacity. The secretion of protons can be imaged with a pH
indicator such as bromocresol purple (Fig. 1C). A high level of ferric reductase activity is also
associated with cluster root physiology and can be revealed biochemically (Fig. 1D).

White lupin (Lupinus albus) is an annual legume traditionally cultivated around the
Mediterranean and is also the only cultivated crop that can form cluster roots. It is a model of
interest because of its quick life cycle compared to other species, mainly bushes and trees,
sharing the ability to form these structures. Moreover, white lupin has the capacity to form
nitrogen-fixing nodules as a result of the symbiotic interaction with Bradyrhizobium sp. but has
lost the ability to form mycorrhizal associations (Lambers and Teste 2013). Interestingly, many
cluster root forming species share this lack of ability for mycorrhization. The capacity to form
cluster roots in lupin allows a reduction of phosphate fertilizer use in the field and results in a
beneficial interaction in mixed cultures (Cu et al., 2005), this represents an interesting example
to lower our dependency on this source of agricultural input.

In this study, we used white lupin cluster root as a model to study a highly exacerbated
mode of lateral root initiation and development. Indeed, production of numerous rootlets
means that several sites of lateral root formation are activated in an almost synchronous
manner (Hagstrom et al., 2001). Regular lateral root development involves several fundamental
mechanisms that have been largely described, including in the model plant Arabidopsis
thaliana. Lateral root formation starts early in the primary root apex where pre-branching sites

are defined (Moreno-Risueno et al. 2010, Xuan et al. 2015). Later on, founder cell specification
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Fig. 1. White lupin architecture and physiology in low phosphate conditions. (A and B) Root architecture
of a 21-day-old white lupin (Lupinus albus) comprising many CRs in the upper part of the root system
(asterisks). CRs are secondary roots producing hundreds of short roots with determinate development,
known as rootlets (B). (C and D) Physiological assays of 19-day-old lupin root systems placed on agar
plates containing bromocresol purple (BCP) (C) or bathophenanthroline disulfonic acid disodium salt
(BPDS) in the presence of Na-Fe EDTA (D). (C) BCP is a purple pH indicator that turns yellow when the
roots are acidifying the medium with proton excretion (pH< 5). (D) BPDS allow visualisation of ferric
reductase activity upon reduction of Fes* to Fe,*, with appearance of a pink coloration. Scale bars are 2.5
cm (A, C, D) and 0.5 cm (B).



occurs in the pericycle to trigger the initiation event (Dubrovsky et al. 2008, De Rybel et al.
2010). The lateral root primordium then undergoes a series of divisions following a defined
pattern (Malamy and Benfey, 1997) and simultaneously emerges through the outer tissues to
reach the rhizosphere (Laskowski et al., 2006). This developmental process is thought to be
iterative for higher order lateral roots but very few studies have focussed on this subsequent
step. In lupin, we can imagine that these fundamental mechanisms are amplified to produce
hundreds of rootlets. It is therefore possible to learn more about the regulatory mechanisms
of lateral root development by studying lupin cluster root development.

Itis well known that several hormones control lateral root formation (Fukaki and Tasaka,
2009), among which auxin acts as a positive regulator (Du and Sheres 2017a) whereas
cytokinins have a negative impact (Laplaze et al., 2007). Auxin transport is polar and achieved
by various transporters including PIN efflux and AUX/LAX influx carriers (Benkova et al. 2003,
Billou et al. 2005). Auxin regulates the transcriptional activity of several genes through the
action of the SCF'WAF® complex, which comprises TIR1 auxin receptor (F-box protein)
(Dharmasiri et al. 2005, Kepinski and Leyser 2005) and a SCF (SKP-Cullin F-box) type ubiquitin
E3 ligase. Together with the Aux/IAA repressor, they form the auxin receptor complex. In the
presence of the ligand, the complex tags Aux/IAA for degradation, therefore releasing the ARF
(Auxin Response Factor) proteins. ARF proteins are known to regulate (activate or repress)
transcription by binding to specific Auxin Response Elements (AuxRE) in the target gene
promoter (Ulmasov et al. 1997, Ulmasov et al. 1999). It was shown that auxin plays a major role
during cluster root formation with auxin accumulation involved and expression of hormone-
related genes such as YUCCA, AUX1 and PIN1 (Wang et al. 2014, Wang et al. 2015, Meng et al.
2013). In fact, the establishment of a meristem is always accompanied by the establishment of
an auxin maximum (Benkova et al., 2003). Such auxin gradient has not yet been described in
white lupin rootlets. But given the determinate nature of their meristems, the establishment
of such a gradient may be transitory or not even happen.

In this study, we focussed on rootlet development because it represents an optimal
model for lateral root development for two major reasons: i) rootlets are massively and
synchronously induced in phosphate starvation conditions and ii) rootlets have a determinate
development. We achieved a histological description of rootlet development during cluster
root formation in white lupin to describe the early cellular division events. We demonstrated

the establishment of an auxin gradient during rootlet primordia formation by studying the
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DR5:GUS marker in white lupin. We set up a time course sampling approach to dissect auxin-
related gene expression and focussed on two genes. Cloning LaTIR1b and LaARF5 promoters
allowed us to determine their expression pattern during rootlet development and to validate

an important role of auxin during this process.

Results

Characterisation of rootlet primordium development in white lupin

If the cellular events leading to the formation of lateral roots have been well described
(Malamy and Benfey 1997, Casimiro et al. 2003, Péret et al. 2009, Von Wangenheim et al.
2016), especially in the model plant A. thaliana, little information is available about the
contribution of root tissues to cluster root development, especially in white lupin. To describe
cluster root development, our aim was first to provide a tissular description of rootlet primordia
development. To achieve this objective, we generated thin cross sections of 14-day-old cluster
roots that were subsequently stained with toluidine blue to reveal the cell layers. Lupin roots
comprise only one layer of pericycle, endodermis and epidermis; cortical cells displayed up to
5-6 layers (Fig. 2A and B). Observation of these thin sections by means of photonic microscopy
allowed the observation of the early cellular events throughout the course of rootlet
development. By analogy with lateral root development in the model plant Arabidopsis, we
defined eight developmental stages from initiation (stage I) to emergence (stage VIIl), as shown
in Fig. 2 and described below.

On the cross sections, the earliest visible event of rootlet formation corresponded to a
periclinal division in the pericycle close to a protoxylem pole (Stage la, Fig. 2C, black arrow).
This division was followed by a second pericline division in the pericycle cells (Stage Ib, Fig. 2D,
black arrows). At stage Il, it seemed that pericycle cells continued to divide periclinally as more
cell walls were observed in these cells. These divisions gave birth to two pericycle layers: P1
and P2. Approximately at the same moment, periclinal divisions were also observed in the
endodermis tissue, overlaying the pericycle cells (Stage I, Fig. 2E, black arrow). As a
consequence, we observed a rootlet primordium with 4 layers (P1, P2, E1, E2) that was about
10 cells in length (Stage I, Fig. 2E). A first radial division was also seen in the pericycle at the
lateral primordium boundary (Stage Il, Fig. 2E, purple arrow). The following stage was

characterized by further periclinal divisions in the pericycle and endodermis tissues (Stage IlI,
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Fig. 2. Rootlet primordium development during CR formation in white lupin. Radial cellular organisation
of white lupin CR (A) drawn from a thin cross section of CR from 24-day-old P-deficient plants (B). Xylem
vessel elements are stained in blue and non-lignified cells walls are stained in purple by toluidine blue.
(C) A first periclinal division is seen in the pericycle at stage la. (D) A second cell is dividing in the
pericycle (stage Ib). (E) Periclinal divisions are occurring in the endodermis (stage Il). (F) Numerous
anticlinal divisions are seen in the pericycle and endodermis tissues (stage IIl).(G) More cell divisions in
the pericycle and endodermis give rise to a dome-shaped rootlet primordium that is about to cross
cortex and several cells are dividing at the base of the primordium between the pericycle and protoxylem
pole (stage IV). (H) Cells are proliferating at the base and the apex of the primordium (stage V). ()
Primordium has crossed half of the cortex and some elongated cells are appearing in the centre of the
primordium (stage VI). (J) The rootlet primordium is made of numerous cells and is about to reach the
epidermis of the secondary root. Note the deformation of the cortex occurring when rootlet is about to
emerge (stage VII). (K) The new primordium is crossing the epidermal layer and reaching the rhizosphere
(stage VIII). p, pericycle; e, endodermis; c, cortex; xv, xylem vessels. Scale bars are 50 um.



Fig. 2F, purple arrows). Cell divisions in the next following stages became more and more
difficult to characterize as the primordium was increasing both in length and width. Numerous
cells continued to divide, giving progressively birth to a typical dome shaped primordium. At
stage IV, rootlet primordium development coincided with intensive cell divisions happening
between the xylem pole and the P1 pericycle tissue in the procambial tissue (Stage IV, Fig. 2G,
black arrow). A radial division was seen in the overlaying cortical tissue, suggesting a possible
role of cortex tissue in rootlet primordium development (Stage IV, Fig. 2G, purple arrow). Stage
V of rootlet primordium development coincided with further divisions in the procambial tissue
and at the apex of rootlet primordium. (Stage V, Fig. 2H, black arrow). Lens shaped cells also
appeared at the edges of rootlet primordium (Stage V, Fig. 2H, purple arrows). In the next stage
of rootlet development, stage VI, rootlet primordium had crossed half of the main cluster root
and was much larger. This progression through the outer tissues caused the surrounding
cortical cells to be distorted and displaced (Stage VI, Fig. 21). At this stage, elongated cells could
be observed in the centre of the rootlet primordium, reminiscent of vascular elements (Stage
VI, Fig. 21, black arrows). A core of cells at the apex gave rise to a croissant shaped structure
that looks like a typical root cap at the tip of the rootlet primordium (Stage VI, Fig. 2I). From
this stage onward, new cell divisions were really difficult to characterize due to the high number
of cells and their small volume. At stage VII, the primordium was crossing the last layers of
cortical cells of the main cluster root and was about to emerge in the surrounding rhizosphere.
At this stage, an important number of elongated cells were visible in the centre of the rootlet
primordium and seemingly connected to the vasculature of the main cluster root (Stage VII,
Fig. 2J, black arrow). Primordia grew from 70 um in width and 115 um in length at stage IV (Fig.
2G) to 180 um in width and 220 um in length at stage VIII (Fig. 2K). When the rootlet was about
to emerge, the primordium was more than 4 times longer than Arabidopsis LR primordium,
which is typically about 50 um in length. In the last step, stage VIII, the new formed rootlet was

crossing the epidermis and emerging (Stage VIII, Fig. 2K).

Establishment of an auxin gradient during rootlet morphogenesis

The major role of auxin during LR development has been described into great detail
(Lavenus et al., 2013), notably with the help of the synthetic auxin reporter DR5 (Ulmasov et

al.,, 1997). We generated white lupin composite transgenic “hairy root” plants expressing the
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Fig. 3. Establishment of an auxin gradient during CR and rootlet development. (A-I) DR5:GUS pattern of
expression in lupin ‘hairy root” seedlings grown on low-phosphate medium. (A) Fully mature whole CR.
(B—E) DR5:GUS expression was observed on thick longitudinal sections (80 um) at stage | (B), stage IV (C),
stage VI (D) and stage VII (E). (F-I) DR5:GUS expression was also observed on thin cross sections (6 pm)
in the juvenile region of the CR counterstained with ruthenium red at corresponding stages: stage | (F),
stage IV (G), stage VI (H) and stage VII (l). p, pericycle; e, endodermis; c, cortex; xv, xylem vessels. Scale
bars are 100 um



DR5 reporter fused to the R-glucuronidase gene. Our first goal was to determine whether the
“hairy root” system is suitable to observe auxin related developmental mechanisms and
subsequently to determine whether an auxin gradient is established during rootlet
organogenesis. In white lupin, the DR5 marker, an artificial promoter made of 7 tandem repeats
of an auxin responsive element isolated from soybean (Glycine max), showed a strong
conserved pattern compared to other species. Indeed, DR5 expression was seen in the cluster
root tip and vasculature (Fig. 3A and S1A). In rootlet primordium, GUS activity was observed at
stage | of development (Fig. 3B), in one of the first dividing cells, close to the protoxylem pole.
At stage IV, when divisions give rise to a dome shaped primordium, GUS activity was observed
in a few cells at its tip (Fig. 3C). From this stage onward, a strong DR5 response builds up in the
primordium apex (Fig. 3C-E, G-1). After emergence, strong GUS activity was detected in the root
cap whereas the zone above the rootlet tip was displaying a weak GUS activity (Fig. S1B-D).
Expression in the vasculature was observed in mature rootlets (Fig. S1C, D). Our observations
of the DR5:GUS reporter suggest that an auxin gradient is established during rootlet initiation

up to their emergence and maintained during their later development.

Time course analysis of key auxin signalling genes during rootlet development

In order to identify key auxin signalling genes potentially involved in rootlet
development, we performed in silico analysis of the available transcriptomic data in white lupin
(Secco et al., 2014). In that study, transcriptomic data were produced from 3 parts of cluster
roots (tip of cluster root, physiologically immature cluster root and mature cluster root) as well
as 2 parts of regular lateral roots (tip of the lateral root and mature lateral root). We identified
several auxin related genes in this dataset encompassing ARFs, Aux/IAAs, TIRs, PINs, AUX-LAXs
and we shortlisted 8 genes (Table S1) that showed consistent results with BLAST (i.e. for which
the cDNA sequence matched the expected orthologous sequences from other species and
showed a similar overall gene structure) and for which we managed to amplify fragments by
qPCR.

The available transcriptomic dataset (Secco et al., 2014) study represents an important
tool for cDNA discovery but we wanted to study gene expression level with a higher resolution
than the existing data. Therefore, we developed a sampling method to describe rootlet

development along a time course. Our analysis of white lupin root system allowed us to locate
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the first cluster of rootlets on the cluster root and perform a temporal sampling covering the
different phases of rootlet emergence. We measured the distance to primary root that we
defined as the distance between the primary root and the first cluster of rootlets (Fig. S2A). We
sampled 1 cm of cluster root at a distance of 1 cm from the primary root from 7 days after
germination every 12 hours for 5 days, therefore we were able to cover the entire rootlet
developmental process. Indeed, 55% of cluster roots initiate at 1 or 1.5 cm from the primary
root and the sampled zone therefore comprises 77 % of the produced rootlets (Fig. S3B).
Samples were collected for total RNA extraction and subsequent qRT-PCR analysis (Fig. 4A-B)
and imaging (Fig. 4C). We observed that rootlet initiation occurred at 12h after the first
sampling (has) and that rootlet emergence occurred at 72 has (Fig. 4C).

Expression analysis of the 8 auxin-related genes showed various overall behaviours
during rootlet development (Fig. 4 and Fig. S3). Some genes did not show a clear induction or
repression response but varied along the time course such as LaT/R1a and LaARF14b. Others
showed a general repression such as LaARF5, LalAA28 and LaARF14a (although for this gene
one biological replicate strongly differs from the other 3). Two genes showed a peak of
induction at around 72 has, such as LaPIN1 or LaLAX3, but not all biological replicates showed
matching patterns. Interestingly, LaTIR1b showed a general induction during the time course.
We decided to focus our attention on two genes: LaTIR1b and LaARF5 as shown in Fig. 4A and
Fig. 4B. TIR1 codes for a protein that is part of the SCF/TIR complex, which promotes Aux/IAA
protein degradation when auxin is present; and ARF5 is known to play a role in the very early
stages of LR development ensuring the identity of the founder cells (De Smet et al., 2010).
Interestingly, LaTIR1b is slightly induced during our time course with a peak of expression at 72
has (Fig. 4A). This coincides with the emergence stage. On the opposite, LaARF5 is repressed
during rootlet formation (Fig. 4B), which may suggest a negative control by auxin accumulation

in the rootlet primordium.

LaTIR1b and LaARF5 expressions are altered during rootlet development

We aligned the cDNA-deduced protein sequence of LaTIR1b and LaARF5 with their
orthologous genes from A. thaliana and generated phylogenetic trees (Fig. 5A and Fig. S4).
LaTIR1b appeared to be the closest ortholog of AtTIR1 with 77% identity at the entire protein

level, suggesting that the automatic annotation was fairly accurate (Fig. 5A). However, LaARF5
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Fig. 4. Relative expression levels of LaTIR1b and LaARF5 during rootlet development. Expression levels of
LaTIR1b (A) and LaARF5 (B) are relative to the first time point (O h) and normalised to LaUBQ. Data are
meanz SD of eight CRs coming from four lupin plants (n= 8) with four technical replicates each. Four
biological replicates are shown in different colours. (C) 1 cm CR samples collected 1 cm away from the
primary root every 12h were used to assess transcript level during CR development. Scale bar is 0.25 cm.



groups in a branch that contains 3 close orthologs: AtARF11, AtARF18 and AtARF9. Its highest
identity level is with AtARF11 at 70% and its identity level to AtARF5 is only 50% suggesting that
this gene annotation is not very accurate (Fig. S4) but that it is still an ARF protein. Furthermore,
LaARF5 is predicted to act as a repressor like AtARF11 and not as an activator like AtARF5.

In order to characterize the expression pattern of these two genes, we used an in silico
genome walking approach to identify the promoter regions of LaTIR1b and LaARF5 (see
Methods). These promoters were amplified from genomic DNA and subsequently cloned and
sequenced to validate their nucleotide sequence. We then analysed the promoter region of the
two genes using the SOGO database (Higo et al. 1999), which revealed numerous potential
binding sites for various transcription factors amongst which some are hormone related (Table
S2) and thus potentially important in the context of rootlet development. We highlighted these
elements in the promoter of each gene (Fig. 5B and Fig. 6A). The promoters of LaTIR1b (Fig. 5B)
and LaARF5 (Fig. 6A) each contain a canonical auxin responsive element (AuxRE) that is known
to be a target site for ARF transcription factors. They also contain several ARR sites (Arabidopsis
Response Regulator) that are presentin the promoter of cytokinin-induced genes (3 for LaTIR1b
and 4 for LaARF5). The promoter of LaARF5 contains a gibberellin-related binding site and 2
sites found in SAUR genes (Small Auxin Up-Regulated RNA), these sites were not found in the
promoter of LaTIR1b.

In order to further characterize the expression pattern governed by these promoters,
we fused them to the R-glucuronidase coding region to create pLaTIR1b:GUS and pLaARF5:GUS
expression vectors. These vectors were transfected into Agrobacterium rhizogenes and used to
genetically transform white lupin plants by hairy root (Uhde-Stone et al., 2005). We examined
plLaTIR1b:GUS expression during the development of rootlets. In developing primordia,
pLaTIR1b was first expressed at stage Ill (Fig. 5C) and a slight expression gradient was visible at
the apex primordia in the following developmental stages (Fig. 5D-F). In the rootlet, a very
strong gradient of expression was observed in young and middle-aged rootlets (Fig. 5G-J) and
a maximum of expression remained in the rootlet tip, corresponding to the meristem and
elongation zone (Fig. 51-J). In the rootlet, LaTIR1b was expressed in the vasculature throughout
their lifetime and expression at the rootlet tip faded away in older rootlets (Fig. 5K).

We also examined pLaARF5:GUS expression during rootlet development. Our analysis
revealed that pLaARF5 is expressed in the cluster root vasculature but its expression is absent

from the rootlet primordium. No GUS coloration was found from early stage up to after
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Fig. 5. Genetic study and expression pattern of LaTIR1b, a lupin orthologue of Arabidopsis TIR1. (A)
Neighbour joining tree showing relationship of LaTIR1b with AtTIR/AFB from Arabidopsis thaliana.
LaTIR1b gene structure seems to be closely related to AtTIR1. The bootstrap consensus tree was inferred
from 500 replicates. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates were collapsed. (B) Gene structure of LaTIR1b. Hormone-related cis-acting regulatory
elements, exons, introns and position of 5'UTR and 3'UTR are shown (graph to scale). (C—K) Expression
pattern of pLaTIR1b:GUS in 4-week-old plants grown in low phosphate conditions. GUS activity was
found in developing primordia of rootlets at stage Ill (C), stage VI (D), stage VIl (E), stage VIII (F) and
appeared homogeneous along the cluster at early (G) and late stages (H) of rootlet formation. Later on,
expression showed a clear gradient with stronger activity at the rootlet tip at three stages of rootlet

development: young rootlets (1), middle-aged rootlets (J) and old rootlets (K). Scale bars are 100 um (C—
F) and 0.5 mm (G—K).
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Fig. 6. Genetic study and expression pattern of LaARF5, a lupin orthologue of Arabidopsis thaliana
ARF11. (A) Gene structure of LaARF5. Hormone-related cis-acting regulatory elements (as defined in
Table S2), exons, introns and position of 5'UTR and 3'UTR are shown (graph to scale). (B—J) Expression
pattern of pLaARF5:GUS in 4-week-old plants grown in low phosphate conditions. GUS activity was
absent in developing primordia of rootlets at stage Il (B), stage V (C), stage VI (D), stage VIII (E) and
remained in the CR vasculature (F), absent from early (G) and late stages of rootlet emergence (H) and
mature rootlet (I). Expression resumed in the vasculature in old rootlets (J). Scale bars are 100 um (B—E)
and 200 pum(F-J).



emergence (Fig. 6B-E). Growth of the rootlet primordium seemed to even lower the expression
in the surrounding tissues (Fig. 6F-G), what is consistent with the global repression of this gene
found in our gRT-PCR analysis (Fig. 4B). At later rootlet development, expression in the

vasculature could be detected, mimicking the expression profile in the cluster root (Fig. 6J).

Discussion

Previous work on white lupin cluster root has been largely focussed on its physiology
because it is a very active organ with high levels of exudation involved in the root phosphate
acquisition (Neumann et al. 2000, Massonneau et al. 2001, Yan et al. 2002, Hocking and Jeffery
2004). In this study, we decided to focus on cluster root because of its atypical mode of
development, corresponding to the production of numerous rootlets initiated in a synchronous
manner and with a limited lifetime. Our approach has revealed that the early divisions of
rootlets are very similar to what is observed in other species lateral root development, like the
model plant A. thaliana or even in legumes. Indeed, lateral root development in these species
is initiated by divisions in the pericycle cells in front of the xylem poles (Dubrovsky et al., 2000),
and this is the case for white lupin rootlets (Fig. 2). Cellular division in the endodermis and
cortex are regularly observed in legume species — like Medicago truncatula (Herrbach et al.,
2014) — but not in A. thaliana, this may be linked with the presence of numerous cortical cell
layers and with the comparatively important size of the primordia. We provide here a detailed
anatomical description of the various stages of rootlet development along the cluster root that
will prove useful in the future to characterize mutants or genetically altered plants but also to
go deeper into the study of the molecular mechanisms of regulation of cluster root
development.

In parallel, we have set up an original sampling procedure that covers the entire
development process, from the rootlet initiation to the rootlet senescence, and, even if some
discrepancies are observed, most probably due to plant to plant genetic variability, this system
allows for the description of gene expression profiling during rootlet development. We
focussed here on describing some auxin-related gene expressions and we identified two genes
with contrasted expression profiles (Fig. 4). Further analysis of their expression pattern at the

tissular level confirmed the induction and repression of LaTIR1b and LaARF5, respectively (Fig.
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5and 6), and validated our time course sampling method to study rootlet development. LaARF5
was previously annotated based on RNAseq assembly in the absence of a reference genome
for white lupin (Secco et al., 2014). Phylogeny analysis revealed that it is the closest ortholog
to AtARF11. In accordance, LaARF5 and AtARF11 are both predicted to be repressor ARFs
whereas AtARF5 is an activator. Furthermore, AtARF5/MONOPTEROS is expressed in lateral
root primordium from as early as stage | and up to emergence (De Smet et al. 2010;
Ckurshumova et al. 2014) whereas LaARF5 is not expressed in cluster root primordia (Fig. 5).
Further work will be needed to understand how these two genes are regulated, including by
hormonal signals, and how they fit in larger gene regulatory networks. Whole-genome
transcriptional studies are an essential step to finely identify new genes regulating lateral root
development and the cluster root model seems to be perfectly adapted to this strategy.
Another key feature of rootlet development is that they all enter into senescence
simultaneously. In fact, rootlet meristems are determinate, meaning that they stop dividing
and undergo full differentiation up to their tip (Watt and Evans, 1999a). This mode of growth
is directly related to the function of the cluster root and to the chemical nature of phosphate.
Indeed, inorganic phosphate is poorly mobile in the soil, therefore cluster roots are able to
remobilize as much phosphate as possible and subsequently uptake it for the plant nutrition
(Hinsinger et al., 2011). However, soil phosphate patches are quickly used up and new clusters
are produced in a distant site to forage for more phosphate. As a result, cluster roots are
ephemeral structures by nature due to rootlets determinacy. In laboratory conditions
(hydroponic culture medium), we expose roots systems to a permanent and homogeneous lack
of phosphate. In these conditions, rootlets are produced, grow to their mature length and then
stop growing demonstrating that there is no need for a feedback from the medium to control
their growth behaviour. This raises several important questions regarding the order of events
leading to rootlet growth arrest: when does cell elongation and division stop? Is the
determinacy of the meristem already established in the rootlet primordium? Does the
primordium ever acquire a meristematic organisation? Does a maximum of auxin form in the
rootlet meristem? Here, the use of the DR5 marker allowed us to confirm the establishment of
such a maximum of auxin that seems to be maintained throughout the course of rootlet
development up to its mature length (Fig. 3 and S1). More work will be needed to describe
precisely how rootlet determinacy is genetically controlled and if a mechanism similar to what

is known about A. thaliana primary root development can be described (Balzergue et al., 2017).
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In this regard, studying the establishment of a quiescent centre and its maintenance during
rootlet growth could be of great interest.

With regards to root developmental adaptations, white lupin is a fantastic model to parallel
with other models like A. thaliana or M. truncatula for a better understanding of the
mechanisms regulating the development of lateral roots but many genomic tools are still
missing to conduct further analysis. We believe that future work will produce these tools and
help understand how cluster root development is tightly controlled to produce such amazing

structures.

Materials and methods

Plant materials and growth conditions

Seeds of white lupin (Lupinus albus cultivar Amiga) were used in all experiments (obtained from
Florimond-Desprez). Seeds were germinated on vermiculite substrate for 4 days. Seedlings
were cultivated in growth chambers under controlled conditions (16h light / 8h dark, 25°C day
/ 20°C night, 65 % relative humidity, PAR intensity 200 umol.m2.s). After germination, 4
seedlings were transferred to 1.6 L pots. The hydroponic solution was modified from
(Abdolzadeh et al., 2010) without phosphate, according to the following composition: MgSOa4,
54 uM; Ca(NOs3), 400 pM; K2SO4 200 pM; Na-Fe-EDTA 10 uM; H3BOs 2.4 uM; MnSO4 0.24 pM;
ZnS0O4 0.1 puM; CuSO4 0.018 uM; NazMoO4 0.03 uM. The nutrient solution was continuously

aerated and was renewed every 7 days.

Cluster root physiological assays

For all functional assays, the roots of 3-week-old plants were thoroughly washed in ultra pure
water, and carefully pressed on agar sheets to avoid damaging the roots and covered with a
transparent film. For visualisation of protons excretion, agar sheets contained: 0.8 % agar (w/v),
0.005 % bromocresol purple buffered with Tris HCl 1 mM pH=6, 2mM K;S04 and 1 mM CaSOa.
For visualisation of ferric reductase activity, agar sheets were prepared as follows: 0.8 % agar
(w/v), 100 uM Na-Fe-EDTA, 300 uM bathophenanthroline disulfonic acid, 1 mM K,SOa. Agar

plates were allowed to set at room temperature for 6 hours in the dark.
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Low coverage genome sequencing

In order to generate a genomic dataset of white lupin, DNA from leaf tissue was extracted using
Qiagen Genomic-tip 100 according to the manufacturer's protocol. The integrity and quality of
total DNA was checked using NanoDrop 1000 Spectrophotometer (ND1000) and formaldehyde
agarose gel electrophoresis, and DNA was quantified using a Qubit fluorometer. Short-reads
sequencing (150-bp) was performed using the Illumina Hiseq 3000 platform at GenoToul
(Toulouse, France), generating 79,424,562 reads. Quality assessment and trimming of the reads
were performed with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc)

and the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html), respectively.

In silico genome walking

In order to identify the promoter sequences of LaTIR1Ib (LAGIO2_15246) and LaARF5
(LAGIO2_2355) whose cDNA were obtained from the white lupin gene index (LAGIO02)
previously published (Secco et al., 2014), we set up a technique that we named in silico genome
walking (ISGW). ISGW is achieved in 2 steps: first the Illumina reads are mapped against a cDNA
sequence from the gene of interest (reference sequence) using BBmap v. 37.41
(https://sourceforge.net/projects/bbmap/) and second all mapping reads are assembled into a
slightly larger contig using CAP3 (Huang and Madan, 2009). The process is repeated by using
the larger contig as a reference for a next round of assembly, therefore initiating the genome
walking process (both ways). ISGW was performed until we obtained contigs containing 1000
bp upstream of the ATG start codon. This sequence information was then used to clone the

promoter by PCR amplification.

Molecular cloning

The primers for pLaTIR1b (F-5'-TCATTTCCAAACTTATAAGTGG-3'; R-5’-
GGTCGTTGATTCACTGATGAAACG-3’) and pLaARF5 (F-5-GATCCTTTTAGAGAGTTGG-3’; R-5'-
GCAACACCATCAAATTCAATAAG-3’) were designed using Primer3Plus (Untergasser et al. 2012).
They were used to amplify a total of 986 bp and 898 bp upstream of the start codon of LaTIR1b

and LaARF5 respectively, from white lupin genomic DNA with the addition of the attb1 (5'-
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GGGGCCAAGTTTGTACAAAAAAGCAGGCT-3’) and attb2 (5'-
CCCCCCACTTTGTACAAGAAAGCTGGGT-3’) adapters. Amplified fragments were subsequently
cloned into the pDONR221 by Gateway reaction. The promoters were then cloned into the

binary plasmid pKGW-FS7 (Karimi et al., 2002) containing a GFP-GUS fusion by Gateway cloning.

Bacterial strain

Agrobacterium rhizogenes strain ARqual was used to perform hairy root transformation of
white lupin. Bacteria were transformed with the binary plasmid by electroporation and
confirmed by PCR and sequencing. LB agar plates (agar 0.8 %) added with acetosyringone 100
UM were inoculated with 200 pL of liquid bacteria culture and incubated at 28°C for 24 hours

to get a bacterial lawn. Bacterial lawn was used for white lupin seedling transformation.

Hairy root transformation of white lupin

White lupin seedlings were transformed following protocol previously described (Uhde-Stone
et al., 2005). White lupin seeds were surface sterilised by 4 washes in osmosed water, 30 min
sterilization in bleach (Halonet 20%) and washed 6 times in sterile water. Seeds were
germinated in the dark in water. After germination, radicles of 1 cm were cut over 0.5 cm with
a sterile scalpel. The radicles were inoculated with the A. rhizogenes culture. Fifteen inoculated
seedlings were placed on square agar plates (0.7 % agar in 1X Hoagland solution) containing 15
ng.mL* kanamycin. Plates were placed vertically in growth chambers (Fitotron, Weiss Technik)
in controlled conditions: 18 h light / 6 h dark, at 25°C, 60 % relative humidity with a PAR intensity
of about 130 umol.m2.s. Seedlings were transferred to fresh plates every 7 days for 3 weeks
after germination. Timentin (150 ug.mL*) was added to the agar medium after 1 week on plates
to limit bacterial growth. Plants growing hairy roots were transferred after 3 weeks in 1.6 L pot
containing nutrient solution with 15 ug.mL* timentin. Nutrient medium was renewed each
week. After 7 days in hydroponic conditions, CRs were sampled on hairy root plants. Each root
represents an independent transformation event and we observed n=89 roots from DR5:GUS

plants, n=47 roots from pTIR1b:GUS plants and n=26 roots from pARF5:GUS plants.
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Histochemical analysis

Histochemical staining of B-glucuronidase was performed on CRs from hairy root plants.
Samples were incubated in a phosphate buffer containing 1 mg.mL™* X-Gluc as a substrate (X-
Gluc 0.1 % ; phosphate buffer 50 mM, pH 7, potassium ferricyanide 2 mM, potassium
ferrocyanide 2 mM, Triton X-100 0.05 %). Coloration was performed as follows: 2 hour
incubations for pDR5:GUS, 30 min incubation for plaTIR1b:GFP-GUS, or 2.5 hours for
pLaARF5:GFP-GUS. Tissues were fixed in a 2% formaldehyde / 1% glutaraldehyde / 1% caffeine
solution in a phosphate buffer at pH 7. Tissues were fixed for 2.5 hours under shaking at room

temperature and then 1.5 hours at 4°C.

Microscopic analysis

For thin section, roots were dehydrated in successive ethanol solutions with increased
concentrations: 50% (30 min), 70% (30 min), 90% (1 h), 95% (1 h), 100% (1 h), 100% (overnight).
Samples were impregnated with 50% pure ethanol and 50% resin (v/v), then in 100 % resin.
CRs were embedded in Technovit 7100 resin (Heraeus Kulze, Wehrheim, Germany) according
to the manufacturer’s recommendations. For thick sections of 80 um, cluster roots were
embedded in agarose 4% (m/v) and cut with a vibratome (Microcut H1200, Biorad). The whole
mount root tissues were cleared with 0.1% ClearSee (Kurihara et al., 2015) in PBS 1X solution
and mounted on slides in water. Thin sections of 6 um were produced using a microtome
(RM2165, Leica Microsystems). They were counterstained for 5 min either with 0.05% toluidine
blue or with 0.1% ruthenium red in a phosphate buffer (pH 7.4). All sections were observed
with a colour camera on epifluorescence microscope (Olympus BX61 with Camera ProgRes C5

Jenoptik and controlled by ProgRes Capture software).

Expression analysis

A total of 8 CRs coming from 4 independently grown plants were sampled 7 days after
germination every twelve hours. Total RNA from these samples was extracted using the Direct-
zol RNA MiniPrep kit (Zymo Research) according to the manufacturer’s recommendations. RNA
concentration was measured on a NanoDrop (ND1000) spectrophotometer. Poly(dT) cDNA
were prepared from 1.5 ug total RNA using the revertaid First Strand cDNA Synthesis (Thermo

Scientific). Gene expression was measured by gRT-PCR (LightCycler 480, Roche Diagnostics)
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using the SYBR Premix Ex Taq (Tli RNaseH, Takara) in 384-well plates (Dutscher). Target
quantifications were performed with specific primer pairs designed using Universal Probe
Library software (Roche). The two primer pairs used in the parallel PCR reaction were: LaTIR1b
F-5'-AACCTACTACGTTGGTGTCCTCA-3* and LaTIR1b R-5-CTCTGTCGAGCAGACTCCTGT-3';
LaARF5 F-5-GACGATGAAAATGACATGATGC-3’ and LaARF5 R-5-
AATAATACAGAATTCCGGCCATC-3'. Expression level was normalised to LaUbiquitin. The primer
pairs used were LaUbiquitin  F-5-ATGTCAAAGCCAAGATCCAAG-3° and  R-5-
GAACCTTCCCAGAATCATCAA-3’ (Meng et al., 2012). All gRT-PCR experiments were performed
in technical quadruplicates and the values presented represent means + s.d.. Relative gene
expression levels were calculated according to the AACt method (Livak and Schmittgen, 2001).

All experiments were performed as 4 biological replicates.
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Fig. S1. DR5:GUS expression pattern in white lupin cluster root. Histochemical localization of GUS activity
in transgenic cluster roots directed by synthetic auxin responsive DR5 promoter. DR5:GUS activity was
observed in cluster root (A) and rootlet during (B) and after emergence (C,D). GUS activity was seen in P
deficient cluster roots at different stages of development. Newly forming primordia of rootlets show
strong GUS activity (asterisks) (A). During later stages of rootlet development, blue stain decreased and
remained in the rootlet tip and is visible in the stele (C). In old rootlets exhibiting many root hairs, GUS
activity was found in the rootlet tip and appear in the stele (D). Scale bars are 1 mm (A,C,D) and 0.5 mm

(B).



B
Cluster root distance to primary root
35
30+
254
20
154
10

5,

Number of clusters

2

0-

00 05 10 15 20 25 30 35
Distance (cm)

Fig. S2. Distance to primary root of the first cluster of rootlets is a robust trait. (A) Root system
architecture of a 15-days-old white lupin grown in hydroponics showing the distance to primary root
(DPR). (B) Number of cluster root in each class of DPR. Scale bar is 2.5 cm.
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Fig. S3. Relative level of expression of 6 auxin-related genes during cluster root development. Expression
levels are relative to the first time point (Oh) and normalized to LaUbiquitin. Data are mean % standard
deviation of 8 cluster roots coming from 4 lupin plants (n=8) with 4 technical replicates each. Data
presented for each plot are 4 biological replicates in different colours. Gene identifiers are given in Table
S1.
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Expression Secco et al., 2014

Seq id Secco Expression FPKM

TCR/MCR  TCR/ICR

LaTIR1a |LAGIO2_23711( 7,36 4,17 5,79 6,39 2,92 1,98 0,91
LaTIR1b |[LAGIO2_15246]| 15,73 8,42 13,10 12,55 7,10 1,85 1,04
LaARF14a |LAGIO2_22919)| 41,47 65,89 58,65 60,71 49,46 1,19 0,97
LaARF14b |LAGIO2 24689| 23,56 31,98 31,73 28,81 24,24 1,31 1,10
LaARF5 | LAGIO2_2355 | 4,80 7,59 9,02 4,29 3,14 2,87 2,10
LaPINI |LAGIO2_14116| 7,86 3,48 5,57 1,82 0,41 13,59 3,06
LalAA28 |LAGIO2_13906]| 123,85 36,69 88,84 65,48 39,18 2,27 1,36
LalAX3 |LAGIO2_15524] 15,73 3,24 11,27 5,39 2,22 5,08 2,09

Table S1. Shortlist of auxin-related genes identified in white lupin. LaTIR1a/b, Lupinus albus transport
inhibitor response a/b; LaARF5/14a/14b, Lupinus albus auxin responsive factor 5/14a/14b; LaPINI,
Lupinus albus PIN-FORMED gene 1; LalAA28, Lupinus albus auxin-responsive gene 28; LalAX3, Lupinus
albus Like AUX1 3. For each auxin-related gene identified in the Secco et al., (2014) database, is
presented the identifier name of the cDNA, the mRNA level of transcripts (expression FPKM) in the
different part of the lateral root (TR: tip of the root; MR: mature root) and in the different part of a
cluster root from young to old (TCR: tip of the cluster root; ICR: immature cluster root; MCR: mature
cluster root). Ratio of transcripts level between tip of the cluster root and mature cluster root, as well as
ratio of transcripts level between tip of the cluster root and immature cluster root are also indicated.



LaTIR1b
Site name Organism Position Sequence Function
AUxXRE Arabidopsis thaliana / 135 fererc ARF binding site
Glycine max / Oryza sativa
63 NGATT
ARR1AT Arabidopsis thaliana 478 ARR1 binding element
NGATT
533
B
LaARF5
Site name Organism Position Sequence Function
Arabidopsis thaliana /
AuxRE Glycine max / Oryza 42 Terere ARF binding site
sativa
. . 176 CATATG Found in NDE element in SAUR gene ;
CATATG site Glycine max 262 CATATG involved in auxin responsiveness
18 NGATT
. . . 49 NGATT N
ARR1AT Arabidopsis thaliana 350 NGATT ARR1 binding element
839 NGATT
Pyrimidin-Box Oryza sativa / 4 CC Related to gibberellin responsive gene
Hordeum vulgare
Part of conserved cis acting response
TATCCAC-Box Hordeum vulgare 849 ATCCAC complex (GARC) necessary for full
gibberellin response

Table S2. List of hormone-related cis-acting elements identified in LaTIR1b and LaARF5 promoters. The
region 1000 bp upstream the start codon was analysed in silica using the SOGO online tool. Only the
hormone related elements were listed: site name, organism of origin, position from the beginning of the
promoter sequence (5'), element sequence and functional annotation of the site.



CHAPITRE 2

Initiation et organogénese du primordium

de rootlette
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Avant-propos

Une étude précédente a montré que les rootlettes initiées le long des racines
protéoides, sont issues de divisions dans les tissus faisant face aux poles de xyleme (Johnson et
al., 1996), de facon tres similaire a la formation des racines latérales chez les dicotydédones.
Cependant, si le péricycle donne naissance a un pool de cellules qui se divisent activement, nos
résultats précédents suggerent que d’autres tissus, en particulier I'endoderme et le cortex,
contribuent également a la formation des rootlettes (Gallardo et al., 2018). Le développement
de ces racines imite plus spécifiquement le développement des racines latérales chez les

légumineuses, ou ces tissus semblent également étre impliqués (Herrbach et al., 2014).

Dans ce deuxieme chapitre, nous essayons d’apporter une description détaillée de la
morphologie des racines protéoides, en nous focalisant sur le développement des rootlettes.
Nous avons concentré notre analyse sur les premiers stades de leur développement jusqu’a
leur émergence. Dans ce but, nous avons poussé plus loin les études anatomiques réalisées
dans le chapitre 1, afin de définir plus finement la séquence de développement. Cette étude a
été rendue possible par la disponibilité de la séquence du génome du lupin blanc, qui a permis
I'identification de marqueurs moléculaires (Hufnagel et al., 2019). En nous appuyant sur les
données transcriptomiques générées dans I'équipe, nous avons identifié chez le lupin des
orthologues de marqueurs spécifiques aux tissus chez Arabidopsis. Linitiation et
I’'organogenese des rootlettes ont ensuite été étudiées avec l'aide de ces marqueurs, ce qui a
conduit a définir un modele de la formation de ces racines chez le lupin blanc. Ce travail élargit
nos connaissances sur la formation post-embryonnaire des racines et sur I’acquisition des tissus
chez une espece de légumineuse. Ces expérimentations sont présentées sous la forme d’un

article scientifique en préparation.
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Abstract

In severely nutrient impoverished-soils, micronutrients especially inorganic phosphate
(Pi) is poorly available to plants. To cope with such scarcity, plants have evolved to produce
specialized root organs dedicated to improve phosphorus acquisition. White lupin (Lupinus
albus L.) is a cultivated legume that is well adapted to grow on such degraded soils. When
exposed to Pi-limitation, white lupin forms cluster roots, which are dense clusters of short
tertiary roots that appear on lateral roots. How rootlets are initiated and how rootlet
primordium patterning occurs are poorly described. In order to understand these processes,
we investigated cluster root formation at early stages of rootlet development in white lupin. To
follow cell organization over the course of rootlet primordium formation, we identified a set of
tissue-specific markers based on the genome sequence of white lupin and on detailed
transcriptomic data. With this approach, we have highlighted that rootlet primordium arise
from divisions in pericycle, endodermis and cortex. Based on expression pattern of reporter
lines, we propose a model for rootlet initiation and patterning in white lupin. This work provides
a fine description of specialized rootlets and suggests that third-order root development, as
lateral roots, is a fine-tuned process.

Key words: rootlets, cluster roots, white lupin, patterning, primordium organization, cell
lineage.
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Introduction

Cluster roots (CRs) are considered to be one of the major adaptations to improve plant
nutrient acquisition, with nitrogen-fixing nodules and mycorrhizas (Neumann and Martinoia,
2002). However, CRs differ from nodules and mycorrhizas as they form without the presence
of a symbiot and use root developmental program to form (Lamont 2003, Gallardo et al 2018).
CR bearing species can be found in soils where nutrients are poorly available to plants including
Western Australia and South Africa (Dinkelaker et al., 1995; Lambers et al., 2003). Plants
forming CRs can absorb inorganic phosphate (Pi) at a faster rate than non-forming CRs plants
(Poo and Cone, 1974; Vorster and Jooste, 1986). Because this developmental adaptation has a
selective advantage, CR arose in a whole range of distant families from Cyperaceae in monocots
to Proteaceae, Fabaceae, Moraceae and Betulaceae in dicots (Dinkelaker et al., 1995; Lambers
et al.,, 2003). Thus, CR is an adaptive trait of plants to cope with P-depleted nutrient soils
(Lambersetal., 2015; Neumann and Martinoia, 2002). Because most of the phosphate is mostly
concentrated in the top soil layer, CR are produced in the upper part of the root system (Lynch
and Brown, 2001). The CR is an exacerbated developmental response, that results from
regulation of rootlet initiation and rootlet determinacy (Skene, 2001, 2003). Therefore, CR is a
good model to study these mechanisms as a high number of rootlets are successively produced
in a short period of time and are available for experiments.

White lupin is the only annual crop that forms CRs under Pi deficiency. Among all CR
forming species, white lupin is the species that focus the most attention for studies on CR
morphology and CR physiology (Johnson et al., 1996; Watt and Evans, 1999a; Hagstrom et al.,
2001; Neumann and Martinoia, 2002; Uhde-Stone et al., 2003; Cheng et al., 2011). Lupinus
albus can form up to 35-45 rootlets per cm (Dinkelaker et al., 1989) and secrete massive
amount of organic acids and protons (Neumann and Martinoia, 2002; Massonneau et al., 2001;
Sas et al., 2001). Such physiological modifications can increase the availability of complexed Pi
which can be beneficial to other species in intercropped or mixed cultures (Li et al., 2010;
Braum and Helmke, 1995; Cu et al., 2005). Mixed culture of wheat with white lupin was shown
to increase shoot P uptake up to 45 % in wheat (Cu et al., 2005). Altogether, white lupin is a
crop of interest with specific developmental features and physiology.

In many angiosperms, secondary roots arise from pericycle as for the model plant

Arabidopsis thaliana (Herrbach et al., 2014; Malamy and Benfey, 1997; Orman-Ligeza et al.,
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2013; Laskowski et al., 1995). In this clade, some monocots lateral root show contribution of
dividing endodermal cells including some Poaceae like Oryza sativa and Zea mays
(Hochholdinger et al., 2004). In dicots, some Legume species also show contribution of division
in endodermis and cortex including Glycine max, Lotus japonicus and Medicago truncatula
(Byrne et al., 1977; Op den Camp et al., 2011; Herrbach et al., 2014). In Arabidopsis, it was
proposed that lateral root primordium (LRP) development is a 8-stage process (Malamy and
Benfey, 1997) that can be described as a two-step developmental model (Laskowski et al.,
1995). LRP formation starts with an early developmental phase (stage I-IV) during which
initiation occurs and several rounds of divisions produce a four-layered primordium (Malamy
and Benfey, 1997). Then, a second phase follows (stage V-VII) during which cells start to
differentiate and organize to form an organ with tissue organization similar to the primary root
meristem (Trinh et al., 2018). Transition between these two developmental phases marks the
onset of quiescent center establishment and formation of meristematic initials (Goh et al.,
2016). In regard to these processes, very little information is available for third order roots like
white lupin rootlets. In white lupin, xylem pole pericycle cells are recruited to become founder
cells and divide during initiation (Gallardo et al., 2018). However, despite few anatomic studies,
post-initiation developmental stages with the participation of other cells layers and tissue
patterning has not been yet described (Watt and Evans, 1999a; Skene et al., 1996).

In an effort to understand CR formation and rootlet patterning, we have initiated an
anatomic study to define discrete developmental stages throughout early events of rootlet
development. The root structure of rootlet is more complex than Arabidopsis lateral root with
multiple cell layers. This complexity makes it difficult to follow establishment of the different
tissues over the course of rootlet development. We therefore identified a set of tissue-specific
marker genes by taking advantage of the white lupin genome sequence that we previously
generated (Hufnagel et al.,, 2019) together with detailed transcriptomics datasets. These
markers allow to observe the switch from cell proliferation to cell differentiation in the rootlet
primordium. Altogether, our results suggest that CR primordium is formed by an ordered series
of divisions into pericycle, endodermis and cortex of rootlets. These divisions seem to be tightly
regulated from an early stage during rootlet development and produce a highly organized
structure with differentiated tissues. Key steps for rootlet primordium formation were

described by analogy with Arabidopsis lateral root primordium development.
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Results

Developmental stages of rootlet primordium

To provide a detailed description of cluster root development, thin cross sections of 7
to 9 day old lupin seedlings were stained with ruthenium red to observe all developmental
stages along cluster root development. Observation of these sections confirmed that early
events of cluster root development can be described in 8 discrete developmental stages.

Stage I. Initiation is the first visible event of CR formation. It consists of two asymmetrical
anticlinal divisions in the pericycle (Fig. IB). Initiation continues with the appearance of divisions
in parallel orientation compared to the root axis (Fig. 1C, black arrow). In the longitudinal plane,
approximately 6 cells show these periclinal divisions. Peripheral cells are not dividing, creating
the boundaries of the primordium. In the overlaying epidermis, an increased number of
anticlinal divisions is clearly seen as compared to the surrounding epidermis cells. About 8 cells
are formed from these divisions.

Stage Il. All pericycle cells participating in the rootlet primordium seem to have divided
(Fig. 1D). These divisions in the pericycle lead to the formation of two layers, named P1 (inner
layer) and P2 (outer layer). Following these divisions, cells start to swell and expand in the radial
direction. Simultaneously, periclinal divisions occur in the endodermis that divides this layer
into E1 (inner layer) and E2 (outer layer) (Fig. 1D, black arrow).

Stage lll. A dozen of cells continue to divide in the 4-layered primordium (Fig. 1E).
Anticlinal divisions are seen in the most peripheral cells in the pericycle. Surprisingly, anticlinal
divisions are also seen in the cortex (Fig. 1E, purple arrows).

Stage IV. A dome shaped rootlet primordium begins to form. The dividing cortex
comprises 9 cells in length. 4 cells at the base of the primordium started to divide between the
xylem pole and the P1 inner layer (Fig. 1F, black arrow). Numerous radial, anticlinal and
periclinal divisions happen in the tissues derived from pericycle and endodermis.

Stage V. Primordium expands radially to give a typical dome-shaped primordium,
pushing the overlaying cortical layers. Cells at the base of the primordium (Fig. 1G, black arrow)
continue to divide. The number of cells in the overlaying cortex increases to 11 cells in length.

Stage VI. The rootlet primordium is at mid-way through the lateral root tissues,

deforming the cortical layers around. The stage VI primordium begins to look like a mature root
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Fig. 1. Rootlet primordium developmental stages. (A-l) Longitudinal sections of a cluster root stained
with ruthenium red depicting all developmental stages of rootlet development. (J-R) Schemes depicting
images above. (A, J) Stage 0. Close look at pericycle and endodermis tissues before initiation. (B, K) Stage
la. First asymmetric division in pericycle. (C,L) First periclinal divisions in the pericycle and first anticlinal
divisions in the endodermis. (D,M) Stage Il. A flatten four-layered primordium: while the pericycle tissue
have already divided, the endodermis tissues is dividing as well. (E, N) Stage IIl. More cells divide in the
two endodermal derived layers and several divisions are seen in the cortex. (F, O) Stage IV. Many
anticlinal and radial divisions are shaping the rootlet primordium. (G, P) Stage V. The dome-shaped
primordium begin to appear. Divisions at the core of the primordium seem to push mechanically the
overlaying other tissue layers. (H, Q) Stage VI. The primordium is half-way through the cortical layers. An
increasing number of cells are seen in all cell layers. (I, R) Stage VII. The rootlet is about to emerge from
cluster root tissues. Scale bar: 50 um.



with 6 layers (Fig. 1H), that could be the pericycle (surrounding the stele tissue), the
endodermis, 3 cortical layers and a protective root cap at the tip of the rootlet primordium. An
increasing number of cells can be counted in the pericycle and endodermal layers, as well as in
the cortex. At this stage, there is a total of 16 cuboid cells in the cortex and four central cells at
the tip are observed surrounded by 6 cells on each side. 3 cells seem to go through another
round of division in E1 to give a pool of really tiny cells in the center of the primordium. In the
most inner tissue, at the core of the primordium, cells that seem to be derived from P1 have a
strong elongated shape reminiscent of the particular shape of vascular cells (Fig. 1H, black
arrow).

Stage VII. The rootlet primordium is about to emerge and cross the last layer of the
cluster root, the epidermis (Fig. 11). The primordium enlarges and distinguishing the different
tissues inside the growing rootlet becomes challenging. Many anticlinal divisions seem to
continue in the different layers of the primordium. The vascular tissue seems to be established

as many elongated cells are connecting the cluster root stele to the rootlet primordium.

Gene identification for tissue-specific marker lines

Classic histology allows to describe precisely early developmental stages of rootlet
formation and to define discrete stages associated with particular anatomic features. However,
cell types cannot be easily separated based solely on their shape during early developmental
stages. To which extent pericycle, endodermis and cortex tissues are involved in rootlet
initiation and rootlet outgrowth has yet to be determined. Another question is to decide when
tissues are starting to differentiate. To address these questions, a limited number of markers
(using the R-glucuronidase gene as reporter) specifically expressed in different tissue types
were tested. These lines were chosen (1) based on the protein sequence homology between
known cellular markers in the model plant Arabidopsis and (2) based on their expression profile
in the white lupin transcriptomic dataset. Due to genome triplication, gene families are often

larger in white lupin than in Arabidopsis (https://www.whitelupin.fr/) and expression data help

directing our choice. On top of these cellular markers, we also used the well-described cell
division marker AtCYCB1,1 by transferring directly the Arabidopsis promoter in white lupin.
First, we chose a list of markers based on their tissular expression in Arabidopsis

thaliana: two pericycle and endodermis markers (AtWOL, AtSCR1), one cortical markers (AtPEP)
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and two epidermal markers (AtGL2, AtEXP7) (Lie Sevin-Pujol et al., 2017; Marquées-Bueno et al.,
2016) (Fig. S1). Orthologous lupin genes were found by comparing Arabidopsis protein
sequences with all the cDNA-deduced protein sequences of lupin. Comparison was made by
multiple comparison alignment by local BLAST on our custom lupin database and by generating
phylogenetic trees (Fig. 2). We also took advantage of the NCBI database to identify the closest
protein sequences in other legumes species: Medicago truncatula, Cicer arietinum, Lupinus
angustifolius and Glycine max (Fig. S2). Phylogenetic trees that were generated were
comparing either lupin protein sequences with Arabidopsis protein sequences (Fig. 2) or lupin
protein sequences with other legumes protein sequences (Fig. S2). In parallel, expression level
of the orthologous genes was checked in our RNAseq databases.

AtPEP was branching with 3 lupin protein sequences (Fig 2A). Both
Lalb_Chr23g0270061 and Lalb_Chr011g0065071 were expressed over the course of
primordium development and showed a matching pattern in temporal and spatial datasets (Fig.
3A, 3B). Llalb_Chr011g0065071 had a protein score identity (59.59%) higher than
Lalb_Chr23g0270061 (44.39%).

AtGL2 protein sequence was similar to 4 lupin protein sequences (Fig. 2B, Fig. 3B).
Among them, Lalb_Chr19g0135771 had a different pattern from the other 3 genes in the
temporal dataset (Fig. 4C) and was not expressed in the spatial dataset (Fig. 4D).
Lalb_Chr10g0097421 and Lalb_Chr17g0339971 were the only highly expressed genes whose
expression pattern matched between the two RNAseq datasets (Fig. 3C, 3D).
Lalb_Chr17g0339971 has the higher percentage of identity (37.60%) with AtGL2 at the whole
protein level between those four genes.

AtEXP7 protein sequence was branching 3 lupin protein sequences (Fig. 2C). Expression
patterns were very alike for Lalb_Chr09g0324651 and Lalb_Chr0590225501 and were the most
induced after rootlet emergence (Fig. 3E, 3F). Comparison of these sequences with AtEXP7
revealed that Lalb_Chr09g0324651 had a better percentage identity at the whole protein level
(63.50%) than Lalb_Chr05g0225501 (62.39%).

AtAHK4/AtWOL was branching with 3 lupin protein sequences (Fig. 2D). These 3 genes
had a similar expression pattern with a strong induction at 48 h and a strong repression at 84
h (Fig. 3G). Lalb_Chr04g0258751 was the strongest expressed gene (Fig. 3G, 3H) and appeared
to be the closest ortholog with 67.58 % identity at the entire protein level. Phylogenetic tree

revealed that is was also the closest ortholog to Lupinus angustifolius HK4 gene (Fig. S2D).
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Fig. 3. Expression levels of lupin marker gene candidates during rootlet development in RNA-seq datasets.
Data from temporal dataset are shown in graph A to |, while data from spatial dataset are shown in graphs
B to J. Genes which promoters were cloned are colored in red. Data from temporal dataset correspond to
mean x SD of eight CRs from 4 lupin plants (n=8). Data from spatial dataset correspond to mean % SD of
ten CRs from 5 lupin plants (n=10). On the y-axis, values represent gene expression values (total number of
reads) and each graduation corresponds to 2000 reads. On the x-axis, values represent the number of
hours from the debut of cluster root formation, Oh, up to the end of their development, 132 hours
(Temporal dataset); and CRs developmental stages from meristematic zone, SO, up to mature CRs, S7
(Spatial dataset).



AtSCR was branching with 3 lupin protein sequences (Fig. 2E). Lalb_Chr19g0123861 was
reported to have a strong expression at 36 h during rootlet emergence (Fig. 31, 3J) and was
reported to have the strongest percentage of identity at the protein level with AtSCR (59.35%).
Protein sequence was revealed to be 100% identical to 776 amino acids of LaSCR1 identified
by Sbabou et al. (2010). Comparison of protein sequences between lupin and other legumes
species showed that LaSCR1 protein sequence is similar to Cicer arietinum protein SCARECROW

(Fig. S2E).

Genes selected for further analysis were: Lalb_Chr04g0258751 (LaWOL),
Lalb_Chr19g0123861 (LaSCR1), Lalb_Chr1790339971 (LaGL2), Lalb_Chr11g0065071 (LaPEP),
Lalb_Chr09g0324651 (LaEXP7) (Fig. 3, red lines). Length of the promoter amplified for each
gene was at least 1500 bp and is reported into table S1. pLaSCR1 construct was not the one
used by Sbabou et al. (2010) but was 1510 bp amplified upstream of the Lalb_Chr19g0123861
ATG. The lupin promoters were cloned into a dual reporter system with GUS and GFP as visual
markers and introduced into white lupin roots via Agrobacterium rhizogenes-mediated root
transformation. Transformed tissue can be selected by using classical GUS staining and/or
visualise by GFP fluorescence. Because of strong autofluorescence in hairy root plant, and
difficulties to screen for GFP-expressing root, we ended up not using GFP. CR tissular expression
pattern was compared amongindependent transformed roots. Number of individual plants and

individual roots tested are summarized in table S2.

CR expression of tissue-specific marker lines

To characterize tissue specific expression, promoter:GUS expression pattern was first
assessed into secondary-order roots i.e. apex of cluster roots. CRs stained for GUS for each
marker are shown in Fig. 4, as well as cross sections produced in these lines. The markers were
clearly expressed into specific cell/tissue types:

pAtCycB1,;1:GUS allows to follow cell divisions in plant tissues. AtCycB1,1 is expressed
prior mitosis at the G2/M transition and selectively degraded by proteolysis, which requires a
short peptide named “destruction box”. pAtCycB1,;1:GUS, was cloned with this mitotic signal
and reports accurately the CycB1;1:GUS accumulation pattern in G2/M transition (Coldn-

Carmona et al., 1999). At the CR tip, pAtCycB1,1:GUS expression is seen in cell patches in the
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Fig. 4. Expression profiles of six promoters-GUS fusions in the cluster root tip. Promoters profiles shown
are: (A, D) pAtCYCB1;1, (B, E) pLaSCR1, (C, F) pLaWOL, (G, J) pLaPEP, (H, K) pLaGL2, (I, L) pLaEXP7. (A, B, C,
G, H, 1) Images are longitudinal sections in the meristematic and elongation zones. (D, E, F, J, K ,L) Cross
sections are images through different cluster root zones: the meristematic zone (E, K), the elongation zone
(J), the differentiation zone (D, F, L). Scale bar: 100 um.



pLaWOL plLaSCR1 pAtCYCB1;1

pLaPEP

pLaEXP7 plaGL2

X -
A < %, _-" .
v ‘\‘V

Fig. 5. Expression profiles of six promoters-GUS fusions in cluster roots. Promoters profiles shown are: (A-
E) pAtCYCB1;1, (F-J)) pLaSCR1, (K-O) pLaWOL, (P-T) pLaPEP, (U-Y) pLaGL2, (Z-AD) pLaEXP7. (A-E)
pAtCYCB1,1. (A-C) Staining is seen in primordia of dividing cells. (D-E) Staining disappears after rootlet
emergence. (F-J) pLaSCR1:GUS. (F-G) Staining is apparent only in primordia. (H-J) Expression is restricted to
the rootlet tip after emergence and in mature rootlet. (K-O) pLaWOL:GUS. (K-L) Staining is seen in
primordia and CR stele. (M-N) GUS is apparent in CR stele and at rootlet tips. (O) GUS is observed in rootlet
stele when rootlet stele is connected to CR vasculature. (P-T) pLaPEP:GUS. (P-Q) Staining is seen in CR
cortex. (R-T) Staining is also apparent in the cortex of rootlet but is not expressed in the rootlet meristem.
(U-Y) pLaGL2:GUS. (U-V) Staining is observed in CR stele but is not seen in primordia. (W-X) Staining is
observed in CR stele but not in emerged rootlet. (Y) Promotor is expressed in rootlet vasculature when
rootlets are covered with root hairs. (Z-AD) pLaEXP7:GUS. (Z) Staining is seen in epidermis in CR
differentiation zone. (AA-AC) Promotor is not expressed in the rootlet emergence zone. (AD) Staining is
observed in rootlet differentiation zone but is not expressed in meristematic and elongation zones. Scale
bar: 350 um (column 1-3), 150 um (column 4), 500 um (column 5).



meristematic zone (Fig. 4A). Expression is also seen in pericycle cells in the differentiation zone
of the CR. A transverse section in this zone is shown in Fig. 4D. Later on, pAtCycB1;1:GUS is
expressed in dividing cells in tissue contributing to CR primordium formation (Fig. 5B, 5C). Soon
after emergence pAtCycB1,;1:GUS staining can no longer be seen (Fig. 5D) suggesting that cell
division stops.

pLaSCR1:GUS expresses in the endodermis of CR tip (Fig. 4B). In the meristematic zone,
staining seems to include the endodermis/cortex initial and may also include cells of the
quiescent center. A transverse section near the meristematic zone is shown in Fig. 4E. It
sometimes appears a light staining in the first cortical layer (Fig. 4E). Promoter expression is
also observed in rootlet primordia and rootlet meristematic zone after rootlet emergence (Fig.
5G-H).

pLaWOL:GUS line was expressed in the stele of CR (Fig. 4C). Staining was not observed
in the elongation zone but was seen in the differentiation zone in the stele (Fig. 5K). A
transverse section through differentiation zone shows GUS staining in stellar tissue along xylem
axis and pericycle cells facing the xylem poles (Fig. 4F). Staining in the stele disappears in the
primordium patterning zone and became restricted only to pericycle cells and the stele of the
primordium. (Fig. 5L, 5M). pLaWOL:GUS was observed in the stele of emerged rootlet with a
stronger staining in the meristematic zone were QC is expected to locate (Fig. 5M, 5N).

pLaPEP:GUS is specific to cortical cells. Promoter is strongly expressed in the root
meristematic zone, and is not expressed in endodermis/cortex initial (Fig. 4G). A transverse
section in the beginning of elongation zone is shown in Fig. 4J. Expression tends to fade away
in the elongation zone in the shootward direction. Similar pattern for pLaPEP:GUS is observed
in primordium and emerged rootlet (Fig. 5S).

plaGL2:GUS is expected to be expressed in the non-hair forming epidermal cells
(Malamy and Benfey, 1997) but observed staining is not the one expected in lupin CR. In the
CR tip, expression was seen in the lateral root cap (Fig. 4H). A cross-section through the root
cap is shown in Fig. 4K. GUS staining is also strong in the pericycle in the differentiation zone in
between the primordia (Fig. 5U, 5V). pLaGL2:GUS shows also expression in the vasculature in
emerged and mature rootlet (Fig. 5X, 5Y).

pLaEXP7:GUS is expressed in the beginning of the differentiation zone but is not
expressed in the meristem at CR tip (Fig. 41). Therefore, this marker line is useful to observe

transition between the elongation zone and the differentiation zone. Epidermis expression in
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the differentiation zone is shown in Fig. 4L. Staining was excluded from primordium patterning
zone (Fig. 5AA) but is observed later when root hairs start to appear on growing rootlets (Fig.

SAD).

Tissue specific marker expression through CR development

After assessing the expression pattern of the 6 markers in the secondary roots, we used
them to generate a description of rootlet development (tertiary root primordium). We assessed

the various stages of development to recreate a time course description of these rootlets.

Cell division

To identify which root cell types divide to contribute to the rootlet primordium
formation, pAtCycb1,;1:GUS was observed from stage 0 onward (Fig. 6A-D). GUS staining is first
observed at stage 0 in one pericycle cell opposite the xylem pole, before apparition of a
pericline cell wall (Fig. 6A). At stage I, some endodermal cells overlaying pericycle cells also
show GUS staining (Fig. 6B) which support the observation made on CR sections (Fig. 1C). At
stage IV, two cells that seem to belong to cortical tissue seem to divide as well (Fig. 6C). Cortical
cells were also found to divide in Fig. 1 (Fig. 1D, Fig. 1E). These observations support the

hypothesis that cortical cells contribute to rootlet primordium patterning.

Endodermis

pLaSCR1:GUS endodermal marker expression is first seen in 5 endodermal cells at stage
Il when these cells start to divide (Fig 6E). At stage lll, staining is not only observed in E1 and E2
but also in the overlaying cortical cells (Fig. 7B). This expression pattern persists until stage V
(Fig. 6F). At stage VI, pLaSCR1:GUS expression starts to be restricted to two inner layers that
are surrounding the stele with a typical U-shaped profile (Fig. 6G). A group of cells abutting
these two layers also show weak GUS staining at the tip of the rootlet primordium (Fig. 6G, Fig.
7D). This expression profile remains the same when the rootlet is about to emerge (Fig. 6H, Fig.

7E).
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Fig. 6. Cell cycle and tissue-specific markers expression during rootlet development. Images are thin cross
section showing GUS activity in 4 markers lines. (A-D) pAtCYCB1,;1:GUS. StO (A), Stll (B), StIV (C) Staining is
seen in the pericycle (A), in the endodermis (B) and in the cortex (C). StVII (D) Numerous cells divide when
the rootlet is about to emerge. (E-H) pLaSCR1:GUS. Stll (E) Staining appears specifically in 6 endodermal
cells. StV (F). GUS staining appears in E1/E2 and cortical cells. StVI (G), StVII (H) Staining is restricted to two
layers around central stele and a group of cells at the tip of the rootlet (asterisk). (I-L) pLaWOL:GUS. Stl (1)
GUS staining is observed in pericycle cells opposite a xylem pole. StV (J) Staining is apparent in a few cells
at the base of the primordium. StVI (K), StVIII (L) Staining is observed in elongated cells found at the core
of the primordium. (M, P) pLaPEP:GUS. Stlll (M) GUS staining is hardly observed at this stage. StV (N), StV
(O) Weak staining is seen in CRs derived cortical cells at the rootlet tip. StVIl (P) Stronger staining is
observed in tissues in the presumptive cortical layers of the rootlet. Scale bar: 50 um.



Fig. 7. Glucuronidase expression in rootlet primordia of three tissue-specific expressing lines. Images are
longitudinal sections through CR. (A-E) pLaSCR1:GUS. Stll (A), Stlll (B) Staining is observed only in the
endodermis. StVI (C) to StVIII (E) Staining appears to be expressed in two adjacent cell layers surrounding
the stele. (F-J) pLaWOL:GUS. Stll (F) Staining is seen in the pericycle. Stlll (G), StVI (H) Staining is observed
in the stele-derived tissues. StVII (1), StVIII (J) Staining is observed in central tissues at the core of PR. (K-O)
pLaPEP:GUS. Stll (K), Stlll (L) Staining is seen in the cortex of the CR but is not expressed in the
primordium. StVI (M) Staining appears in the cortical cells overlaying PR. StVII (N), StVIll (O) Staining is
observed in the presumptive cortical layers of the PR. Scale bar: 50 um.



Stele/Vasculature

pLaWOL:GUS marker line stains 6 pericycle cells in P1/P2 at stage | after the first
pericline division (Fig. 61). At later stages, the staining pattern become limited to a group of cells
at the base of the primordium that might be derived from P1 (Fig. 6J, Fig. 7H). At stage VI,
staining is clearly observed in elongated shaped-cells at the center of the primordium (Fig. 6K).
Before emergence, staining in those cells reveals that these cells continue to elongate (Fig. 6L).
Expression territory might include as well the newborn rootlet pericycle tissue (Fig. 71). Staining
seem to be stronger expressed in this tissue than in elongated cell at the center of the

primordium (Fig. 7J). This pattern is not seen on the cross section in Fig. 6L.

Cortex

Marker line pLaPEP:GUS is not expressed in the first stages of rootlet development (Fig.
6M). At stage V, a faded expression can be observed in the tip of the primordium when divisions
are seen in the cortex (Fig. 6N). This expression profile persists at stage VI (Fig. 60, Fig. 7M).
Before emergence, staining is expressed in 3 to 4 cortical cell layers at the edges of the
primordium but is not expressed in all cortical cell files nor in the initials of these files (Fig. 6P,

Fig. 7N).

Endodermal, stellar and cortical marker lines show GUS staining in the expected rootlet layers.
At stage VI, the primordia seem to be organized into distinct cell files that would be the stele,
the endodermis and the cortex. The transition from stage V to stage VI seems to be crucial for

establishment of the radial patterning of the rootlet.

Discussion

Rootlet primordium formation involves division in endodermis, cortex and vascular
parenchyma

In angiosperms, despite the fact that pericycle cells facing xylem pole are the most
important cells contributing to LR, other tissues including endodermis, cortex or vasculature
have been reported to participate to LR patterning (Torres-Martinez et al., 2019). White lupin

can develop specialized post-embryonic root, named rootlets that are not found in Arabidopsis,
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emphasizing the fact that studies on this type of roots cannot be directly compared to
Arabidopsis lateral root.

Numerous dicots from Fabaceae (Mallory et al. 1970; Byrne et al. 1977; Op den Camp
et al. 2011; Herrbach et al. 2014) and Solanaceae (lvanchenko et al., 2006) were reported to
show endodermal divisions, as well as several species from monocots families like Poaceae (Bell
and McCully 1970; Jansen et al. 2012; Orman-Ligeza et al. 2013) and Amaryllidaceae (Casero et
al., 1996). In the endodermis, like in the pericycle, the first divisions were anticlinal. Anatomical
studies of maize and barley (Bell and McCully, 1970; Orman-Ligeza et al., 2013), Medicago
truncatula (Herrbach et al., 2014) and Solanum lycopersicum (lvanchenko et al., 2006), showed
that anticlinal division in the endodermis appears as early as stage Ill LRP. In white lupin
endodermis, these divisions are also observed (Fig. 1C,D). Later on, the cells derived from the
parental endodermis layer undergo periclinal divisions. Two or more layers from endodermal
origin can results from these divisions (Demchenko and Demchenko, 2001; Bell and McCully,
1970; lvanchenko et al., 2006; Orman-Ligeza et al., 2013). These endodermal derived cells can
either contribute to the structure of LRP, or form a temporary structure that will be replaced
by a permanent structure derived from pericycle tissue after emergence. In Cucurbita maxima,
the endodermis participates to the cortex, the epidermis, the root cap and vascular tissues of
the lateral root (Mallory et al., 1970). In maize and tomato, two layers derived from the
endodermis form a temporary structure with a cap-like structure, which is sloughed-off just
before or after LR emergence (lvanchenko et al., 2006; Bell and McCully, 1970). This structure
has been described as a “poche digestive” (french for digestive pocket) or “Tasche” (german
for pocket) (Péret et al., 2009a). It was suggested that this structure produce hydrolyzing
enzymes that facilitate the passage of the primordium through the parental tissues (Karas and
McCully, 1973). These enzymes were thought to help the progression by modification of the
cell wall composition in the overlaying cells (Péret et al., 2009a). Coupled with enzyme release,
destruction of the integrity of endodermal cell files on the flanking borders, was observed just
before emergence (Clowes 1978). In white lupin, the degradation of the endodermal cells at
the base of LRP was observed at stage VI (Fig. 1G). This observation suggests that endodermis
may facilitate rootlet crossing through cortical layers. Whether the endodermis derivates
participate or not in the final structure of the rootlet primordium cannot be determined solely

based on anatomical studies.
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In more complex cases, cell divisions can also be observed in the overlaying cortex (llina
et al.,, 2018; Herrbach et al., 2014; Demchenko and Demchenko, 2001). These intriguing
divisions in cortex are observed on white lupin cluster root sections. Recruitment of the cortex
to the LR formation is still unclear. Whether these divisions participate to the permanent body
of the rootlet in white lupin or are unrelated to rootlet formation is a question that needs to
be addressed. Division in the inner cortex is often observed in Fabaceae species (Herrbach et
al., 2014; Op den Camp et al., 2011; Mallory et al., 1970; Byrne et al., 1977) while participation
of several cortex layers is characteristic of Cucurbitaceae species (llina et al., 2018; Mallory et
al., 1970). In certain species from these families, both endodermis and cortex can divide to
form a root-cap like structure (Torres-Martinez et al., 2019). This root cap structure was
suggested to play a protective role for the core of pericycle derivatives that crosses the parent
root by limiting mechanical damages (Karas and McCully, 1973). Another additional role for
these divisions is to facilitate the primordium crossing and emergence (Péret et al. 2009;
Orman-Ligeza et al. 2013). White lupin rootlet primordium has to cross at least 4 layers of
cortex to emerge, which is particularly challenging for emergence process to happen. Divisions
in the overlaying cortex produce small cells that might ease emergence of rootlet primordium.
Besides, another potential role for these divisions is related to quiescent center establishment.
Organization of a quiescent center within the developing primordium need proliferating cells
(Malamy and Benfey, 1997; Torres-Martinez et al., 2019). In lupin, numerous cells are dividing
in the pericycle, endodermis and cortex and may meet this need for cell proliferation. This
active proliferation as shown with CycB1;1:GUS (Fig. 6A-D) marker may lead to temporary
establishment of quiescent center in rootlet primordium, before meristem exhaustion
(Shishkova et al., 2008).

Vascular parenchyma, a tissue of the vascular cylinder can participate in primordium
organogenesis by connecting the newborn primordium to the parent vasculature. Contribution
of vascular parenchyma is seen both in monocots (Bell and McCully, 1970; Clowes, 1978) and
dicots (Byrne et al. 1977; llina et al. 2018). In particular, in dicots, periclinal divisions were
observed in soybean as early as stage Il LRP (Byrne et al., 1977). Eventually, these divisions lead
to the formation of several cell files that connect the LRP to the parent root. Also, mitotic figures
were observed in Cucurbita pepo in parenchyma cells (llina et al. 2018). During zucchini LRP
organogenesis, the parenchyma cells continue to divide and increased number of parenchyma

cells, as well as enlargement of the primordium base is observed. In white lupin, first periclinal
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divisions in cluster root vasculature were observed at stage IV rootlet primordium.
Interestingly, vascular parenchyma contribution was also noticed in Medicago truncatula at
stage IV LRP (Herrbach et al., 2014). However, vascular parenchyma involvement during LRP
development in Arabidopsis has not been reported and not described (Malamy and Benfey,
1997). Altogether, our results shows that several tissues of the cluster root may contribute to

the development of rootlets or facilitate the crossing of tissues.

A model for rootlet patterning

We are trying to understand the complexity of rootlet primordium patterning. In the
model plant Arabidopsis, primary and lateral root primordium share anatomic similarities (Tian
et al., 2014). Moreover, many genes governing root apical meristem formation are also
involved in lateral root primordium formation (Du and Scheres, 2017b; Hofhuis et al., 2013;
Lucas et al., 2011; Di Laurenzio et al., 1996; Forzani et al., 2014; Goh et al., 2016). Despite the
fact that root development seems to be an iterative process, very few studies focused on
tertiary root. In particular, little is known about the processes that control tissue contribution
during rootlet patterning.

A rootlet primordium develops through a highly ordered number of divisions. The first
visible step of rootlet development is initiation, which is known to involve a series of molecular,
cellular and anatomical events (Vermeer and Geldner, 2015; De Smet, 2012). Initiation starts
with nuclei migration in two adjacent lateral root founder cells and continues with an
asymmetric division. Although it is difficult to follow nuclei migration without the use of a
dynamic approach, first asymmetric division in a founder cell is visible in white lupin (Fig. 1B).
This first division is considered to be tightly regulated and is fundamental for the subsequent
developmental stages (Von Wangenheim et al., 2016). Rootlet initiation is pursued with the
appearance of periclinal divisions in pericycle cells. These divisions are easily identifiable on
root section with a uniseriate pericycle because the cells that divide are distinct from the rest
of the flanking pericycle cells.

In the next steps of primordium development, cells proliferate to establish a self-
organizing primordium that creates a structure comprising all root layers (Von Wangenheim et
al., 2016). If lateral root primordium has a layered structure similar to primary root meristem,

it is expected that such structure would be conserved in third-order roots. In order to see
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whether this hypothesis is right, each cell layer must be assigned an identity. It is possible to
determine tissue identity with the use of marker lines. Over the past 20 years, many promoters
with tissue-specific activity have been identified in Arabidopsis and other angiosperm species
(Marques-Bueno et al., 2016). With the amount of genomic and transcriptomic data that is now
available in white lupin, it is possible to identify lupin orthologous gene to one’s favorite gene.
This advances led us to identify endogenous lupin promoters to drive reporter gene and follow
establishment of rootlet tissues. The use of these tissue-specific marker line make it possible
identify tissue identity through rootlet development. Tracking promoter expression pattern
allows to follow the fate of particular groups of cells in the primordium rof rootlet. Tissue layers
present in stage VII primordium rootlet can be traced back to the tissue layers in young
primordium rootlet. As was done for Arabidopsis LRP (Malamy and Benfey, 1997), we propose
to deduce cell lineage in the rootlet primordium.

In the rootlet primordium, the tissues forming the stele may be derived from two
different tissues of the lateral root. The vascular tissues seem to be derived from divisions in
the pericycle and in the parenchyma tissues of the lateral root. Note the periclinal division in
the parenchyma (Fig. 8F, StlV, black arrow) and the cells that elongate at the base of the
primordium at stage V like typical vascular cells (Fig. 8G, StV, black arrow). In contrast, the
pericycle of the rootlet might be derived from the P2 layer in the primordium, after the first
periclinal division in pericycle at stage Ib. The cells belonging to the endodermis and inner
cortex of the rootlet might be derivatives from the cluster root endodermis, and may separate
at stage VI via a periclinal division in the E1 layer (white arrow, Fig. 8H). These two tissues
connect with a single cell that might be the cortex/endodermal initial (Fig. 8H, StVI, red arrow).
The outer layers of cortex may be defined after periclinal divisions in the cells derived from the
E2 layer. The epidermis and root cap of the rootlet primordium are possibly derived from cells
of the inner cortex of the lateral root (Fig. 8G, StV) and may separate after subsequent divisions
in this layer. Quiescent center position may be inferred from pLaSCR1:GUS pattern expression.
In Arabidopsis, AtSCR and quiescent center markers are simultaneously expressed in OL2 at
stage V (Goh et al., 2016). Indeed, de novo formation of the quiescent center in LRP depends
on a SCR-mediated formative cell division. White lupin quiescent center is possibly positioned
in the abutting cell of the endodermis and inner cortex located at the tip of the primordium at
stage VII (Fig. 81, StVII, red stars). Altogether, the model for rootlet development suggests that

the core of rootlet primordium would be derived from the cluster root pericycle and
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Fig. 8. Schematic representation of rootlet primordium development in white lupin. Scheme based on
longitudinal sections of white lupin cluster root shown in Fig. 1. Drawings were made by tracing all cells
present in the longitudinal sections. Images indicate divisions and appearance of cell layers at each
developmental stage. Colors indicate putative cell lineage in the growing rootlet primordium from stage |
to stage VII. (A-E) Early stages of rootlet development. StO (A) Pericycle and endodermis before the first
division. Stla (B) First two asymmetrical divisions are seen in the pericycle. Stlb (C) A periclinal division in
the pericycle gives rise to two layers, P, and P,. Stll (D) A periclinal division in the endodermis gives rise to
two layers E; and E,. Stlll (E) Anticlinal divisions in the adjacent cortex. (F-1). Rootlet patterning and tissue
differentiation. StIV(F), StV(G) Divisions are observed at the base of the primordium (black arrows). StVI (H)
Differentiation of tissue layers inside the rootlet primordium. White arrow points out the presumptive
division in the endodermis/cortex initial, while red stars indicate the position of cortical layers. StVIII (1) The
organisation of the rootlet primordium is reminiscent of the primary root meristem. Scale bar: 50 um.



endodermis, while the protective forming layers of the epidermis and the root cap arised from

divisions in the inner cortex of the cluster root.

Materials and methods

Plant materials and growth conditions

Seeds of white lupin (Lupinus albus L. cv. Amiga) calibrated at 7 mm were used in all
experiments. White lupin plants were cultivated in growth chambers under controlled
conditions (16 h light / 8 h dark, 25°C day / 20°C night, 65 % relative humidity, and PAR intensity
200 umol.m™.s1). The hydroponic solution was modified from (Abdolzadeh et al., 2010)
without phosphate, and was composed of: MgSQ04, 54 uM; Ca(NOs)2 400 uM; K2SO4 200 puM;
Na-Fe-EDTA 10 uM; H3BO3 2.4 uM; MnS040.24 uM; ZnSO4 0.1 pM; CuSO4 0.018 uM; Na2MoO4
0.03 uM. Plants were grown either in 1,6 L pots or 200 L tanks. Solution was aerated

continuously. For plants in pots, the nutrient solution was renewed every seven days.

Molecular cloning

The primers to amplify the promoter sequences of LaSCR1, LaWOL, LaPEP, LaGL2, LaEXP7 were

designed using Primer3plus (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi). All primers sequences used are summarised in table. S3.

Primers were used to amplify at the minimum 1500 bp upstream of the start codon from white
lupin genomic DNA. Sizes of all the promoters amplified are summarized in Table. S3. AttB1 (5'-
GGGGCCAAGTTTGTACAAAAAAGCAGGCT-3') and attb2 (5-
CCCCCCACTTTGTACAAGAAAGCTGGGT-3’) adapters were added in the primers. Amplified
fragments were subsequently cloned into the pDONR221 by Gateway reaction. The promoters
were then cloned into the binary plasmid pKGW-FS7 containing a GFP-GUS fusion by Gateway

cloning.

Bacterial strain

Agrobacterium rhizogenes strain ARqual was used to perform hairy root transformation of

white lupin. Bacteria were transformed with the binary plasmid by electroporation.
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Transformation was confirmed by PCR and sequencing. LB agar plates added with sucrose 2%,
acetosyringone 100 uM and appropriate antibiotics were inoculated with 200 uL of liquid
bacteria culture, and incubated at 28°C for 24 hours to get a bacterial lawn. Bacterial lawn was

used for white lupin seedling transformation.

Hairy root transformation of white lupin

White lupin seedlings were transformed with a protocol that was adapted from a protocol
previously published (Uhde-Stone et al., 2005). White lupin seeds calibre 8 mm were surface
sterilised by 4 washes in osmosis water, 30 min sterilization in bleach (Halonet 20%) and
washed 6 times in sterile water under sterile conditions. Seed were germinated on half
Murashige and Skoog medium (pH was adjusted to 5.7). After germination, radicles of 1 cm
were cut over 0.5 cm with a sterile scalpel. The radicles were inoculated with the
Agrobacterium rhizogenes lawn. Fifteen inoculated seedlings were placed on square agar plates
(0.7% agar in 1X Hoagland solution) containing 15 pg.mL™ Kanamycin. Composition of Hoagland
medium without phosphate was the following one: MgSQ4, 200 uM ; Ca(NOs )2 400 uM ; KNO3
325 uM ; NH4Cl 100 uM ; Na-Fe- EDTA 10 pM ; H3BO3 9.3 pM ; MnCl; 1.8 uM ; ZnSO4 0.17 uM
; CuS04 0.06 uM ; Na;MoO04 2.3 uM. Plates were placed vertically in controlled conditions: 16 h
light / 8 h dark, 25°C day / 20°C night, 65 % relative humidity, and PAR intensity 200 pmol.m™2,
s71. After 7 days on plates, 60 seedlings were transferred to 12x16.5x5.5 cm trays (20 seedlings
per tray) and watered with 500 mL osmosis water. After 12 days, plants presenting hairy roots
were transferred to hydroponics in 1.6 L pots containing nutrient solution. Nutrient medium
was renewed each week. After 7 days in hydroponic conditions, CRs were sampled on hairy

root plants.

Histochemical analysis

Histochemical staining of B-glucuronidase was performed on CRs from hairy root plants.
Samples were incubated in a phosphate buffer containing 1 mg.mL™* X-gluc as a substrate (X-
Gluc 0.1 %; phosphate buffer 50 mM, pH 7, potassium ferricyanide 2 mM, potassium
ferrocyanide 2 mM, Triton X-100 0.05 %). Zone of CRs with non-emerged rootlets were cutted

into 4 to 5 sections and fixed (formaldehyde 2%, glutaraldehyde 1%, caffeine solution 1%,
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phosphate buffer at pH 7). Fixation was performed for 2.5 h under agitation at room

temperature and then 1.5 h at 4°C.

Miscroscopic analysis

Prior to embedding, roots were progressively dehydrated in ethanol solutions with increased
concentrations: 50% (30 min), 70% (30 min), 90% (1 h), 95% (1 h), 100% (1 h), 100% (overnight).
Samples were impregnated with 50% pure ethanol and 50% resin (v/v) for 2 days, then in 100
% resin for 5 days. CRs were embedded in Technovit 7100 resin (Heraeus Kulze, Wehrheim,
Germany) according to the manufacturer’s recommendations. Thin sections of 10 um were
produced using a microtome (RM2165, Leica Microsystems) and counterstained for 30 min
with 0.1% ruthenium red and rinsed two times with ultrapure water. All sections were observed
with a colour camera on epifluorescence microscope (Olympus BX61 with Camera ProgRes C5
Jenoptik and controlled by ProgRes Capture software). Macroscopic photographs of whole CRs

were taken with stereomicroscope (SZX16, Olympus).

Phylogenetic trees

White lupin cDNA-deduced protein sequences were retrieved from our white lupin genome
sequence tool (https://www.whitelupin.fr/). Arabidopsis protein sequences were extracted

from TAIR database (https://www-arabidopsis-org.insb.bib.cnrs.fr/) and protein sequences

from Lupinus angustifolius, Medicago trunctula, Cicer arietinum, Glycine max were downloaded

from NCBI database (https://www.ncbi.nlm.nih.gov/protein).

Phylogenetic tree were generated with online phylogenetic tool designed by LIRMM

(http://phylogeny.lirmm.fr/phylo cgi/simple phylogeny.cgi?workflow id=342ed8d50407424

80134127e81eled09&tab index=1). The bootstrap consensus tree was inferred from 500

replicates. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates were collapsed. Trees were customized wusing the iTOL interface

(https://itol.embl.de/upload.cgi).

77



pAtWOL PAtSCR

Fig. S1. Expression profile of 5 Arabidopsis thaliana tissue-specific genes in the primary root (Marqués-Bueno
et al, 2016). (A) WOODEN LEG (WOL) is expressed in the stele and mainly in pericycle cells. (B)
SCARECROW (SCR) expression is observed in the endodermis and the quiescent center. (C) PEP expression
is seen in the cortex in the transition and elongation zones. (D-E) EXPANSIN7 (EXP7) and GLABRA2 (GL2)
are expressed in the root in the trichoblasts and atrichoblasts respectively. Scale bar is 50 um.
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Fig. S2. Neighbour joining tree showing relationship of white lupin protein sequences and other legumes
protein sequences. The trees were constructed using the Neighbor-Joining method using the phylogeny
tool from LIRMM (http://phylogeny.lirmm.fr/phylo cgi/index.cgi). The bootstrap consensus tree was

inferred from 500 replicates. Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates were collapsed. The analysis was performed using amino acid sequences extracted
from white lupin genome (https://www.whitelupin.fr/) and from NCBI (https://www.ncbi.nlm.nih.gov/)
for other legume species.




Expected

Promo’Fer Reference Gene Atg Lupin Promotor tissular
name in per number (or promotor o= (o) expression in
Arabidopsis pap other source) name P P
roots
Coldn Dividing cells
AtCYCB1;1 Carmona et At4g37490 - 1800 at G2/M
al (1999) phase
Marques- .
AtSCR1 Buenoetal | At3g54220 LaSCR1 1510 ePne dr(')cdygr‘fn/e
(2016)
Marques-
AtWOL Buenoetal | )001830 LawoL 1570 Pericycle
(2016)
Marques-
Bueno et al
AtPEP LaPEP 1540 Cort
(2016) At1g09750 a ortex
Marques-
AtGL2 Buenoetal | 11679840 LaGL2 1499 Epidermis
(2016)
Marques-
AtEXP7 B”(eznoolz; 3| At1g12560 LaEXP7 1499 Epidermis

Table S1. Description of the marker genes in this study. White lupin genes name, promoter length and
expected tissular expression of all promoter tested are described.




Number of | % of positive | Number of % CR with % CR with a

plants plants cluster roots positive specific GUS
tested (among tested for GUS staining
tested GUS staining
plants) staining
AtCYCB1;1 55 25 28 75 98
LaSCR1 32 50 45 80 95
LaWwOL 35 40 40 68 93
LaPEP 35 51 33 60 90
LaGL2 38 82 28 73 96
LaEXP7 37 54 25 84 93

Table S2. Hairy root transformation efficiency, GUS staining efficiency and pro:GUS tissue staining
specificity.



Gene name
identifier

(ID number)

Primer
name

Primer sequence (5" -> 3’)

LaSCR1 | Lalb_Chr19g0123861 | LaSCRlextF |AAATGTATTAATTGGAGCAACAAAAG
LaSCR1 | Lalb_Chr19g0123861 | LaSCR1lextR |GCACTAGTCAAAGGACTACC
GGGGACAAGTTTGTACAAAAAAGCAGGCAGGA
LaSCR1 | Lalb_Chr19g0123861 |LaSCR1AttB1F GTTTGGCACAGCGATTTA
CCCCCCACTTTGTACAAGAAAGCTGGGTCCCATC
LaSCR1 | Lalb_Chr19g0123861 [LaSCR1AttB2R GAAGCCATGTTATGTG
LaWOL | Lalb_Chr05g0222031 | LaWOLextF [TGGAAGGTACATGGG G
LaWOL | Lalb_Chr05g0222031 | LaWOLextR [AAGCTCTCTGTGCCTGAATG
GGGGACAAGTTTGTACAAAAAAGCAGGCTCACT
LawOL | Lalb_Chr05g0222031 | LaWOLAttB1F GGTCCGOTCAAAAAG
CCCCCCACTTTGTACAAGAAAGCTGGGTCAGCAA
LawOL | Lalb_Chr05g0222031 |LaWOLAttB2R AAAATTATCTTTGCTTAGTTTC
LaPEP Lalb_Chr11g0065071 LaPEPextF |TGAACCGTTAGATCTGTGACTG
LaPEP Lalb_Chr11g0065071 LaPEPextR  [AGGTCTGAGTCATCGGTTTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTCAAG
LaPEP Lalb_Chr11g0065071 | LaPEPAttB1F AGTGCCATTA GTTGGAG
CCCCCCACTTTGTACAAGAAAGCTGGGTGGTTGA
LaPEP Lalb_Chr11g0065071 | LaPEPAttB2R T AGAATAGAAGGAAAAGAGG
LaGL2 Lalb_Chr17g0339971 LaGL2extF |JATGCACATTACTATACTACATCCTC
LaGL2 Lalb_Chr17g0339971 LaGL2extR  |GAAGGGTAATGGGTC GG
GGGGACAAGTTTGTACAAAAAAGCAGGCGTATC
LaGL2 Lalb_Chr17g0339971 | LaGL2AttB1F AAGATTTGATTTCCCTA c
CCCCCCACTTTGTACAAGAAAGCTGGGTACTTCT
LaGL2 Lalb_Chr17g0339971 | LaGL2AttB2R AGTTCTGGGTTTCTCTC
LaEXP7 | Lalb_Chr05g0214711 | LaEXP7extF |AGGGCTGACAATGAAAATGGG
LaEXP7 | Lalb_Chr05g0214711 | LaEXP7extR |CGCAGAAGCAGTCTCATCAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGGAT
LaEXP7 | Lalb_Chr05g0214711 |LaEXP7AttB1F GCTGATGCGAAATTGCTTGTTTACGA
CCCCCCACTTTGTACAAGAAAGCTGGGTGGCTAA
LaEXP7 | Lalb_Chr05g0214711 |LaEXP7AttB2R GCTTGGATATGTGCT
- - M13F TGTAAAACGACGGCCAGT
- - M13R CAGGAAACAGCTATGACCATG
- - FS7-F-V2  JACGTGACTCCCTTAATTCTC
- - eGFP-R-out |TAGGTCAGGGTGGTCACGAG

Table. S3. List of primers used for molecular cloning




CHAPITRE 3

Identification de génes impliqués dans la

formation des racines protéoides
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Avant-propos

Dans ce troisieme chapitre, nous avons cherché a comprendre les mécanismes
moléculaires qui régulent les étapes précoces de la formation des rootlettes chez le lupin blanc.
Afin d’identifier des genes susceptibles d’étre impliqués dans ces stades, I'équipe a généré un
transcriptome détaillé couvrant les différentes étapes développementales de la formation des
rootlettes (Post-Doctorante Barbara Hufnagel). Les données de séquencage ont été
assemblées par notre bioinformaticien (Alexandre Soriano). J'ai par la suite analysé les niveaux
d’expression issus de ce transcriptome en me focalisant sur les premiers stades de
développement. L'analyse des niveaux d’expression a permis d’établir des listes de genes qui
sont induits avant et pendant l'initiation des rootlettes. Ces génes ont montré un patron
d’expression spécifique et étaient plus exprimés au cours des premieres étapes de la formation
de ces racines. Ces listes comprenaient des facteurs de transcription et des kinases, qui sont
connus pour jouer un role important dans les processus développementaux. Une dizaine de ces
genes ont ainsi été sélectionnés pour la réalisation d’un crible fonctionnel. La fonction putative
des genes candidats a été étudiée grace a la technologie CRES-T (Chimeric Repressor
Gene Silencing Technology) ou I’ARN interférent chez le lupin blanc. Des analyses
phénotypiques et moléculaires ont montré que plusieurs de ces génes pourraient participer

aux réseaux de genes qui contrélent la formation des rootlettes.
Le chapitre suivant est présenté sous la forme d’un article scientifique. Cet article met

I"accent sur les mécanismes moléculaires du développement précoce des rootlettes et souligne

I'importance de certains facteurs de transcription pendant leur formation.

79



Article 3: Identification of gene involved in early steps of cluster root formation

Cécilia Gallardo?!, Barbara Hufnagel?, Alexandre Soriano?!, Quentin Rigal!, Fanchon Divol?,
Laurence Marqués?, Patrick Doumas?, Benjamin Péret®”

IBPMP, CNRS, INRA, Montpellier SupAgro, Univ Montpellier, Montpellier, France

Correspondence

“Corresponding author, e-mail: benjamin.peret@cnrs.fr

Abstract

One of the main strategies used by plants for the effective acquisition of phosphate is
the formation of cluster roots (CR). Cluster roots are lateral roots forming one or several
cluster(s) of small roots with determinate growth called rootlets. Understanding these
mechanisms is important to understand how root plasticity is shaped by the environment. In
this study, the molecular events involved in early steps of CR development were investigated.
We used RNA-seq technology to describe the changes in gene expression during the course of
CR development in white lupin. Transcriptome analysis revealed the existence of a dynamic
network across the early stages of cluster formation. We identified a total of 111 and 216 genes
whose expression is induced in cluster roots prior and during initiation respectively. Several
transcription factors and a kinase with a previously known function in lateral root formation
display increased level of their expression compared to regular lateral roots (without rootlets).
To investigate the function of these genes, we produced a dominant repressor version of the
transcription factors (Chimeric Repressor Silencing Technology) and used RNA silencing to
down-regulate the expression of a white lupin kinase candidate. Our results indicate that 3
lupin genes may participate to the control of rootlet initiation or early patterning. Overall, this
study provides new insights into the molecular events that control the exacerbated
development of white lupin cluster roots. White lupin can serve as a model-species to discover
the molecular mechanisms that trigger CR development.

Key words: rootlet, cluster roots, white lupin, root development, transcription factor, SRDX.
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Introduction

Plants are sessile organisms that deal continuously with the heterogeneity of nutrients
available in the soil. To overcome this heterogeneity, plants have acquired the ability to
modulate the development of their root system. The geometry of the root system, or root
system architecture (RSA) is therefore highly plastic (Hodge, 2004) and is determined mainly
by primary root growth and de novo organogenesis of lateral roots (LR) (Tian et al., 2014; Banda
et al., 2019). Developmental plasticity is strongly beneficial to plants, especially in soil where
nutrients are poorly available or became scarce due to overexploitation. Indeed, plastic
responses of the root system can enhance physiological ion-uptake in nutrient-rich patches
(Neumann and Martinoia, 2002). These responses are important adaptive strategy to P-
depleted soil, and include the formation of specialized organs such as cluster roots (Lambers et
al., 2006).

Cluster roots are secondary root organs and are considered to be one the three main
adaptations of plants to nutrient acquisition, along with nodules that allow N; fixation and
mycorrhiza that provide hosts plants access to organic P and N forms (Neumann and Martinoia,
2002). Cluster roots correspond to secondary roots or lateral roots, that can form numerous
short roots with limited growth called rootlets (Skene, 2003). One main recognizable feature of
these organs is the presence of numerous rootlets at successive developmental stages in the
cluster zone (Sbabou et al., 2010). These short roots are formed when phosphate (Pi) starvation
is maintained and results from a massive and quick initiation of new roots from cluster roots
tissues (Neumann et al., 2000). Rootlets initiate at every protoxylem poles in the cluster root
zone while lateral roots are known to be initiated randomly from pericycle cells of primary roots
(Johnson et al., 1996; Hagstrom et al., 2001). Therefore, cluster roots may be regarded not as
typical lateral roots but as specific lateral roots with an exacerbated development

Of the species that form cluster roots, white lupin (Lupinus albus L.) has been
extensively studied and used as a model to understand the physiological changes associated
with their formation (Watt and Evans, 1999b). Indeed, the large secretion of organic chelators
such as citrate and malate, as well as enzymes (phosphohydrolases) and protons from mature
rootlets is known to mobilize Pi adsorbed on soil particles making it available for white lupin
(Lambers et al., 2013). In the past twenty years, many progresses have been made to

understand the metabolic changes linked to this “exudative burst”, using physiological assays
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(Watt and Evans, 1999a; Massonneau et al., 2001) and the molecular characterization of the
genes involved in these changes (Peflaloza et al., 2002). Recently, genome wide transcriptomic
studies has provided new insights into the molecular mechanisms controlling these metabolic
modifications (O’Rourke et al., 2013a; Wang et al., 2015a; Zanin et al., 2019). These studies
highlighted the effect of the environment on cluster root function and have revealed a key
implication of hormones in their development. However, the molecular mechanisms
controlling the effect of the environment on cluster root formation are still unknown.

In the present study, we investigated the molecular mechanisms of white lupin cluster
root development to understand how environmental cues can induce strong initiation of lateral
roots. The fundamental molecular players of lateral root development have been originally
discovered in Arabidopsis thaliana (Péret et al., 2009b; De Smet et al., 2006). The early events
determining the ability of cells to form LR occur in the primary root tips. This succession of
events start with priming which involves a massive oscillatory expression of thousands of genes,
and leads to the formation of LR pre-branch sites and subsequent specification of LR founder
cells (Moreno-Risueno et al.,, 2010). Molecular evidences suggest that LATERAL ORGAN
BOUNDARIES DOMAIN16 (LBD16) is required for LR priming during the oscillation (Moreno-
Risueno et al.,, 2010), while MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4) may
convert LR pre-branch sites into competent sites to form LR after the oscillation (Xuan et al.,
2015). Later on, specified LR founder cells perceive auxin and are triggered to divide (Casimiro
et al., 2001). This first asymmetric division is critical for LR formation and requires the
progression of pericycle cells into the cell cycle (Feng et al., 2012) and the activation of the
nuclear migration (Goh et al., 2012), as mediated by LBD29 and LBD16 proteins respectively.
Following this division, the LBD16-dependant induction of PUCHI, contribute to LR primordium
morphogenesis by controlling the pattern of division during early stages (Hirota et al., 2007;
Goh et al., 2019). This organogenesis is largely dependent on auxin flux direction, canalized by
PIN proteins (Benkova et al., 2003), and the transduction of the auxin signal (Du and Scheres,
2017a).

Here, in order to understand the molecular regulation of Pi-induced cluster root
formation, we generated a detailed transcriptomic dataset of white lupin cluster root
development. Our RNA-seq was produced to cover 12 successive stages of their development,
from organ initiation to post-emergence growth. Based on this data, 9 candidate genes, mostly

transcription factors that are strongly expressed during early stages of rootlet development,
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were selected. Interestingly, this shortlist of genes included known regulators of lateral root
formation but also genes for which a function in lateral root patterning has not been yet
described. To investigate the function of these transcription factors, we took advantage of the
Chimeric Repressor Silencing Technology (CRES-T) (Ohta et al., 2001; Hiratsu et al., 2004), that
allows the silencing of multiple targets of transcription factors and has been used to resolve
experimental issue related to functional redundancy of transcriptional families (Eklund et al.,
2010; T. Goh et al., 2012). RNA interference, which has been successfully employed to silence
white lupin genes (Uhde-Stone et al., 2005), was complementary used to down-regulate the
expression of the white lupin gene LaMAKR4. The constructs were used to transform white
lupin roots and were delivered via Agrobacterium rhizogenes. Our results suggest that some of
the genes that were selected may have a function related to rootlet development during early

stages.

Results

Differential gene expression due to rootlet formation

The remarkable ability of white lupin to initiate numerous rootlets led us to question
about the molecular events controlling their formation. With the aim to identify genes
regulating early steps of rootlet development, a detailed transcriptomic dataset of 12
successive developmental stages of cluster roots was generated. We took advantage of the fact
that cluster roots are consistently produced at a precise location in the root system. Phenotypic
analysis showed that the highest number of clusters appears on cluster roots at a location
situated between 1 cm and 1.5 cm away from the primary root. (Gallardo et al., 2018). To
determine the developmental stages associated to each sample, we observed cluster root
anatomy at each harvested stage (Fig. 1A). Rootlets seem to be initiated 24 hours after the
beginning of sampling, after which primordium became organized and emerged (48h).
Following the emergence process, rootlets grow until their meristem differentiate, and became
fully covered with root hairs (120 h).

To confirm the developmental stages associated to the early steps of cluster root
formation, we produced root sections of the developmental zones used for the RNA-seq survey

up to 36 hours (Fig. 1B). No developmental events associated to rootlet formation was
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observed in the TO and T12 CR parts, suggesting that only molecular events are taking place at
these stages. The presence of stage Ib primordia in T24 CR sections confirmed that rootlets are
initiated 24 hours after the beginning of sampling (Fig. 1B, Stlb). After initiation, cells actively
divide to form a dome-shaped primordium. (Fig. 1B, StV). This organ eventually develops into
a well-organized meristem (Fig. 1B, StVII).

We then performed a differential expression analysis by comparing transcripts found in
early steps of rootlet development (TO to T36) to lateral roots (defined as second order lateral
roots bearing no rootlet). To visualize the genes differentially expressed in early steps of the
cluster root development, we generated two matrixes showing the number of genes up-
regulated (Fig. 2A) or down-regulated (Fig. 2B) in the intersections of cluster root parts. In total,
our analyses identified 287 genes expressed by more than 3 fold in at least one pair-wise
comparison between early developmental stages and LR, and 555 genes expressed by less than
3 fold (File S1, Table S1 and S2). A gene ontology (GO) term enrichment analysis of these two
sets revealed that up-regulated genes were associated to developmental processes, while
down-regulated genes were mostly related to metabolic processes (Fig. S1). This observation
suggests a tight regulation of metabolic pathways during developmental processes such as cell
fate commitment and cell differentiation.

In addition, 29 transcription factor (TFs) families display differential expression in the
four cluster root parts compared to LR. The AP2-EREB family is the largest family up-regulated
in forming cluster roots (Fig. 2C). We identified 11 members of the AP2-EREB family showing
higher expression in CR section compared to LR. Interestingly, genes belonging to this family
are known to be involved in developmental processes including the specification of floral organ
identity or the formation of LR primordium (Riechmann and Meyerowitz, 1998). In contrast,
the NAC and MYB TF families show decreased expression compared to lateral roots. These two
TF families are large and display diverse functions in plants. NAC TFs were found to be related
to the response to environmental stresses or development processes (cotyledons, shoot apical
meristem and LR formation) (Olsen et al., 2005), while plant MYB proteins are involved in the
regulation of primary and secondary metabolism, cell fate and identity or developmental
processes (Dubos et al., 2010).

We performed hierarchical clustering on 287 genes up-regulated in forming CR
compared to LR, and found 5 five main clusters, with cluster 4 and 5 containing the majority of

genes (Fig. 3). Clusters 1 and 2 include genes with the highest expression at TO and decreased
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expression in T24 and T36 CR parts. In contrast, genes in cluster 4 have low expression at TO
and increased expression in T12, T24 and T36 CR sections. Clusters 4 and 5 have the same
expression profile but genes in cluster 4 show continuous increased expression between T24
and T36, whereas it is not the case for genes in cluster 5. Cluster 3 displays the smallest number
of genes among all clusters. These genes showed an atypical expression profile with a strong
expression between TO and T24 and a decreased expression between T24 and T36.

We then performed GO term enrichment analysis in each cluster independently (Fig.
S2). Cluster | showed enrichment of GO term related to the phenylpropanoid pathway and
lignin biosynthesis (TRA2, OMTI1), iron ion homeostasis (FRO2, ORG2, APTase9), root
development and meristem maintenance (LBD16, PUCHI, WOX5) (Fig. 3B, Fig. S2A, Table S3).
Up-regulation of genes involved in developmental processes correlates with the fact that
rootlet morphogenesis has started in TO to T36 CR parts. This results are also in agreement with
data showing that genes involved in Fe-acquisition are highly expressed in P-deficient roots
(Venuti et al., 2019). For cluster 2, we identified enrichment of GO term related to cell-to cell
junction assembly (CASP1,3,5) and lignin metabolism (DIR9, 16, 18, 25, PER64) (Fig. 3B, Fig. S2B,
Table S4). The genes coding for CASPs proteins exhibit rapid decrease of their expression from
TO to T36 CR parts, indicating differential regulation of casparian strip membrane domain
during early stages of rootlet formation. Similarly, expression patterns of DIR genes, which code
for proteins involved in lignin synthesis, suggest changes in the lignin biosynthesis pathway
between TO and T36 CR parts. In cluster 3, we identified a restricted number of GO term
enriched, associated to genes involved in carboxylic acid metabolism (Fig. S3C, Table S5). More
interestingly, we found genes that may be related to rootlet development including PUCHI, a
gene involved in the definition of LR primordium boundaries, a gene coding for a protein of the
LOB-domain family (LBD1) and an auxin signalling component (/AA30).

For cluster 4, including 84 genes, we identified enrichment of GO term related to
developmental processes (shoot and root organ development), regulation of transcription and
response to auxin (Fig. S3D, Table S6). Most of genes associated to the regulation of
developmental processes were either linked to the control of shoot organ development like
leaves, flowers and gynoecium (NGA1, LBD12, TCP2, CRF2) or root formation. Among these
genes, several transcription factors are known to be involved in the activity and the
maintenance of the lateral root meristem (PLT1, PLT4, WOX5), as well as the formation of the

root cap (SMB, FEZ). In addition, genes regulating auxin homeostasis (SRS5, SHI, WRKY23,
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YUCCA9) and auxin-signalling mediated pathway (ARF5, SAUR51) were up regulated compared
to LR in CR parts (TO to T36).

In cluster 5, main GO terms enriched were also associated to the regulation of
developmental processes (LEP, SAP, AGL8, bHLH93), auxin homeostasis (SRS5, SRS7, IAMT1)
and response to auxin (SAUR71, SAUR72) (Fig. S3E, Table S5). Interestingly, the enriched GO
term “single organism process” was including a cell-cycle gene (CYCD6;1) having a function in
the cortex/endodermis stem cell division and a gene belonging to the PLETHORA family (PLT3)
(Table S7). Altogether, these results support a strong link between auxin and developmental

processes during rootlet morphogenesis.

Selection of genes involved in early steps of rootlet development

The global analysis of the transcriptomic data led to the identification of genes involved
in late stages of rootlet development, in particular genes associated to the formation and
maintenance of the meristem. In order to identify genes regulating early stages of rootlet
development, we performed a second analysis on the assumption that these genes are
specifically induced during early stages of cluster root development. For this purpose, we
looked for genes (1) induced at early steps of CR formation and (2) exhibiting decreased or no
expression at more advanced developmental stages.

First, we searched for genes induced in the earlier steps of cluster root formation in
order to find genes that might be involved in pre-initiation events. To this end, we selected
genes for which 20% of transcripts were found in TO and T12 CR parts (gene exhibiting less than
500 reads in total were not selected). On the basis of this criterion, we identified a list of 111
genes induced in TO and T12 CR parts (File 1, Table S8). The expression profile of these genes
is shown in Fig. 4A and B. GO term enrichment analysis on this genes list showed that genes
highly expressed in TO and T12 CR parts were involved in ion transport, aromatic compound
biosynthetic process and the regulation of transcription (Fig. S2A, Table S9). Given the
important role of transcriptional regulators in developmental processes, we focussed our
attention on the subset of genes annotated as TFs. We identified 20 TFs belonging to 11 families
in this dataset (Fig. 4C). Among, all families, the MYB and bHLH TFs were the most abundant
genes. To assign a putative name and function to these genes, we relied on white lupin gene

annotation and compared the cDNA deduced white lupin protein sequences to Arabidospsis
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protein sequences. This analysis led to the identification of Lalb_Chr10g0098091, a gene
homologous to AtMYB124, which regulates PIN3 expression in the endodermis during LR
initiation (Chen et al., 2015). Interestingly, comparison of protein sequences between white
lupin and Arabidopsis also identified Lalb_Chr21g0307221 as an orthologous gene to AtMAKR4.
This gene, firstly identified by transcriptome profiling, is required for the conversion of pre-
branch sites into LR (Xuan et al., 2015). Protein sequences of Lalb_Chr10g0098091 and
Lalb_Chr2190307221 were found to be 47.82 % and 55.32 % similar to AtMAKR4 and
AtMYB124 respectively. These two genes were selected for further study (Table S10).

In parallel, we looked for genes involved in rootlet initiation and/or patterning. For this
purpose, we selected genes that were induced in T12 to T36 CR parts. Therefore, we filtered
genes for which 40% of transcripts were represented in T12 to T36 CR parts (gene exhibiting
less than 500 reads in total were not selected). This analysis led to the identification of 216
genes (File S1, Table S11), exhibiting similar expression pattern (Fig. 4D, E). This list was
enriched with GO terms associated to developmental processes, regulation of biosynthesis of
secondary metabolites and lignin, and response to auxin (Fig. S3B, Table S12). In this list, we
identified 42 genes belonging to 18 TF families. Amongst them, a shortlist of 8 TFs was selected
for further analysis. These genes were selected because of their particular expression profile
(Fig. 5). A subset of candidates was chosen for their homology with genes involved in LR
formation and they were named LalLBD16, LaLBD29, LaPUCHI (Table S13 and S14). Some other
genes did not display any root-related function but were chosen based on other criteria (Table
S13 and S14). These genes were named LaERF12, LaSTY1, LaNFY-B5 and LaNAC044. The

function of the previous genes was further studied by generating white lupin transgenic roots.

Generation of white lupin transgenic lines

To address the physiological significance of the 9 selected candidate genes and their
potential role in mediating rootlet formation, we conducted two approaches to either silence
gene or block the function of the candidate in planta.

In order to study the function of the 8 TFs, and avoid the limitations due to the
functional redundancy, we generated transgenic hairy roots of white lupin expressing a
dominant repressor version of these genes with the Chimeric Repressor Silencing Technology

(CRES-T). The coding sequence of the 8 genes lacking the stop codon was fused to the SRDX

87



Temporal data

1500

LaMAKR4

A

1000

500

0

0 12 24 36 4 6 72 & 9% 108 120 132

Lalb_Chr21g0307221
Lalb_Chr02g0153321

Lalb_Chr06g0164 141
Lalb_Chr21g0314491

E

1500

LaNFY-B5

1000
: T
7 -

500
-

PR

0 12 24 36 48 € 72 8 9% 108 120 132
Lalb_Chr13g0303701 Lalb_Chr02g0148201

0

LaLBD16

500

0 12 24 36 48 60 72 8 9% 108 120 132
e alb_Chr02g0142301 Lalb_Chr01g0019721

M

e Lalb_Chr06g016249 1

o LaPUCHI

2000

1000

0

0 12 24 36 4 60 72 8 % 108 120 132

= Lalb_Chr13g0303751 Lalb_Chr07g0177601

Lalb_Chr18g0055601 e Lalb_Chr 150086951

Q

10000

LaLBD29

0

0 12 24 36 48 60 72 8 % 108 120 132
e Lalb_Chr01g0019701 Lalb_Chr0220142291
Lalb_Chr01g0019721 Lalb_Chr0220142301
Lalb_Chr06g0162491

Fig. 5. Expression levels of lupin genes during rootlet development in

Spatial data Temporal data Spatial data

1000 5000 3000

LaMAKR4 LaMYB124

LaMYB124

2000

1000

S1

S5 S6 s7 0 12 24 36 48 € 72 8 % 108120132

S0 S1 S2 S3 s4 S5 S6 s7
= Lalb_Chr21g0307221 Lalb_Chr06g0164141 et | 3l Chr1080098091 Lalb_Chr04g0256211 Lalb_Chr10g0098091 Lalb_Chr04g025621 1
e | alb_Chr21g0314491 == Lalb_Chr02g0153321 Lalb_Chr17g0340501 Lalb_Chr17g0340501
1000
1000 1000
LaNFY-B5 F LaERF12 G LaERF12 H
T1T .71
0 500 T T T 500 I
-
T - T
T = i -
I < _
0 0 0
S0 S1 S2 S3 sS4 S5 S6 s7 0 12 24 36 48 60 72 8 % 108120132 SO S1 S2 S3 s4 S5 S6 S7
Lalb_Chr13g0303701 Lalb_Chr02g0148201 ———— Lalb_Chr18s0059441 Lalb_Chr2080 12163 Lalb_Chr18g005944 1 Lalb_Chr20g0121631
2000
0 LaLBD16

1000

LaNAC044

LaNAC044

K L

]

0

S0

S1 S2 3 S5 S6 s7 0 12 24 36 48 60 72 8 9% 108120132

O S1 2 83 0S4 S5 Ss6 ST
Lalb_Chr02g0142301 Lalb_Chr01g0019721 Lalb_Chr14g0362861 Lalb_Chr10g009973" Lalb_Chr14g0362861 Lalb_Chr10g0099731

———— Lalb_Chr06g0162491 1500

2000 LaPUCHI N LaSTY1 @) LaSTY1 p

2000

TT

1000

0

SO sI S22 &3 sS4 S5 S6 S7 0 12 24 36 48 60 72 8 9% 108120132 SO Ss1 S22 S3 s4 S5 S5 ST
Lalb_Chr13030375 1 Lalb_Chr07g0177601 Lalb_Chr23¢0266341 Lalb_Chr0%0322101 Lalb_Chr230266341 talb_Chr0%0322101
Lalb_Chr1 80055601 Lalb_Chr 1580086951 Lalb_Chr16g0377691 Lalb_Chr14¢0369671 Lalb_Chr16¢0377691 Lalb_Chr14g0369671
10000 R S N
LaLBD29 LaERF12 ;;ﬂ LaPUCHI
LaPUCHI as! 4‘% LaLBD29
LaNFY-85 LalBD16
LaSTY1 LaERF12
LaNAC044 LaNFY-B5
LalBD29 LaNAC044
LaMYB124 LaMYB124
—_—e—
0 fm—= =iE LalBD16 LaMAKR4
O S1 2 3 4 s s 7
LaSTY1
Lalb_Chr01g0019701 Lalb_Chr020142291 0] tamarre
FIATRFIIE5
Lalb_Chr01g00197211 Lalb_Chr06¢0 1624911

RNA-seq datasets. (A-R) Data

coming from temporal dataset are shown in graphs A to R in alternated columns. Y axis display gene
expression in normalized count. X axis represent either hours after the beginning of sampling (temporal
data) or a sample section number from 1 to 7 (spatial dataset). Genes for which coding sequences were
cloned are colored in red. For temporal data, data are mean % SD of eight CRs coming from 4 lupin plants

(n=8). For spatial dataset, data are mean *
Heatmap of the expressi

SD of ten CRs coming from 5 lupin plants (n=10). (S-T)
on profile of 9 selected candidate genes in temporal (S) and spatial (T) datasets.



repression domain, also known as EAR motif (LDLDLELRLGFA), and placed under the Cauliflower
Mosaic Virus 35S promoter. These converted TFs are expected to compete with the native TFs
to bind and regulate the expression of their target gene. Thus, expressing the dominant
repressor version of the TFs under a strong promoter ensure that the expression of their target
gene is suppressed dominantly over the activity of the native transcription factors.

To investigate the role of LaMAKR4 candidate, we produced white lupin hairy roots
expressing a long hairpin (hp) RNA to reduce the expression of LaMAKR4 by RNA interference
(RNAI). A 523 bp-fragment (245 to 739 bp) of the LaMAKR4 coding sequence (990 bp) was
amplified and cloned into the Gateway RNAi vector pK7-GWIWG?2 (ll), a vector that has been
shown to result in efficient RNAi silencing in lupin (Cheng et al.,, 2011). Lupin roots were
transformed with the MAKR4-RNAi construct. In parallel, roots transformed with a RNAI
construct targeting the white lupin RuBisCO gene, which is not expressed in lupin roots, and a

p355::GUS vector were used as positive controls of the transformation.

Phenotypic analysis of transgenic lines

To see whether our candidate genes are functionally involved or not in rootlet
development, we investigated the effect of each construct on rootlet formation. For this
purpose, white lupin composite plants were produced and the phenotype of 24 plants for each
construct and controls was analysed. After 12 days in hydroponics, the number of cluster roots
formed was assessed as well as the weight of the shoots and roots. Among the 9 transgenic
lines (Fig. 6 and 7), we showed that CR formation was strongly reduced in 3 transgenic lines
expressing the LaERF12, LaBD16, and LaSTY1 genes fused to the SRDX sequence (Fig. 6). This
reduction could be observed on the transformed root system of these lines, which did not
display the specific hairy root phenotype (Fig. 7). We also observed a reduction of CR number
in LaNFY-B5 plants. However, in this case, the observed phenotype was not reproducible
between biological replicates and we obtained fewer plants than for other construct (n=17).
Phenotypic comparison showed that p35S::LaERF12-SRDX, p35S::LalBD16-SRDX and
p355::LaSTY1-SRDX transgenic lines had a similar vigour than control plants transformed with
p35S::GUS vector. Indeed, average shoot (Fig. 6B) and root dry weight (Fig. 6C) was not
different between transgenic and control plants, resulting in a similar root to shoot ratio

between lines.
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p35S::GUS p35S::LaLBD16-SRDX

p35S::LaERF12-SRDX p35S::LaSTY1-SRDX

Fig. 7. Phenotype of white lupin composite plants compared to p35S::GUS control plants. The 3
dominant repressor lines p35S::LalBD16-SRDX, p35S::LaERF12-SRDX and p35S::LaSTY1-SRDX display a

strong reduction of the number of cluster roots formed. Images presented are representative of n=24
plants.



Discussion

Transcription factors involved in rootlet development

Cluster roots represent an important adaptation of the root system of plants coping
with poor availability of Pi. Investigating the molecular mechanisms underlying this
developmental process is important to understand how such organs are formed. Recently,
several studies have used RNA-seq technology to study global changes in gene expression in
white lupin cluster roots exposed to low Pi medium (Wang et al., 2014; Secco et al., 2014,
O’Rourke et al., 2013a). In our team, the recent sequencing of the white lupin genome and the
generation of a developmental transcriptomic dataset provided useful resources to analyse
cluster root development. In the present study, we investigated the early molecular
mechanisms involved in the formation of rootlet. For this purpose, we focussed our analysis on
transcriptomic changes occurring prior to and during rootlet initiation and organogenesis.

We performed differential expression analysis between genes expressed in early CR
parts (TO to T36) compared to lateral root, and identified a set of 287 up-regulated genes during
early stages of rootlet development. This set of genes comprises transcription factors, which
are known to be central regulators of lateral root formation in species with simpler root
architecture like Arabidopsis. In young CR parts, the increased expression of the LOB-DOMAIN
BOUNDARIES 16 gene (LBD16), a gene playing a crucial role in promoting the first asymmetric
division, and PUCHI, a gene involved in LR patterning and expressed in LR initiation sites after
the first division (Goh et al., 2012; Goh et al., 2019), reflects the strong activation of rootlet
initiation in cluster roots. The occurrence of these divisions implies the re-entry of xylem pole
pericycle cells into the cell cycle (Himanen et al., 2002), and the auxin-dependent activation of
cell-cycle genes, such as the G1-to-S CYCD5,1 and the G2-to-M CYCB2;3 cyclins, which are
strongly induced in cluster roots.

Several genes of the PLETHORA (PLT) family, which are also activated in response to
auxin and regulate cell proliferation and differentiation in LR primordium were identified. More
specifically, the up-regulation of genes orthologous to AtPLT1, AtPLT2 and AtPLT4, which
contribute to stem cell niche establishment and maintenance (Du and Scheres, 2017b),
suggests that de novo formation of rootlet meristem has started in young CR parts (TO-T36).

The expression of the WUS-RELATED HOMEOBOX 5 (WOX5) and the PHAVULOTA (PHV) stem

89



cell niche functioning regulators further supports this hypothesis. In addition, the identification
of several genes regulating cell division in the stem cell niche is in agreement with activation of
the rootlet meristem. In the model plant Arabidopsis, the expression of the CYCD6;1 is required
for the periclinal division in the cortex-endodermis initial, giving rise to the cortex and
endodermis tissues (Sozzani et al., 2010). Similarly, the FEZ transcription factor and its
regulator, SOMBRERO (SMB), regulate the cell division plane of the columella and root
cap/epidermis initials (Willemsen et al., 2008). Thus, differential expression of TFs in our
transcriptomic data shows that rootlet initiate and establish a meristem in less than 36 hours

(TO to T36).

A tight regulation of auxin homeostasis and signalling

Because cluster roots form a dense packing of short lateral roots, it is expected that
auxin acts as a central regulator of their development. A role for auxin has long been proposed
by experiments using exogenously applied auxin, showing that this hormone was sufficient to
induce CR in high-Pi conditions that normally repress their formation (Gilbert et al., 2000). The
regulation of auxin transport and auxin homeostasis is essential for the local accumulation of
auxin that acts as a positional signal for de novo LR branching (Dubrovsky et al., 2008). In
Arabidopsis, auxin has been shown to be transported from shoots to roots to induce LR
development (Bhalerao et al., 2002). In contrast, in white lupin, auxin synthetized in roots is
regarded as the major source of auxin inducing rootlet formation (Meng et al., 2013).
Consistent with these findings, the up-regulation of YUCCA9, a gene coding for an enzyme
involved in tryptophan-dependant IAA biosynthesis, strongly supports the local synthesis of
auxin in the rootlet cluster zone.

Beside its biosynthesis, the distribution of auxin in the CR root zone also depends on its
transport and the regulation of its intracellular concentration. Unlike previous reports which
showed high expression of AUXIN TRANSPORTER 1 (AUX1) and PIN-FORMED 1 (PIN1) during
early steps of rootlet formation (Wang et al., 2014), we did not found a strong up-regulation of
these genes compared to LR. However, the high induction of the auxin efflux transporter PIN7
in T12 to T36 CR parts, suggests a potent role for this gene in the canalization of auxin fluxes in
forming CR roots. This auxin fluxes result in strong accumulation of auxin in rootlet founder

cells and later at the tip of the rootlet primordium, as evidenced by the DR5 reporter (Gallardo
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et al., 2018). The establishment of the auxin gradient requires dynamic repolarization of PIN
polarity, which might be assisted by the induction of the WRKY23 transcription factor, which
was recently shown to regulate PIN polarization in Arabidopsis primary root (Prat et al., 2018).

As auxin gradients are crucial for organ patterning and morphogenesis, the
concentration of auxin is also tightly regulated. To avoid toxic concentration, auxin levels are
regulated both by auxin conjugation and compartmentation. We identified WALLS ARE THIN1
(WAT1), a tonoplast-localized efflux transporter that exports auxin from the vacuole to the
cytoplasm, as an actor of I|AA compartmentation in CR parts. In addition, [AA
CARBOXYLMETHYLTRANSFERASE 1 (IAMT1), an enzyme inactivating IAA by converting it to its
IAA-methyl ester form, and amido-synthetases of the GRETCHEN HAGEN 3 protein family, such
as GH3.1, are probable regulator of auxin homeostasis in forming CR roots.

In response to auxin accumulation, many genes display rapid and specific responses.
Amongst them, the genes belonging to three major families, AUX/IAA, SAUR, and GH3, have
been the most thoroughly studied. These genes are known to be primary auxin responses genes
and their expression is induced within minutes in response to an auxin treatment (Hagen and
Guilfoyle, 2002). Here, the induction of a Small Auxin-Upregulated RNA (SAUR51 and the auxin
responsive gene JAA30, which are respectively expressed in LR primordia) (Van Mourik et al.,
2017) or accumulate in the quiescent center cells (Sato and Yamamoto, 2008), showed that
auxin signal is transduced to pattern the rootlet primordium. The auxin response in cluster
root involved as well the expression of MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARF5).
Up-regulation of MP/ARF5, that regulates LR initiation, suggests that rootlet initiation may be
at least in part mediated by the signalling cascade controlling LR development. Altogether,
these results indicate that auxin homeostasis and signalling have a key role in the

developmental processes associated to rootlet formation.

Functional screen identifies 3 putative candidates

In white lupin, the simultaneous expression of hundreds of genes coordinates the
sequential development of numerous rootlets. This massive initiation of organs is a complex
process that integrates the perception of Pi limitation and the subsequent activation of gene
controlling developmental processes (Secco et al., 2014; Wang et al., 2014). In order to identify

genes regulating these processes, we have selected two sets of candidates, which are
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specifically induced prior to and during LR initiation. Amongst them, we have found several
transcription factors known to be involved in LR formation or having a yet unknown function.
These genes belong to the transcription factor families that are differentially expressed over
the course of rootlet formation: the AP2/EREB family (PUCHI, ERF12), the MYB family
(MYB124), the SRS family (STY1), the AS2/LOB family (LBD16, LBD129), the NAC family (NAC044)
and the NFY family (NFY-B5).

In order to test the involvement of these transcription factors during rootlet formation,
we have generated 9 independent lupin transgenic lines expressing the coding sequence of
these genes fused to the SRDX sequence. The SRDX sequence is a repressor domain, which has
been effectively used to convert transcription factors into dominant repressors, which could
suppressed the expression of specific target genes, even in the presence of redundant
transcriptions factors (Hiratsu et al., 2003). It has been recently shown that white lupin has
experienced a massive triplication event, resulting in the presence of large gene families in its
genome (Hufnagel et al., 2019). This feature was observed for several of our candidate genes
(Fig. 5) and the generation of chimeric repressor of transcription factors was used to bypass
the possible functional redundancy of lupin transcription factors. To check whether our
chimeric constructs have an effect on rootlet formation, we have used the white lupin hairy
root system as a quick way to generate transgenic plants. Interestingly, three transgenic lines
over-expressing the p35S::LalBD16-SRDX, p35S::LaSTY1-SRDX and p35S::LaERF12-SRDX
transgenes, display significant reduction of the total number of CR formed in their hairy root
system. Therefore, we propose a role for these genes in rootlet development.

Our transcriptomic analyses suggest a central role for auxin during rootlet development.
Interestingly, out of three candidate genes that display a function associated to developmental
processes, two are orthologous with Arabidopsis genes related to the control of auxin
homeostasis or are part of an auxin-dependent signalling pathway. AtLBD16 was showed to be
required for the first asymmetric division initiating LR development (Goh et al., 2012), while
AtSTY1 was proposed to act upstream of local maxima establishment via the regulation of auxin
biosynthesis rate (Eklund et al., 2010). The pivotal role of AtLBD16in LR formation is established
and the AtLBD16-SRDX expression driven by the 35S promoter was previously shown to inhibit
LR formation (Goh et al., 2012). Thus, it is very likely that the white lupin LaLBD16 gene has a
conserved function during rootlet initiation. However, the expression of the LBD29-SRDX

chimeric repressor had no effect on rootlet formation. Because this gene regulates LR initiation
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as well, it suggests that the different white lupin LBD fused with the SRDX cannot inactivate the
redundant function of all LBDs and pinpoint the existence of specificities amongst the gene
family.

The STY1 gene also belongs to a TF family (SHI/STY), with overlapping
functions. In Arabidopsis, out of the 10 genes of the SHI family, several SHI/STY-related genes
contribute to the apical-basal patterning required for the development of organs such as the
gynoecium, the stamen, the leaves and flowers (Kuusk et al., 2002; Staldal et al., 2012; Baylis
et al., 2013). The regulatory function of the SHI/STY genes is related to the auxin
biosynthesic pathway. Among these genes, the function of AtSTYI has been the most
thoroughly characterized. AtSTY1 was shown to modulate the expression of genes regulating
auxin biosynthesis (Eklund et al., 2010), as well as genes coding for enzymes controlling
the remodelling of plant cell walls (Staldal et al, 2012). Interestingly, because the
expression of the AtSTY1-SRDX construct in Arabidopsis prevented the formation of a
functional shoot apical meristem, it is possible that AtSTY1 regulates formation or
maintenance of meristem (Eklund et al., 2010). Therefore, AtSTY1 can be regarded as a
regulator of organ formation process, such asrootlet development. In this regard, it
will be interesting to see whether rootlet primordium development is arrested in
LaSTY1-SRDX plants.

In contrast to AtLBD16 and AtSTY1, the biological function of AtERF12 has not been
reported. AtERF12 belongs to the subfamily VIII (or B1) of the ethylene response factor family
(ERF) that includes several genes participating to developmental processes. Amongst them,
DORNROSCHEN (DRN) (Banno et al., 2001) and FRIZZY PANICLE (FZP) (Komatsu et al., 2003)
were respectively shown to participate in the regulation of organ and floral meristem identities.
Interestingly, ethylene biosynthesis and signalling participate in the regulation of rootlet
development, as exogenous application of ethylene precursor or ethylene synthesis inhibitor
alter CR formation (Wang et al., 2014). The positive regulation of AtERF12 by AtEIN3, a TF with
a crucial role in ethylene signal transduction, indicates that AtERF12 may act downstream of
AtEIN3 (Quan et al., 2017). Whether LaERF12 acts downstream of ethylene and
participates in the ethylene mediated response regulating rootlet formation is an open
question. Even though AtERF12 function is still elusive, the expression of Medicago truncatula
orthologous MtERF12, in the stele and inner cortical layers of the root, as well as nodule
during its development (Larrainzar et al., 2015), strongly suggests that ERF12 is in
certain species, an actor of developmental processes such as nodule organogenesis. Our

results provide valuable insights into the early molecular mechanisms controlling CR formation
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and a key resource to unravel the developmental program used by white lupin to form these

organs.

Materials and methods

Plant materials and growth conditions

Seeds of white lupin (Lupinus albus L. cv. Amiga from Florimond Desprez, France) calibrated at
7 mm were used in all experiments. White lupin plants were cultivated in growth chambers
under controlled conditions (16 h light / 8 h dark, 25°C day / 20°C night, 65% relative humidity,
and PAR intensity 200 umol.m™2.s7%). The hydroponic solution was modified from (Abdolzadeh
et al., 2010) without phosphate, and was composed of: MgS04, 54 uM; Ca(NO3), 400 uM; K,SO4
200 uM; Na-Fe-EDTA 10 uM; H3BO3 2.4 uM; MnSQO40.24 uM; ZnSO4 0.1 uM; CuSO4 0.018 uM;
Na:MoO4 0.03 uM. White lupin plants were grown either in 1.6 L pots or 200 L tank in
hydroponic media continuously aerated. For plants in pots, the nutrient solution was renewed

every seven days.

Transcriptome sequencing

The transcriptome sequencing project was carried out in the team and led by Barbara Hufnagel.
In order to generate a temporal transcriptome of white lupin cluster root development, a total
of eight CRs were sampled on four independently grown plants, after 4 days of culture in
hydroponics. One centimeter of CR was sampled at a distance of 1 cm from the primary root
on the top part of the root system, on the second lateral root, every 12 h for 5 days. As a control,
1-cm of lateral roots 1-cm away from the primary root was sampled. For each experiment, four
biological replication were produced. Total RNA was extracted from all frozen samples using
the Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA) according to the manufacturer’s
recommendations. The samples were sequenced using illumina Novaseq instrument. A spatial

transcriptome dataset was also generated (see methods in Hufnagel et al. 2019).
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Molecular cloning to generate gene fusion with SRDX

All construct were made using Gateway cloning technology (Invitrogen) according to
manufacturer’s instructions. The coding sequence of the 9 genes was amplified with a high
fidelity polymerase (Phusion, ThermoFisher) on a pool of root cDNA by PCR using specific
primers summarized in table. S15. The final size of the PCR amplified cds is sum up in table S16.
The resultant coding sequence were amplified by PCR to add Gateway attB sites and SRDX
sequences, and recombined into the pDONR221 Gateway entry vector (Invitrogen). These
sequences were then recombined in a tripartite Gateway reaction with pENTR-35S-14
(Invitrogen) containing the cauliflower mosaic virus 35S promoter (CAMV35S) into the
pK7m24GW, containing a 35S terminator, to create the plasmid pK7m24GW-35S-cds-SRDX. All
constructs were checked by DNA sequencing (Eurofins) with primers listed in table S17.
p35S::GUS (with intron) was kindly provided by Isabelle Chérel (INRA, Laboratory of

Biochemistry and Plant Molecular Physiology, Montpellier).

Molecular cloning for RNAi

A 523 pb fragment of the coding region of the Lalb_Chr21g0307221 (LaMAKR4) was amplified
using the primers LaMAKRint-F and LaMAKR4int-R and a 628 bp fragment of
Lalb_Chr259g0281541 fragment was amplified with primers LaRBC-F and LaRBC-R (table. S18).
attBs flanking sites were then added by PCR with primers on LaMAKR4 fragment with LaMAKR-
attB1-F and LaMAKR4-attB2 or with LaRBC-attB1-F and LaRBC-attB2-R to LaRBC fragments
(Table. S14). The PCR products flanked with attBs sites were cloned into the pDONR221
Gateway entry vector (Invitrogen). This fragment was then introduced in the pK7GWIWG2(lI)
vector by LR recombination (Invitrogen) under the control of the constitutive promoter 35S.

The sequence of the constructs was verified by sequencing (table S17).

Bacterial strain

All binary vectors were introduced into Agrobacterium rhizogenes by electroporation and into
Agrobacterium tumefaciens by thermal chock. Transformation of bacteria with plasmids was
confirmed by PCR with the primers used for the sequencing of binary plasmids. A bacterial lawn

of Agrobacterium rhizogenes was used to transform white lupin roots by hairy root
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transformation. To produce a bacterial lawn, LB agar plates containing 2% sucrose, 100 puM
acetosyringone and appropriate antibiotics were inoculated with 200 uL of liquid bacteria

culture, and then incubated at 28°C for 24 hours.

Hairy root transformation of white lupin

White lupin seedlings were transformed with a protocol that was adapted from a protocol
previously published (Uhde-Stone et al., 2005). White lupin seeds calibre 8 mm were surface
sterilised by 4 washes in osmosis water, 30 min sterilization in bleach (Halonet 20%) and
washed 6 times in sterile water under sterile conditions. Seeds were germinated on half
Murashige and Skoog medium containing 1 % sucrose (pH was adjusted to 5.7). After
germination, radicles of 1 cm were cut over 0.5 cm with a sterile scalpel. The radicles were
inoculated with the Agrobacterium rhizogenes lawn. Fifteen inoculated seedlings were placed
on square agar plates (0.7 % agar in 1X Hoagland solution) containing 15 pg.mL? Kanamycin.
Composition of Hoagland medium without phosphate was the following one: MgS0O4, 200 uM
; Ca(NO3 )2 400 uM ; KNO3 325 uM ; NH4Cl 100 uM ; Na-Fe- EDTA 10 uM ; H3BO3 9,3 uM ; MnCl,
1,8 UM ; ZnS0O4 0,17 uM ; CuSO4 0,06 uM ; NazMoOas 2,3 uM. Plates were placed vertically in
controlled conditions: 16h light / 8h dark, 25°C day / 20°C night, 65 % relative humidity, and
PAR intensity 200 umolm™ s™1. After 7 days on plates, 60 seedlings were transferred to
12x16,5x5,5 cm trays (20 seedlings per tray) and watered with 500 mL osmosis water. After 12
days, plants with hairy roots were transferred to hydroponics in 1.6 L pots containing nutrient
solution. Nutrient medium was renewed each week. After 7 days in hydroponic conditions, CRs

were sampled on hairy root plants.

Histology and microscopy

After 4 days in hydroponics, cluster roots were sampled using the method used for the
generation of the temporal transcriptomic dataset. A total of 8 roots samples were collected
on four individual plants every 12 hours for 36 hours. Root tissues were fixed under vacuum for
2 hours (4% formaldehyde in PBS1X) and cleared with Clearsee solution (Xylitol 10 %, Sodium
deoxycholate 15 %, Urea 25 %) for 48 hours. During this 48 hours, Clearsee solution was
renewed two times. For root staining with calcofluor, roots were bathed into calcofluor-

cleersee solution (0,001 % calcofluor) for 1h30 under vacuum and rinsed for 5 min two times
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in Clearsee to eliminate calcofluor excess. To produce thick section of 80 um, cluster roots were
embedded in agarose 4% (m/v) and cut with a vibratome (Microcut H1200, Biorad). Cluster
root images were taken with confocal microscope Leica SP8 coupled with LASX software.
Calcofluor was excited at 405 nm using an argon laser and emission was collected between 440

and 460 nm.

Phylogenetic tree

Phylogenetic trees comparing protein sequences of white lupin and Arabidopsis of LBD class
la subtype C family, SRS family, and ERF family subfamily VIII/B1 were constructed with
the pipeline proposed by
NGPhylogeny.fr (https://ngphylogeny.fr/workspace/history/70cd372fcce217d8). Sequences

were aligned with MAFFT (v.7407_1) (Katoh and Standley, 2013)and cleaned with BMGE
(v1.12_1) (Criscuolo and Gribaldo, 2010) when needed. The phylogenetic tree was
generated using the maximum likelihood method implemented in FastME and inferred
from 1000 replicates (v.2.6.6.1_1) (Lefort et al., 2015). The LG substitution model was used
assuming an estimated equilibrium frequencies and a low rate heterogeneity across sites
(gamma distribution of 1.0). Tree visualization was realized with the iTOL

platform (v4.2.3 platform) (https://itol.embl.de/upload.cgi).
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GO.ID Term Annotated | Count | Expected | p-value | g-value Genes
G0:0010035 [ response to inorganic substance 899 6 0.93 0.00027 | 4.782e-01 AT2G46680, AT3G12900, AT3G13610, AT3G29320,
AT5G13420, AT5G59310
G0:0009699 | phenylpropanoid biosynthetic process 145 3 0.15 0.00045 | 4.782e-01 |AT3G13610, AT5G13420, AT5G54160
G0:0009698 | phenylpropanoid metabolic process 185 3 0.19 0.00091 | 4.782e-01 |AT3G13610, AT5G13420, AT5G54160
AT1G01580, AT1G08440, AT1G19530, AT1G80660,
AT2G32830, AT2G39050, AT2G42430, AT2G46225,
G0:0044699 |single-organism process 11098 20 11.52 0.00094 | 4.782e-01 | AT2G46680, AT3G11260, AT3G12830, AT3G12900,
AT3G13610, AT3G29320, AT3G49180, AT3G56970,
AT5G13420, AT5G18560, AT5G54160, AT5G59310
G0:0055072 |iron ion homeostasis 48 2 0.05 0.00114 | 4.782e-01 |AT1G01580, AT3G56970
G0:0009725 |response to hormone 1655 7 1.72 0.00119 | 4.782e-01 AT2GA46680, AT3G11260, AT3G12830, AT3G12300,
AT3G29320, AT5G18560, AT5G59310
) ) AT2G46680, AT3G12830, AT3G12900, AT3G13610,
G0:0070887 | cellular response to chemical stimulus 1197 6 1.24 0.00121 | 4.782e-01 AT3G29320, ATSG18560
G0:0034614 | cellular response to reactive oxygen species 52 2 0.05 0.00133 | 4.782e-01 |AT3G12900, AT3G13610
G0:0042221 [response to chemical 2847 9 2.95 0.00165 | 4.782e-01 AT2GA46680, AT3GL1260, AT36G12830, AT3G12300,
AT3G13610, AT3G29320, AT5G13420, AT5G18560, AT5G59310
G0:0010102 |lateral root morphogenesis 58 2 0.06 0.00165 | 4.782e-01 | AT2G42430, AT5G18560
G0:0010101 | post-embryonic root morphogenesis 59 2 0.06 0.00171 | 4.782e-01 | AT2G42430, AT5G18560
) AT2G46680, AT3G11260, AT3G12830, AT3G12900,
G0:0009719 |response to endogenous stimulus 1767 7 1.83 0.00175 | 4.782e-01 AT3G29320, ATSG18560, ATSG59310
G0:0010015 | root morphogenesis 238 3 0.25 0.00188 | 4.782e-01 |AT2G42430, AT3G11260, AT5G18560
G0:0032870 | cellular response to hormone stimulus 880 5 0.91 0.0019 | 4.782e-01 |AT2GA46680, AT3G12830, AT3G12900, AT3G29320, AT5G18560
AT1G01580, AT2G16660, AT2G39050, AT2G46680,
G0:0050896 | response to stimulus 6373 14 6.61 0.00198 | 4.782e-01 AT3G11260, AT3G12830, AT3G12900, AT3G13610,
AT3G29320, AT3G56970, AT5G13420, AT5G18560,
AT5G59310, AT5G63810
G0:0048507 | meristem development 243 3 0.25 0.00199 | 4.782e-01 |AT3G11260, AT3G49180, AT5G18560
G0:0071495 |cellular response to endogenous stimulus 899 5 0.93 0.00209 | 4.782e-01 |AT2G46680, AT3G12830, AT3G12900, AT3G29320, ATSG18560
G0:0009809 | lignin biosynthetic process 75 2 0.08 0.00275 | 6.050e-01 |AT5G13420, AT5G54160
G0:0055080 | cation homeostasis 276 3 0.29 0.00286 | 6.059e-01 |AT1G01580, AT1G80660, AT3G56970
G0:0009888 |tissue development 603 4 0.63 0.00328 | 6.232e-01 |AT2G46225, AT3G11260, AT3G49180, AT5G18560
G0:0098771 |inorganic ion homeostasis 294 3 0.31 0.00342 | 6.232e-01 |AT1G01580, AT1G80660, AT3G56970
G0:1901701 zzlr'::)irufjponse fo oxygen-containing 617 4 064 |0.00356 | 6.2320-01 |AT2G46680, AT3G12900, AT3G13610, AT3G29320
G0:0071310 | cellular response to organic substance 1028 5 1.07 0.00373 | 6.232e-01 |AT2G46680, AT3G12830, AT3G12900, AT3G29320, AT5G18560
) AT2G46680, AT3G11260, AT3G12830, AT3G12900,
G0:0010033 | response to organic substance 2026 7 2.1 0.0038 | 6.232e-01 AT3G29320, ATSG18560, ATSG59310
G0:0050801 |ion homeostasis 318 3 0.33 0.00426 | 6.248e-01 |AT1G01580, AT1G80660, AT3G56970
G0:0009808 | lignin metabolic process 96 2 0.1 0.00445 | 6.363e-01 |AT5G13420, AT5G54160
G0:0009414 [response to water deprivation 333 3 0.35 0.00484 | 6.734e-01 |AT2G46680, AT3G29320, AT5G59310
GO0:0009415 [response to water 339 3 0.35 0.00509 | 6.734e-01 |AT2G46680, AT3G29320, AT5G59310
G0:0044550 | secondary metabolite biosynthetic process 347 3 0.36 0.00543 | 6.839e-01 |AT3G13610, AT5G13420, AT5G54160
G0:0048527 | lateral root development 107 2 0.11 0.0055 | 6.839e-01 |AT2G42430, AT5G18560

Table S3. TOP 30 GO enriched terms of the 36 genes up-regulated in cluster 1 of Fig .3




GO.ID Term Annotated Count Expected p-value g-value Genes
G0:0007043 | cell-cell junction assembly 5 3 0.01 5.2e-08 | 2.860e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0042349 | guiding stereospecific synthesis activity 26 4 0.04 9.9e-08 | 2.905e-04 |AT1G07730, AT2G39430, AT3G24020, ATAG13580
G0:0034329 | cell junction assembly 6 3 0.01 1,00E-07 | 2.860e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0034330 | cell junction organization 9 3 0.02 4.3e-07 | 6.149e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0048226 | Casparian strip 8 3 0.02 5.1e-07 | 4.915e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0044426 | cell wall part 10 3 0.02 1.1e-06 | 4.915e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0044462 | external encapsulating structure part 11 3 0.02 1.5e-06 | 4.915e-04 |AT2G27370, AT2G36100, AT5G15290
GO0:0009531 | secondary cell wall 14 3 0.03 3.3e-06 | 8.110e-04 |AT2G27370, AT2G36100, AT5G15290
G0:0045216 | cell-cell junction organization 9 3 0.02 4.3e-07 | 6.149e-04 |AT2G27370, AT2G36100, AT5G15290
AT1G05100, AT1G07730, AT1G14520, AT1G17170,
AT1G21460, AT1G22360, AT1G49620, AT1G55020,
AT1G69850, AT2G19770, AT2G26640, AT2G27370,
G0:0044763 | single-organism cellular process 8410 28 14.87 6.4e-05 | 7.322e-02 | AT2G36100, AT2G38530, AT2G39430, AT2G43330,
AT3G03910, AT3G12120, AT3G24020, AT3G30340,
AT3G56970, AT4G11150, AT4G13580, AT4G21440,
ATAG27450, AT5G15290, AT5G38710, AT5G42180
GO0:0009699 | phenylpropanoid biosynthetic process 145 4 0.26 0.00013 | 1.23%e-01 |AT1G07730, AT2G39430, AT3G24020, ATAG13580
AT1G05100, AT1G07730, AT1G13245, AT1G14520,
AT1G17170, AT1G21460, AT1G22360, AT1G26320,
AT1G49620, AT1G55020, AT1G69850, AT2G19770,
G0:0044699 | single-organism process 11098 32 19.62 2,00E-04 | 1.634e-01 AT2626640, AT2G27370, AT2G36100, AT2G38180,
AT2G38530, AT2G39430, AT2G43330, AT2G44060,
AT3G03910, AT3G12120, AT3G24020, AT3G30340,
AT3G56970, AT4G11150, AT4G13580, AT4G21440,
ATAG27450, AT5G15290, AT5G38710, AT5G42180
G0:0050790 | regulation of catalytic activity 517 6 0.91 0.00029 | 2.034e-01 AT1G07730, ATIG17860, AT1G49620, AT2G33430,
AT3G24020, ATAG13580
GO0:0009698 | phenylpropanoid metabolic process 185 4 033 0.00032 | 2.034e-01 | AT1G07730, AT2G39430, AT3G24020, AT4G13580
) . AT1G07730, AT1G17860, AT1G49620, AT2G39430,
G0:0065009 | regulation of molecular function 553 6 0.98 0.00041 | 2.193e-01 AT3G24020, ATAG13580
G0:0043436 | oxoacid metabolic process 1326 9 2.34 0.00045 | 2.193e-01 AT1G14520, AT1G22360, AT1G55020, AT1GE9830,
AT2G26640, AT3G03910, AT3G12120, AT4G27450, AT5G38710
S ) AT1G14520, AT1G22360, AT1G55020, AT1G69850,
G0:0006082 | organic acid metabolic process 1330 9 2.35 0.00046 | 2.193e-01 AT2G26640, AT3G03910, AT3G12120, ATAG27450, AT5G38710
AT1G05100, AT1G07730, AT1G14520, AT1G17170,
AT1G22360, AT1G26320, AT1G55020, AT1G69850,
G0:0044710 | single-organism metabolic process 5206 19 9.2 0.00078 | 3.432e-01 | AT2G26640, AT2G38180, AT2G39430, AT3G03910,
AT3G12120, AT3G24020, AT4G11150, AT4G13580,
ATAG27450, AT5G38710, AT5G42180
S ) AT1G14520, AT1G22360, AT1G55020, AT2G26640,
G0:0019752 | carboxylic acid metabolic process 1209 8 2.14 0.00115 | 4.699e-01 AT3G03910, AT3G12120, ATAG27450, AT5G38710
AT1G14520, AT1G22360, AT1G55020, AT1G69850,
G0:0044281 | small molecule metabolic process 1964 10 3.47 0.00193 | 5.939e-01 | AT2G26640, AT3G03910, AT3G12120, AT4G11150,
ATAG27450, AT5G38710
G0:0019748 | secondary metabolic process 511 5 0.9 0.00202 | 5.93%e-01 |AT1G07730, AT1G17170, AT2G39430, AT3G24020, AT4G13580
AT1G07730, AT1G14520, AT1G55020, AT2G26640,
G0:0044711 | single-organism biosynthetic process 1986 10 351 0.0021 | 5.939e-01 | AT2G39430, AT3G12120, AT3G24020, AT4G11150,
ATA4G13580, AT5G38710
G0:0042545 | cell wall modification 157 3 0.28 0.00271 | 5.93%-01 |AT2G27370, AT2G36100, AT5G15290
G0:0016053 | organic acid biosynthetic process 567 5 1 0.00317 | 5.93%e-01 |AT1G14520, AT1G55020, AT2G26640, AT3G12120, AT5G38710
G0:0046394 | carboxylic acid biosynthetic process 567 5 1 0.00317 | 5.93%e-01 |AT1G14520, AT1G55020, AT2G26640, AT3G12120, AT5G38710
G0:0044550 | secondary metabolite biosynthetic process 347 4 0.61 0.00326 | 5.939e-01 |AT1G07730, AT2G39430, AT3G24020, AT4G13580
G0:0015850 | organic hydroxy compound transport 49 2 0.09 0.00341 | 5.939e-01 | AT1G69850, AT2G43330
GO0:0006633 | fatty acid biosynthetic process 177 3 031 0.00379 | 6.194e-01 | AT1G55020, AT2G26640, AT3G12120
GO0:0009628 | response to abiotic stimulus 1987 9 3.51 0.00723 | 9.516e-01 AT2G16660, AT2G26640, AT2G38530, AT2GA4060,
AT3G04720, ATAG11150, AT4G21440, AT5G12020, AT5G38710
AT1G26320, AT1G55020, AT1G80130, AT2G26640,
GO:0006950 | response to stress 3567 13 6.31 0.00732 | 9.516e-01 | AT2G38530, AT2G44060, AT3G04720, AT3G56970,

AT4G11150, AT4G21440, AT5G12020, AT5G38710, AT5G42180

Table S4. Top 30 GO enriched terms of the 62 genes up-regulated in cluster 2 of Fig .3




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
60:0019752 ;ar;tc’zzzl'c acid metabolic 1209 3 046 | 000939 | 1,00E+00 | AT1G22340, AT1G30040, AT3G45140
G0:0051213 | dioxygenase activity 163 2 006 | 00013 | 1,006+00 | AT1G30040, AT3G45140

TableS5.GO enrichedtermsofthe 13 genesup-regulatedin cluster3 of Fig .3




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
AT1G02800, AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G75520, AT1G/9580,
AT2G28250, AT2G30130, AT2G30370, AT2G46870, AT3G11260, AT3G20840, AT3G28857,
60:0032502 [ developmental process 3324 = 805 | 7.5¢:08 | 2.669¢04 | 13 ccog50, AT3GE0650, ATAG18390, ATAG23750, ATSG13910, ATSG17430, ATSG35770,
AT5G55250, AT5G60910, AT5G65640, AT5G66350
AT1G02810, AT1GO4180, AT1G15460, AT1G19250, AT1G19850, AT1G26870, ATLG30950,
AT1G34110, AT1G68780, AT1G75520, AT1G79580, AT2G30370, AT2G46870, AT2G47260,
o . AT3G11260, AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG03270, AT4G18290,
G0:0065007 | biological regulation 6714 36 1626 | 1.3e-07 | 2.669¢-04 |\ 1) 18390 ATAG23750, ATAG31800, ATAG33800, ATAG37630, AT5G04820, ATSG13910,
AT5G17430, AT5G27690, AT5G35770, AT5G55250, AT5G56220, AT5G60910, ATSG65640,
AT5G66350
G0:0051094 | POsitive regulation of 98 6 024 | 1407 | 2.669e-04 | AT1G79580, AT3G11260, AT4AG18390, AT5G13910, AT5G35770, ATSG60910
developmental process
AT1G02800, AT1G19850, AT1G26870, ATLG30950, AT1G34110, AT1G75520, ATLG/9580,
multicellular organismal AT2G30130, AT2G30370, AT2G46870, AT3G11260, AT3G20840, AT3G60650, ATAG18390,
GO:0007275 1 40 elopment 2794 22 6.77 | 2:9¢:07 | 3.003e04 | 1193750, ATSG13910, ATSG17430, ATSG35770, ATSG55250, ATSG60910, ATSG65640,
AT5G66350
regulation of AT1G19850, AT1G26870, AT1G30950, ATLG79580, AT2G46870, AT2G47260, AT3G11260,
60:0006355 [ transcription, DNA- 2599 21 629 | 3.9e-07 | 3.003¢-04 |AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, AT4AG31800,
templated AT5G04820, ATSG13910, AT5G17430, AT5G35770, ATSGE0910, AT5G65640, AT5G66350
AT1G02800, AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G75520, ATLG/9580,
single-multicellular AT2G30130, AT2G30370, AT2G46870, AT3G11260, AT3G20840, AT3G60650, AT4AG18390,
GO:0044707 1 | o amism process 2847 22 689 | 400807 | 3.003e-08 | 1) 3750, ATSG13910, ATSG17430, ATSG35770, ATSG55250, ATSG60910, ATSG65640,
AT5G66350
regulation of nucleic AT1G19850, AT1G26870, AT1G30950, AT1G/9580, AT2G46870, AT2G47260, AT3G11260,
60:1903506 | acid-templated 2611 21 632 | 4.2e-07 | 3.003¢-04 |AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
transcription AT5G04820, AT5G13910, AT5G17430, AT5G35770, AT5G60910, AT5G65640, AT5G66350
egulation of RIA AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260,
6012001141 [ 80 T ocess 2611 21 632 | 4.2e-07 | 3.003e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, AT4G18390, ATAG23750, ATAG31800,
AT5G04820, ATSG13910, AT5G17430, ATSG35770, ATSG60910, ATSG65640, ATSGE6350
egulation of RNA AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260,
60:0051252 | R TS s 2650 21 642 | 5.4e-07 | 3.432e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
AT5G04820, ATSG13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
;ig;;ttgz:iontaining AT1G19850, AT1G26870, AT1G30950, ATLG79580, AT2G46870, AT2G47260, AT3G11260,
60:0019219 | 10 e 2706 21 655 | 7.7e-07 | 3.813e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
rocees AT5G04820, AT5G13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
ranserintion, DONA AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G 11260,
co:000e3s1 f AP 2722 21 659 | 8.4e-07 | 3.813e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
AT5G04820, AT5G13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
- leic acd-templated AT1G19850, AT1G26870, AT1G30950, ATLG79580, AT2GA6870, AT2G47260, AT3G11260,
6010097659 [t 2735 21 662 | 9.1e-07 | 3.813e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, AT4G31800,
AT5G04820, ATSG13910, AT5G17430, AT5G35770, ATSGE0910, ATSG65640, ATSG66350
ANA biosyntheti AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260,
Go0032774 | 1 0 2744 21 664 | 9.6e-07 | 3.813e-04 |AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
AT5G04820, ATSG13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
AT1G02800, AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G75520, AT1G/9580,
single-organism AT2G30130, AT2G30370, AT2G46870, AT3G11260, AT3G20840, AT3G28857, AT3G60650,
GO:0044767 1 4o\ elopmental process 3255 23 788 | 9.7e07 | 381304 |\ ) 18390, ATAG23750, ATSG13910, ATSG17430, ATSG35770, ATSG55250, ATSG60910,
AT5G65640, ATSG66350
— AT1G19850, AT1G26870, AT1G30950, AT1G/9580, AT2G46870, AT2G47260, AT3G 11260,
nucleobase-containing
60:0034554 | compound biasynthetic 2008 . 729 | 100506 | 3.8136.00 |AT3GLO500, AT3G20840, AT3G25570, AT3G28857, AT3GS8850, AT4G18390, ATAG23750,
roenes ATAG31800, AT5G04820, AT5G13910, AT5G17430, AT5G35770, AT5G60910, ATSG65640,
AT5G66350
AT1G02800, AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G75520, ATLG/9580,
multicellular organismal AT2G30130, AT2G30370, AT2G46870, AT3G11260, AT3G20840, AT3G60650, ATAG18390,
GO003250L | s 3011 = 729 | 11e06 | 393308 | 1) 593750, ATSG13910, ATSG17430, AT5G35770, ATSG55250, ATSG60910, AT5G65640,
AT5G66350
regulation of cellular AT1G19850, AT1G26870, AT1G30950, AT1G/9580, AT2G46870, AT2G47260, AT3G 11260,
60:2000112 | macromolecule 2781 21 673 | 1.2e-06 | 4.038¢-04 |AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,
biosynthetic process AT5G04820, AT5G13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
regulation of AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260,
60:0010556 | macromolecule 2800 21 678 | 1.3e-06 | 4.131e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, AT4G18390, ATAG23750, ATAG31800,
biosynthetic process AT5G04820, AT5G13910, AT5G17430, AT5G35770, ATSGE0910, ATSG65640, AT5G66350
tion of celll AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260,
G0:0031326 L?i’yitt':;i‘z ;reocuei; 2863 21 693 | 1.9e-06 | 5.720e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, AT4G18390, ATAG23750, ATAG31800,
AT5G04820, ATSG13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
, AT1G19850, AT1G26870, AT1G30950, AT1G/9580, AT2G46870, AT2G47260, AT3G 11260,
G0:000988g | re8ulation of 2881 21 698 | 2.1e-06 | 5.720e-04 | AT3G19500, AT3G20840, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800,

biosynthetic process

AT5G04820, AT5G13910, AT5G17430, AT5G35770, AT5G60910, AT5G65640, ATSG66350

Table S6.TOP 30 GO enriched terms of the 84 genesup-regulatedin cluster4 of Fig.3 (part 1)




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
regulation of nitrogen AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:0051171 compound metabolic 2881 21 6.98 2.1e-06 5.720e-04 AT3G20840, AT3G28857, AT3G58850, AT4G18390, AT4G23750, ATAG31800, AT5G04820, AT5G13910,
process AT5G17430, AT5G35770, AT5G60910, AT5G65640, ATSG66350
positive regulation of
G0:0051240 multicellular organismal 90 5 0.22 2.7e-06 7.020e-04 AT3G11260, AT4G18390, AT5G13910, AT5G35770, AT5G60910
process
AT1G19250,AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G68780, AT1G75520, AT1G79580,
regulation of cellular AT2G46870,AT2G47260,AT3G11260, AT3G19500, AT3G20840, AT3G28857, AT3G58850, AT4G03270,
G0:0050794 5237 29 12.68 .2e 7.958e-04
process 3.2¢-06 € AT4G18290, ATAG18390, AT4G23750, ATAG31800, ATAG37630, AT5G04820, AT5G13910, AT5G17430,
AT5G35770, AT5G56220, AT5G60910, AT5G65640, AT5G66350
resulation of gene AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:0010468 exg ression & 2970 21 7.19 3.5e-06 8.342e-04 AT3G20840,AT3G28857, AT3G58850, AT4G18390, ATAG23750, ATAG31800, AT5G04820, AT5G13910,
P AT5G17430,AT5G35770, AT5G60910, AT5G65640, AT5G66350
heterocycle biosynthetic AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:0018130 mcessy v 3243 22 7.85 3.7e-06 8.360e-04 AT3G20840, AT3G25570, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800, AT5G04820,
P AT5G13910, AT5G17430, AT5G35770, ATSG60910, AT5G65640, AT5G66350
AT1G02810,AT1G19250,AT1G19850, AT1G26870, AT1G30950, AT1G34110, AT1G68780, AT1G75520,
regulation of biological AT1G79580, AT2G30370, AT2G46870, AT2G47260, AT3G11260, AT3G19500, AT3G20840, AT3G28857,
: 7 2 1 14.34 .8e- . -04
60:0050789 process 5923 3 3 3.8e-06 8.360e-0 AT3G58850, AT4G03270, ATAG18290, AT4G18390, ATAG23750, ATAG31800, ATAG37630, AT5G04820,
AT5G13910, AT5G17430, AT5G35770, AT5G56220, AT5G60910, AT5G65640, AT5SG66350
aromatic compound AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:0019438 biosynthetic focess 3353 22 8.12 6.4e-06 1.356e-03 AT3G20840, AT3G25570, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800, AT5G04820,
Y P AT5G13910, AT5G17430, AT5G35770, AT5G60910, AT5G65640, AT5G66350
regulation of primar AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:0080090 mitabolic ropcess v 3172 21 7.68 9.9e-06 1.953e-03 AT3G20840, AT3G28857, AT3G58850, AT4G18390, ATAG23750, AT4G31800, AT5G04820, AT5G13910,
P AT5G17430, AT5G35770, AT5G60910, AT5G65640, AT5G66350
G0:0009733 response to auxin 435 8 1.05 9.9e-06 1.953e-03 AT1G19850, AT1G26870, AT1G75520, AT1G75580, AT2G47260, AT3G11260, AT3G20840, AT5G66350
organic evelic compound AT1G19850, AT1G26870, AT1G30950, AT1G79580, AT2G46870, AT2G47260, AT3G11260, AT3G19500,
G0:1901362 & A P 3495 22 8.46 1.3e-05 2.399e-03 AT3G20840, AT3G25570, AT3G28857, AT3G58850, ATAG18390, ATAG23750, ATAG31800, AT5G04820,

biosynthetic process

AT5G13910, AT5G17430, AT5G35770, AT5G60910, AT5G65640, AT5G66350

TableS6.TOP30 GO enriched terms ofthe84 genesup-regulatedin cluster4 of Fig.3 (part2)




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
AT1G01580, AT1G07730, ATLG13245, AT1G14520, AT1G19530, AT1G19790, AT1G21460,
AT1G22340, AT1G26870, ATLG30950, AT1G49620, AT1G68780, AT1G69850, AT1G75520,
AT2G23790, AT2G26640, AT2G27370, AT2G30070, AT2G30370, AT2G38180, AT2G38530,
G0:0044699 [single-organism process | 11098 46 2815 | 8.1e-06 | 4.633e-02 |AT2G39900, AT3G11260, AT3G12830, AT3G12900, AT3G15990, AT3G24020, AT3G29320,
AT3G30340, AT3G60650, ATAG03270, AT4G11150, ATAG18160, ATSG04530, ATSG09550,
AT5G13420, AT5G13910, ATSG26170, AT5G35770, ATSG54160, ATSG55250, AT5G59310,
AT5G59990, AT5G60910, ATSGE5640, ATSG66350
AT1G07730, AT1G14520, AT1G19530, AT1G19790, AT1G21460, AT1G22340, AT1G26870,
AT1G30950, AT1G49620, AT1G68780, AT1G69850, AT1G75520, AT2G23790, AT2G26640,
. single-organism cellular ] - [AT2627370, AT2G30070, AT2G30370, AT2638530, AT2G39900, AT3G11260, AT3G12830,
GO:0044763 [ cess 8410 37 2133 | 58e-05 | 1.563e01 |y 3515000, AT36G24020, AT3G29320, AT3G30340, ATAG03270, ATAG11150, ATAG18160,
AT5G04530, AT5G09550, AT5G13420, AT5G13910, AT5G26170, ATSG35770, ATSG54160,
AT5G60910, AT5G66350
positive regulation of
G0:0051240 |multicellular organismal %0 4 023 | 8.2e05 | 1.563e-01 |AT3G11260, ATSG13910, ATSG35770, ATSGE0910
process
GO:0051094 [POsitive regulation of 98 4 025 | 0.00011 | 1.573e-01 |AT3G11260, ATSG13910, ATSG35770, ATSGE0910
developmental process
G0:0009851 :Lr‘:';sbs‘osymhenc 58 3 015 | 0.00044 | 4.147e-01 |AT1G19790, AT1G75520, ATSG66350
ticellulor oreonismal AT1G13245, AT1G19790, AT1G26870, AT1G30950, AT1G75520, AT2G30370, AT3G11260,
60:0007275 [11 e o ¢ g 2794 17 7.09 | 0.00046 | 4.147e-01 |AT3G12830, AT3G60650, ATAG11150, ATSG13910, AT5G35770, ATSG55250, ATSG59990,
P AT5G60910, AT5G65640, ATSGE6350
G0:0009699 |PhenVipropanoid 145 4 037 | 0.00051 | 4.147e-01 |AT1G07730, AT3G24020, AT5G13420, ATSG54160
biosynthetic process
elemulticellular AT1G13245, AT1G19790, AT1G26870, AT1G30950, AT1G75520, AT2G30370, AT3G11260,
G0:0044707 Orgamsm s 2847 17 722 | 0.00058 | 4.147e-01 |AT3G12830, AT3G60650, AT4G11150, ATSG13910, AT5G35770, ATSG55250, AT5G59990,
g P AT5G60910, ATSG65640, ATSGE6350
eanic ovelc comound [AT1G07730, AT1G19790, AT1G26870, AT1G30950, AT1G72210, AT3G04030, AT3G11260,
G0:1901362 bigs mhg’ﬂc roceis 3495 19 887 | 0.00081 | 4.368e-01 |AT3G24020, AT3G29320, AT4G11150, ATSG04820, AT5G13420, ATSG13910, AT5G26170,
i P ATS5G35770, ATS5G54160, ATSG60910, ATSG65640, AT5G66350
G0:0009733 |response to auxin 435 6 11 | 000082 | 4.368¢-01 [AT1G19790, AT1G26870, AT1G75520, AT3G11260, AT3G12830, ATSG66350
AT1G19790, AT1G26870, AT1G75520, AT3G11260, AT3G12830, AT3G12900, AT3G29320,
G0:0009725 |response to hormone 1655 12 4.2 0.00084 | 4.368e-01 ATAG11150, AT5G13910, ATSG26170, AT5G59310, ATSG66350
I AT1G13245, AT1G14520, AT1G19790, AT1G26870, AT1G30950, AT1G75520, AT2G30370,
G0:0044767 defelo ngqenta‘ ocess 3255 18 826 | 0.00095 | 4.453e-01 |AT3G11260, AT3G12830, AT3GE0650, AT4G11150, AT5G13910, ATSG35770, AT5G55250,
P P AT5G59990, AT5G60910, ATSGE5640, AT5G66350
G0:0009850 [auxin metabolic process 79 3 02 | 000107 | 4.453e-01 |AT1G19790, AT1G75520, ATSG66350
ticellulor oreonismal AT1G13245, AT1G19790, AT1G26870, AT1G30950, AT1G75520, AT2G30370, AT3G11260,
G0:0032501 [T 2 g 3011 17 764 | 0.00109 | 4.453e-01 |AT3G12830, AT3G60650, AT4G11150, ATSG13910, AT5G35770, ATSG55250, AT5G59990,
P AT5GE0910, ATS5G65640, ATSGE6350
AT1G13245, AT1G14520, ATLG19790, AT1G26870, ATLG30950, AT1G75520, AT2G30370,
G0:0032502 |developmental process 3324 18 843 | 0.00122 | 4.505e-01 |AT3G11260, AT3G12830, AT3GE0650, AT4G11150, AT5G13910, ATSG35770, AT5G55250,
AT5G59990, AT5G60910, ATSGE5640, ATSG66350
G0:0009698 [Phenylpropanoid 185 4 047 | 000126 | 4.505e-01 [AT1G07730, AT3G24020, AT5G13420, AT5G54160
metabolic process
- omatic commound [AT1G07730, AT1G19790, AT1G26870, AT1G30950, AT1G72210, AT3G04030, AT3G11260,
60:0019438 [P1Oe - C ﬁocess 3353 18 851 | 0.00135 | 4.542e-01 |AT3G24020, AT4G11150, ATSG04820, ATSG13420, AT5G13910, ATSG26170, ATSG35770,
i P AT5G54160, AT5G60910, ATSGE5640, ATSG66350
_ response to endogenous . |aT1619790, AT1G26870, AT1G75520, AT3G11260, AT3G12830, AT3IG12900, AT3G29320,
GO:0009713 fimius 1767 2 448 | 0.00148 | 4703e-01 | 7411150 ATSG13910, ATSG26170, ATSG59310, ATSGE6350
600032870 |ceular response to 450 g 523 | 00o1ss | 5058001 [ATIG19790, ATIG75520, AT3G12830, AT3G12900, AT3G29320, ATSG13910, AT5G26170,
hormone stimulus AT5G66350
600071495 [cellular response to 299 g 228 | 000192 | 5491001 [ATLG19790, ATIG75520, AT3G12830, AT3G12900, AT3G29320, ATSG13910, AT5G26170,
endogenous stimulus AT5G66350
G0:0009734 ;:ﬁ:’vaaif"’amd signaling 214 4 054 | 0.00215 | 5.812e-01 |AT1G19790, AT1G75520, AT3G12830, ATSG66350
GO:0051230 |regulation of multicellularf o, 6 135 | 000227 | 5.812e-01 |AT2G30370, AT3G11260, ATSG13910, AT5G35770, ATSG59990, ATSG60910

organismal process

Table S7. TOP 30 GO enriched terms of the 93 genes up-regulated in cluster 5 of Fig .3 (part 1)




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
cellular response to auxin
G0:0071365 stimulus P 229 4 0.58 0.00275 | 6.050e-01 |AT1G19790, AT1G75520, AT3G12830, AT5G66350
X IAT1G01580, AT1G69850, AT2G23790, AT2G30070, AT2G38530, AT3G15990, AT4G11150,
G0:0006811 [ion transport 964 8 2.45 0.00296 | 6.271e-01
AT4G18160
hormone biosynthetic
G0:0042446 process Y 118 3 0.3 0.00338 | 6.905e-01 |AT1G19790, AT1G75520, AT5G66350
AT1G07730, AT1G19790, AT1G26870, ATLG30950, AT1G49620, AT1G68780, AT1G69850, AT1G72210,
; regulation of biological AT1G75520, AT2G30370, AT3G04030, AT3G11260, AT3G12830, AT3G24020, AT3G29320, AT4G03270,
GO:0050789 | | ocecs 5923 » 15,02 | 000401 | 7.422e01 | AT5G04820, ATSGO9550, AT5G13910, ATSG26170, ATSG35770, ATSG59990, ATSGE0910, ATSG65640,
AT5G66350
G0:0071310 Zﬁ!ﬂz;fponse fo organic 1028 8 2.61 000436 | 7.422¢-01 | AT1G19790, ATIG75520, AT3G12830, AT3G12900, AT3G29320, AT5G13910, AT5G26170, ATSGE6350
; response to organic AT1G19790, AT1G26870, AT1G75520, AT3G11260, AT3G12830, AT3G12900, AT3G29320, AT4G11150,
GO0010033 f & tance 2026 2 >14 0.00458 | 7.422e-01 | 75513910, AT5G26170, ATSG59310, ATSG66350
GO:0009755 ;‘;:;‘fl’:gepz::\i;d 821 7 2.08 00047 | 7422001 | AT1G19790, AT1G75520, AT3G12830, AT3G29320, ATSG13910, ATSG26170, ATSGE6350
. regulation of
G0:0050793 617 6 157 000473 | 7.422¢-01 | AT2G30370, AT3G11260, ATSG13910, AT5G35770, ATSG59990, ATSGE0910

developmental process

Table S7. TOP 30 GO enriched terms of the 93 genes up-regulated in cluster 5 of Fig .3 (part 2)




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
AT1GO1580, AT1G09240, AT1G14920, AT1G22710, AT1G25270, AT1G27940, AT1G62262,
. single-organism ] . |AT1675500, AT1G80760, AT2G18196, AT2G19770, AT2636590, AT2G38530, AT2G44290,
G0:1902578 | iization 2160 23 6.72 | LOOE-O7 | 5.720e-04 1, 13005030, AT3G10600, AT3G24450, AT3G25620, AT3G30340, AT3G51895, ATAG27500,
AT5G02940, AT5G50740
AT1GO1580, AT1G09240, AT1G14920, AT1G22710, AT1G25270, ATLG27940, AT1G62262,
) ) AT1G75500, AT1G80760, AT2G18196, AT2G36590, AT2G38530, AT2G44290, AT3G05030,
(60:0044765  single-organism transport( 2119 22 66 3.3e:07 | 943804 |\ 13510600, AT3G24450, AT3G25620, AT3G30340, AT3G51895, ATAG27500, AT5G02940,
AT5G50740
AT1G01580, AT1G09240, AT1G12150, AT1G14920, AT1G22710, AT1G25270, AT1G27940,
o AT1G62262, AT1G75500, AT1G80760, AT2G18196, AT2G19770, AT2G36590, AT2G38530,
G0:0051179 - flocalization 2837 24 883 | 34e06 | 6.483¢-03 |1 c14790, AT3G05030, AT3G10600, AT3G24450, AT3G25620, AT3G30340, AT3G51895,
AT4G27500, AT5G02940, ATSG50740
AT1GO1580, AT1G09240, AT1G12150, AT1G14920, AT1G22710, AT1G25270, AT1G27940,
establishment of AT1G62262, AT1G75500, AT1G80760, AT2G18196, AT2G36590, AT2G38530, AT2G44290,
G0:0051234 1, lization 2730 3 85 6.26-06 | 8.866e-03 |\ 13505030, AT3G10600, AT3G24450, AT3G25620, AT3G30340, AT3G51895, ATAG27500,
AT5G02940, AT5G50740
i AT1G01580, AT1G62262, AT1G80760, AT2G18196, AT2G36590, AT2G38530, AT3G05030,
(50:0006811  Jion transport 964 13 3 8:3e-06 | 9495¢03 |\ 13610600, AT3624450, AT3G51895, ATAG27500, AT5G02940, AT5G50740
60:0010232 |vascular transport 16 3 005 | 1.6e-05 | 1.287e-02 |AT1G09240, AT1G14920, AT1G22710
60:0010233  |phloem transport 16 3 005 | 1.6e-05 | 1.287e-02 |AT1G09240, AT1G14920, AT1G22710
AT1GO1580, AT1G09240, AT1G14920, ATLG22710, AT1G25270, ATLG27940, ATLG62262,
AT1G75500, AT1G80760, AT2G18196, AT2G36590, AT2G38530, AT2G44290, AT3G05030,
(G0:0006810  |transport 2699 22 84 18605 | 1.287€-02 113510600, AT3G24450, AT3G25620, AT3G30340, AT3G51895, ATAG27500, ATSG02940,
AT5G50740
AT1G22710, AT1G25270, AT1G27940, AT1G62262, ATLG75500, ATIG80760, AT2G36590,
GO:0055085  [transmembrane transport 1130 13 3.52 4.4e-05 | 2.796e-02 AT3G05030, AT3G10600, AT3G25620, AT3G30340, AT3G51895, AT5G02940
AT1G09240, AT1G14350, AT1G14920, ATLG18400, AT1G19510, AT1G22490, ATLG22900,
. organic cyclic compound _ |T1624625, AT1629160, AT1G52890, AT1668920, ATIG71692, AT1G75250, AT1G75500,
GO:1901362 1,0 nthetic process 3495 24 10.88 [ 0.00011 | 6.292€-02 [y 151430 AT2G07050, AT2G22670, AT2G38090, AT3G11260, ATAG21440, ATAG35160,
AT4G35900, AT4G37850, AT5G11590
AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G22900, AT1G24625,
, aromatic compound AT1G29160, AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT1G75500, AT2G01430,
GO:0019438 | ynthetic process 3353 = 1044 1 0.00016 | 8:320-02 1555670, AT2G38090, AT3G11260, AT3G53140, ATAG21440, ATAG35160, ATAG35900,
AT4G37850, ATSG11590
AT1GO1580, AT1G14350, AT1G14920, ATLG18400, AT1G19510, AT1G22490, ATLG22900,
AT1G24625, AT1G27940, AT1G29160, ATLG52890, AT1G62262, ATLG68920, ATLG71692,
o ‘ AT1G75250, AT1G75500, AT1G80760, AT2G01430, AT2G18196, AT2G19770, AT2G22670,
G0:0065007  [biological regulation 6714 36 2091 0.00021 | 1.001e-01 1,1 235090, AT2G39370, AT2G39730, AT3G04720, AT3GO5030, AT3G11260, AT3G47090,
ATAG13260, AT4AG21440, ATAG27500, ATAG35160, ATAG35900, ATAG37850, ATSG11590,
ATSG50740
50:0098656 :gs:p:ftnsmembra“e 183 5 057 | 0.00027 | 1.144e-01 |AT1G62262, AT1G80760, AT2G36590, AT3G10600, AT3G51895
AT1G09240, AT1G14350, AT1G14920, AT1G18400, ATLG19510, AT1G22490, AT1G24625,
. heterocycle biosynthetic AT1G29160, AT1G52890, AT1G68920, ATLG71692, AT1G75250, ATLG75500, AT2G01430,
GO:0018130 | cess 3243 22 101 [0.00028 | 1.144e-01 f5 15 255670, AT2G38090, AT3G11260, ATAG21440, ATAG35160, ATAG35900, ATAG3 7850,
ATS5G11590
regulation of AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
60:0006355  |transcription, DNA- 2599 19 809 |[0.00032 | 1.144e-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090,
templated AT3G11260, ATAG21440, AT4G35900, ATAG37850, AT5G11590
e ulation of nucleic acid. AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
60:1903506 tei . 2611 19 813 [ 000034 | 1.144e-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090,
P P AT3G11260, ATAG21440, ATAG35900, ATAG37850, AT5G11590
e Ulation of RNA AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
602001141 bkg)s T s 2611 19 813 [ 0.00034 | 1.144e-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090,
Y P AT3G11260, ATAG21440, AT4G35900, ATAG37850, AT5G11590
e Uation of ANA AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
60:0051252 mgtabolic e 2650 19 825 | 000041 | 1.264e-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090,
P AT3G11260, ATAG21440, ATAG35900, ATAG37850, AT5G11590
regulation of nitrogen AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
60:0051171 |compound metabolic 2881 20 897 | 0.00042 | 1.264e-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, ATLG75500, AT2G01430, AT2G22670,
process AT2G38090, AT3G11260, AT4G21440, ATAG35900, ATAG37850, ATSG11590
regulation of nucleobase- AT1G14350, AT1G14920, AT1G18400, AT1G19510, AT1G22490, AT1G24625, AT1G29160,
60:0019219  |containing compound 2706 19 842 | 000053 | 1.482¢-01 |AT1G52890, AT1G68920, AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090,

metabolic process

AT3G11260, ATAG21440, ATAG35900, AT4G37850, AT5G11590

TableS9.TOP30 GO enrichedtermsofthe 111 genesinducedinTOand T12 CR parts(part1)




GO.ID Term Annotated | Count | Expected | p-value g-value Genes
esulation of orimar AT1G14350, ATLG14920, AT1G18400, ATLG19510, AT1G22490, AT1G24625, ATLG29160, AT1G52890,
G0:0080090 nfgt“azoﬁcn OrO’ieZay 3172 21 9.87 0.00055 | 1.482e-01 | AT1GE8920,AT1G71692, AT1G75250, AT1G75500, AT2G01430, AT2G22670, AT2G38090, AT2G39370,
P AT3G11260, ATAG21440, ATAG35900, ATAG37850, ATSG11590

amscrintion. DAL AT1G14350, AT1G14920, AT1G18400, AT1G19510, ATLG22490, AT1G24625, AT1G29160, AT1G52890,

G0:0006351 | " IatZd ' 2722 19 8.47 000057 | 1.482e-01 | ATIG68920, ATIG71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090, AT3G11260, ATAG21440,
P AT4G35900, AT4G37850, ATSG11590

ucleic st temlated AT1G14350, AT1G14920, AT1G18400, AT1G19510, ATLG22490, AT1G24625, AT1G29160, AT1G52890,

G0:0097659 | [ *8ee P 2735 19 8.51 6,006-04 | 1492601 | AT1G68920,AT1G71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090, AT3G11260, ATAG21440,
P AT4G35900, AT4G37850, ATSG11590

AT1G14350, AT1G14920, AT1G18400, AT1G19510, ATLG22490, AT1G24625, AT1G29160, AT1G52890,

G0:0032774 | RNA biosynthetic process 2744 19 8.54 000063 | 1.502e-01 | AT1G68920, ATIG71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090, AT3G11260, ATAG21440,
AT4G35900, AT4G37850, ATSG11590

oot cotatar ATIG14350, AT1G14920, AT1G18400, ATLG19510, ATLG22490, AT1G24625, AT1G29160, ATLG52890,

G0:0031323 mgtabolic e 3229 21 1005 | 7,00604 | 1.602e-01 | AT1G68920,AT1G71692, AT1G75250, AT1G75500, AT2G01430, AT2G22670, AT2G38090, AT2G39370,

P AT3G11260, AT4G21440, AT4G35900, ATAG37850, ATSG11590

regulation of cellular AT1G14350, AT1G14920, AT1G18400, ATIG19510, ATLG22490, AT1G24625, AT1G29160, ATLG52890,

G0:2000112 | macromolecule 2781 19 8.66 000074 | 1.628e-01 | ATIG68920, ATIG71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090, AT3G11260, ATAG21440,
biosynthetic process AT4G35900, AT4G37850, AT5G11590

regulation of ATIG14350, AT1G14920, AT1G18400, ATIG19510, ATLG22490, AT1G24625, AT1G29160, ATLG52890,

G0:0010556 | macromolecule 2800 19 8.72 000081 | 1.716e-01 | AT1G68920, ATIG71692, AT1G75250, AT2G01430, AT2G22670, AT2G38090, AT3G11260, ATAG21440,
biosynthetic process ATA4G35900, AT4G37850, AT5G11590

G0:0006820 | anion transport 354 6 11 000084 | 1.716e-01 | AT1G62262, ATLG80760, AT2G36590, AT2G38530, AT3G10600, AT3G51895
e atiom of et ATIG14350, AT1G14920, AT1G 18400, ATLG19510, ATLG22490, AT1G22900, AT1G24625, ATLG29 160,
G0:0019222 | regvation ormeta 3768 23 1173 000089 | 1.755e-01 | AT1G52890, ATIG68920, AT1G71692, AT1G75250, AT1G75500, AT2G01430, AT2G22670, AT2G38090,

process

AT2G39370, AT2G39730, AT3G11260, AT4G21440, ATAG35900, AT4G37850, AT5G11590

TableS9.TOP30GO enriched termsofthe 111 genesinducedinTOand T12 CR parts(part2)




Pros Cons

LaMAKR4, MEMBRANE-ASSOCIATED KINASE REGULATOR 4

acts downstream of gene oscillations ; convert
pre-branch sites into LRs (Xuan et al., 2015)

one main obvious candidate induced at early
stages: Lalb_Chr21g0307221

makr4-1  mutants loss-of-function  have
unaltered pre-branch sites but fewer LRs
(same for amiRNAI plants) (Xuan et al., 2015)

4 lupin protein sequences are similar to the
one of AtMAKR4 but only
Lalb_Chr21g0307221 is strongly induced

phenotype of makr4-1 mutant treated with
auxin is not reported (is auxin modifying the
phenotype of the mutant?)

LaMYB124, MYB DOMAIN PROTEIN 124 (or FLP for FOUR LIPS)

regulates LR initiation: expressed in the
nucleus at stage | ; regulates PIN3 expression
in the endodermis (Chen et al., 2015)

one main obvious candidate highly induced at
TO and T12: Lalb_Chr10g0098091

flp-1 and flp-7 loss-of-function mutants have
reduced LR number compared to WT Col at 6
DAG (Chen et al., 2015)

protein sequences of Lalb_Chr10g0098091
and Lalb_Chr04g0256211 are really similar
(duplicated gene?)

flp-1 and flp-7 loss of function mutants have
clusters of stomata on leaves. Plants have
more water loss and are more sensitive to
drought stress (Yang et al., 1995)

LaLBD16, LATERAL ORGAN BOUNDARIES-DOMAIN 16

pivotal role in LR initiation (Goh et al., 2012)

one main candidate with peak of expression in
T12: Lalb_Chr0690162491

up-regulated at T12 compared to LR

Ibd16-1 loss-of-function mutant shows a slight
decrease number of LRs (Goh et al., 2012)

LBD16-SRDX plants have no LR or fewer and
primary development is normal (Goh et al,
2012)

Lalb_Chr06g0162491 protein
really similar to the
Lalb_Chr01g0019721
Lalb_Chr02g0142301

sequence s
one of genes
and

when auxin is applied on /bd16-1 mutant,
there are more LRs (auxin can suppress the
phenotype of the mutant)

Table S10

. Pros and cons for selecting lupin candidate genes




GO.ID Term Annotated | Count | Expected p-value g-value Genes
AT1G02860, AT1G05590, AT1G06490, ATIGOS050, AT1G09380, AT1G09750,
AT1G14040, AT1G15460, AT1G17140, ATLG18650, AT1G18670, AT1G20160,
AT1G21980, AT1G23080, AT1G30320, ATLG32190, AT1G34300, AT1G47670,
L6716, | ATLG48870, AT1G64080, AT1G66250, ATIG69870, ATIG74720, AT1G75500,
60:0071944 cell periphery 3568 52 293 | 17e00 ne | AT2601950, AT2G03810, AT2G25070, AT2G25630, AT2G26570, AT2G28950,
AT3G08870, AT3G24240, AT3G51370, AT3G51670, AT3G55430, AT4G13600,
ATAG16370, ATAG16563, ATAG26540, ATAG28950, ATAG29360, ATAG31140,
AT5GO5340, AT5G07280, ATSG13170, ATSG17420, AT5G20230, AT5G46700,
AT5G51550, AT5G54160, AT5G54590, ATSG60210
AT1G02860, AT1G05590, AT1G06490, ATLGOS050, AT1G09380, AT1G 14040,
AT1G15460, AT1G17140, AT1G18650, ATLG18670, AT1G21980, AT1G23080,
AT1G30320, AT1G32190, AT1G34300, ATLG47670, AT1G48870, AT1G64080,
60:0005836 | plasma membrane 2504 i 186 s 1e0 | 25076 | AT1G66250, AT1G69870, AT1G74720, AT1G75500, AT2G01950, AT2G03810,
06 | AT2G25070, AT2G26570, AT3G08870, AT3G24240, AT3G51370, AT3G51670,
AT3G55430, ATAG13600, ATAG16370, ATAG26540, ATAG28950, AT4G29360,
AT4G31140, AT5G07280, AT5G13170, ATSG17420, AT5G20230, AT5G46700,
AT5G54160, AT5G54590, ATSG60210
AT1G02800, AT1G04820, AT1G05010, ATIGO6490, ATIG 19790, AT1G19850,
AT1G20160, AT1G23080, AT1G28470, ATLG30490, AT1G32540, AT1G34110,
AT1G53310, AT1G56150, AT1G63260, ATLG63820, AT1G63910, AT1G74720,
co00ssgy | developmental s34 4 2121 | 200607 | 8580 [ATIG75500, AT1G75520, AT2G01950, AT2G16500, AT2G22630, AT2G25630,
process 04 | AT2G28950, AT3G04070, AT3G12090, AT3G24240, AT3G28857, AT3G50070,
AT3G52770, AT3G57670, ATAG16370, ATAG18640, ATAG23750, ATAG26540,
AT4G29720, ATAG35550, ATAG37750, ATSG05340, AT5G07280, AT5G13170,
AT5G13910, AT5GA46700, ATSG55250, ATSG57390
AT1G02800, AT1G04820, AT1GOS010, ATIGO6490, ATIG 19790, AT1G19850,
AT1G20160, AT1G23080, AT1G28470, ATLG30490, AT1G32540, AT1G34110,
single-organiem AT1G53310, AT1G56150, AT1G63260, ATLG63820, AT1G63910, AT1G74720,
8.580e- | AT1G75500, AT1G75520, AT2GO1950, AT2G16500, AT2G22630, AT2G25630,
G0:0044767 | developmental 3255 45 2077 | 300807
04 | AT2G28950, AT3G04070, AT3G12090, AT3G24240, AT3G28857, AT3G50070,
process AT3G52770, AT3G57670, ATAG16370, ATAG18640, ATAG23750, ATAG26540,
AT4G29720, ATAG35550, ATAG37750, ATSG07280, ATSG13170, AT5G13910,
AT5GA46700, AT5G55250, AT5G57390
positive regulation of 1.907e-
G0:1900378 | secondary metabolite 4 3 003 | 100606 | " " [AT1663910, ATAG27260, AT5G05340
biosynthetic process
AT1G02800, AT1G04820, AT1G05010, ATIGO6490, AT1G19790, AT1G19850,
AT1G20160, AT1G23080, AT1G28470, ATLG30490, AT1G34110, AT1G34300,
ulticellular 5 5746 | ATLGS3310, AT1G56150, ATIG63820, AT1G74720, ATIG75520, AT2GO1950,
GO0032501 [T s 3011 41 1921 | 18e06 os | AT2616500, AT2G22630, AT2G25630, AT3G04070, AT3G12090, AT3G24240,
AT3G50070, AT3G52770, AT3G57670, ATAG03230, ATAG16370, ATAG18640,
AT4G23750, ATAG26540, ATAG29720, ATAG35550, AT4G37750, AT5G07280,
AT5G13170, AT5G13910, AT5GA6700, ATSG55250, AT5G57390
G0:0009834 | Plant-type secondary 68 6 043 40e06 | >93¢ | AT1628470, AT1G63910, ATIG75500, AT2G38080, AT3G50220, ATSG17420
cell wall biogenesis 03
co0007389 | Pattem specification o . - e300 | 5053 | ATIG02800, ATIG1850, AT1G23080, ATIG30450, AT2GO1950, AT3GS2770,
process 03 | AT5G46700, AT5G55250, AT5G57390
AT1G02800, AT1G04820, AT1GOS010, ATIGO6490, AT1G19790, AT1G19850,
AT1G20160, AT1G23080, AT1G28470, ATLG30490, AT1G34110, AT1G53310,
cingle-multicellufar 5 5030 | ATIG56150, AT1G63820, AT1G74720, ATLG75520, AT2G01950, AT2G16500,
G0:0044707 _ 2847 38 1816 | 7.6e06 o | AT2622630, AT3G04070, AT3G12090, AT3G24240, AT3G50070, AT3GS2770,
Organism process AT3G57670, ATAG16370, ATAG18640, ATAG23750, ATAG26540, AT4G29720,
AT4G35550, ATAG37750, AT5G07280, ATSG13170, ATSG13910, AT5GA46700,
AT5G55250, AT5G57390
60:0009809 "g”'”pbr':s;':;het'c 75 6 0.48 8.6e-06 5'5(?338’ AT1G63910, AT2G38080, ATAG36220, AT5G05340, AT5G20230, ATSG54160
60:0009798 | axis specification 44 5 028 8.8¢-06 5'5(?338’ AT1G19850, AT1G23080, AT1G30490, AT3G52770, ATSG55250
Coo00973a | 2wimacivated o . 137 | tootos | 5720% | ATEGIS790, ATIGIOBS0, ATIGZ3080, AT1G56150, AT1G75500, ATLG/5520,
signaling pathway 03 AT2G01950, AT5G46700, AT5G57390
regulation of 5.720e-
G0:1900376 | secondary metabolite 2 4 0.14 1.1e-05 o |ATiG63910, ATAG27260, ATSGOS340, AT5G20230
biosynthetic process
GO:1901141 |  regulation oflignin 8 3 0.05 14e-05 | 8672% [ AT1663910, ATSG0340, AT5G20230
biosynthetic process 03
cellular response to 74800 | AT1G19790, AT1G19850, AT1G23080, ATIGS6150, AT1G75500, AT1G75520,
60:0071365 auxin stimulus 229 o 146 1.7e:05 03 | AT2G01950, AT5GA46700, ATSG57390
) 5,948 | AT1G19790, AT1G19850, AT1G23080, ATIGS6150, AT1G75500, AT1G75520,
G0:0009733 | response to auxin 435 12 278 2505 03 | AT1G75580, AT2G01950, AT2G47260, ATAG27260, ATSG46700, AT5G57390
U meristemn s . o ae0s | 5948 | ATIGIO8S0, ATIG30490, ATIG34110, AT3G24240, AT3G52770, ATAG26540,
development 03 | AT4G29720, AT4G37750, AT5G46700
GO:0010305 | o3 vascular tissue 28 4 0.18 29005 | 29488 | AT1619850, AT2601950, AT3G52770, ATSGA6700
pattern formation 03

Table S12. TOP 30 GO enriched terms of the 216 genes induced in T12 to T36 CR parts (part 1)




GO.ID Term Annotated | Count | Expected p-value g-value Genes
[AT1G02800, AT1G04820, ATLGOS010, AT1G19790, AT1G19850, AT1G20160, AT1G23080,
AT1G28470, AT1G30490, AT1G34110, AT1G53310, AT1G56150, AT1G63820, AT1G74720,
. multicellular organismal AT1G75520, AT2G01950, AT2G16500, AT2G22630, AT3G04070, AT3G24240, AT3G50070,
GO:0007275 14evelopment 2794 36 17.83 | 300805 [9.948e-03{, 355,770, AT3G57670, ATAGL6370, ATAG18640, ATAG23750, ATAG26540, ATAG29720,
AT4G35550, ATAG37750, AT5G07280, AT5G13170, AT5G13910, ATSGA46700, AT5G55250,
AT5G57390
. AT1G04820, AT1G19850, ATLG20160, AT1G30490, AT1G34110, AT1G53310, AT3G24240,
G0:0009888 |tissue development 603 14 385 3.5e-05 19.948e-03], 13000770 ATAG18640, ATAG26540, ATAG29720, ATAG37750, AT5G05340, ATSGA6700
G0:0009808 [lignin metabolic process| 96 6 0.61 3.6e-05 [9.948¢-03|AT1G63910, AT2G38080, AT4G36220, ATSG05340, AT5G20230, ATSG54160
G0:1901064 ;‘;ggeg:‘l"g”'” metabolic 2 2 0.01 4,00E-05 [9.948e-03|AT1G63910, ATSG05340
60:1901066 |°Yrneal lignin 2 2 0.01 4,00E-05 |9.948¢-03|AT1G63910, ATSG05340
biosynthetic process
regulation of syringal
G0:1901428 lignin biosynthetic 2 2 0.01 4,00E-05 [9.948e-03|AT1G63910, ATSG05340
process
positive regulation of
G0:1901430 [syringal lignin 2 2 0.01 4,00E-05 [9.948e-03|AT1G63910, ATSG05340
biosynthetic process
AT1G04820, AT1G34110, AT1G53310, AT1G75500, AT2G25630, AT2G28950, AT3G12090,
G0:0048589 |developmental growth 472 12 3.01 5.4e-05 |1.287e-02 AT3G24240, AT3G28857, AT3G52770, AT3G57670, ATAG26540
[AT1G02860, AT1G04830, ATLGOGA90, AT1G14040, AT1G15460, AT1G17140, AT1G19250,
AT1G19790, AT1G19850, ATLG20160, AT1G22490, AT1G23080, AT1G28360, AT1G28470,
AT1G30490, AT1G32540, AT1G34110, AT1G48870, AT1G56150, AT1G56210, AT1G63820,
AT1G63910, AT1G75450, ATLG75500, AT1G75520, AT2G01950, AT2G16485, AT2G22630,
o _ AT2G24230, AT2G26710, AT2G33620, AT2G40200, AT2G41130, AT2G41180, AT2G47260,
G0:0065007 |biological regulation 6714 65 | 4284 | 000011 12.399e-02f,13505550 AT3G04070, AT3G09360, AT3G19500, AT3G22810, AT3G24240, AT3G28857,
AT3G47380, AT3G50070, AT3G52770, AT3G57670, ATAG16370, ATAG17350, ATAG18640,
AT4G23750, ATAG26540, ATAG27260, AT4AG28950, ATAG29720, ATAG35550, ATAG37750,
ATSG05340, ATSG07280, AT5G13910, AT5G20230, AT5G46700, ATSG50740, AT5G55250,
AT5G57390, AT5G64980
G0:0048509 ;i%”e'f;x;ftme”smm 118 6 0.75 0.00011 [2.399e-02|AT1G34110, AT3G24240, AT3G52770, ATAG26540, ATAG29720, ATSGA46700
AT1G04820, AT1G34110, AT1G53310, AT1G56150, AT1G75500, AT2G25630, AT2G26710,
(G0:0040007 [growth 678 4 433 0.00012  12.399¢-02fx 1558950, AT3612000, AT3G24240, AT3G28857, AT3G52770, AT3G57670, ATAG26540
G0:0043455 |regulation of secondary 40 4 0.26 0.00012 |2.399¢-02|AT1G63910, AT4G27260, ATSG05340, ATSG20230

metabolic process

Table S12. TOP 30 GO enriched terms of the 216 genes induced in T12 to T36 CR parts (part 2)




Pros Cons

LaLBD29, LATERAL ORGAN BOUNDARIES-DOMAIN 29

regulates LR initiation: maintain the capacity of
pericycle cells to divide (Feng et al., 2012)

one main obvious candidate: Lalb_Chr02g0142290
1bd29 loss-of-function mutant shows a decrease in

LR density compared to WT Col at 7 DAG and 14
DAG (Feng et al., 2012)

Protein sequences of Lalb_Chr02g0142291 and
Lalb_Chr01g0019701 are really similar (duplicated
gene?)

the phenotype of /bd29 mutant treated with auxin is
not reported (is auxin modifying the phenotype of
the mutant?)

LaPUCHI

is important for cell division involved in LRP
development ; is expressed from stage | LRP (Hirota
etal., 2007)

2 genes strongly induced at T24:
Lalb_Chr13g0303751 and Lalb_Chr07g0177601
shorter

puchi-1 loss-of-function mutant have

emerged LR than WT at 9 DAG

density of emerged LR is slightly reduced in puchi-1
mutant compared to WT plants

protein sequences of Lalb Chri3g0303751 and
Lalb_Chr07g0177601 are similar. These genes also
have similar expression profiles.

puchi-1 loss-of-function mutant phenotype is
indistinguishable from WT Col at 20 DAG (Hirota et
al., 2007)

LaERF12, ETHYLENE RESPONSIVE TRANSCRIPTION FACTOR 12

encodes a member of the ERF (ethylene response
factor) subfamily B-1 of ERF/AP2 transcription factor

family (ERF12).
one main obvious candidate: Lalb_Chr18g0059441

induced by NAA treatment after 6 hours in Col0O and
J0121 (source: tair, Arabidopsis Lateral root
Initiation eFP browser)

in the LRP zone, slightly expressed in procambium
and XPP cells (source: tair, Root eFP browser)

is responsive to phosphate deficiency. Gene
expression increase after 6 hours of exposition to Pi
starvation (source: tair, Rootll eFP browser)

no functional studies on AtERF12 so far

protein  sequence between lupin  gene
Lalb_Chr18g0059441 and AtERF12 is only 50%
identical

Lalb_Chr18g0059441 is only x3 more expressed in
T12 compared to LR

Table S13. Pros and cons for selecting lupin candidate genes




Pros Cons

LaSTY1, STYLISH 1

LaSTY1 protein sequence is similar to AtLRP1 (lateral
root primordium 1) protein sequence. AtLRP1 is a
gene expressed before LRI and during LRP patterning
(Smith et al., 1995)

AtSTY1 can act as a transcriptional activator regulating
auxin biosynthesis (Eklund et al., 2010)

two genes highly induced between T12 and T48:
Lalb_Chr23g0266341 and Lalb_Chr09g0320901

is expressed in the primordium of several organs
(cotyledon, gynoecium) and during leaf vein
development (Kuusk et al., 2002; Baylis et al., 2013)

Lalb_Chr23g0266341 is 39 times more expressed at
T12 compared to LR

styl-1 and sty2-1 mutants showed defective style,
stigma as well as serrated leaves. No phenotype
related to the root system is reported.

at least 6 SHI-related genes in white lupin

similarity —at  the  protein  level betwen

Lalb_Chr23g0266341 and AtSTY1 is only 47%

LaNFY-B5, NUCLEAR FACTOR'Y, SUBUNIT B5

some members of NFY transcription factors family are
involved in developmental processes including nodule
development (Petroni et al., 2012)

strongly expressed in the procambium and
endodermis in the differentiation zone and LRP zone
(source: tair, Root eFP browser)

Lalb_Chr13g0303701 is 11,5 times more expressed at
T12 compared to LR

not induced by auxin or Pi starvation

AtNFY-B5 might participate in the HRS1/HHO1
response that represses primary root growth in
response to Pi deprivation and NOs  availability
(Medici et al., 2015)

LaNAC044, NAC DOMAIN CONTAINING PROTEIN 44

some members of the NAC transcription factors family
are involved in embryonic, floral, vegetative and
lateral root development (Olsen et al., 2015)

two genes are highly induced between T12 and T36:
Lalb_Chr14g0362861 and Lalb_Chr10g099731

Lalb_Chr14g0362861 is 6,5 times more expressed at
T12 compared to LR

Lalb_Chr14g0362861 and Lalb_Chr10g099731 have
similar expression profiles

AtNAC0O44 was recently described to play a crucial role
in causing G2 arrest in response to DNA damage
(Takahashi et al., 2019)

Lalb_Chr14g0362861 protein sequence is only 48%
similar at the protein level to AtNACO44

Table S14. Pros and cons for selecting lupin candidate genes
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Untransformed p35S::GUS p35S::LaLBD29-SRDX p35S::LaMYB124-SRDX

p35S::LaNACO44-SRDX p35S::LaPUCHI-SRDX p35S::LaNFY-B5-SRDX  p35S::LaMAKR4-RNAI

Fig. S5. Phenotype of white lupin transgenic root systems compared to untransformed plants and
p35S::GUS control plants. Untransformed plants form cluster of rootlets close to the tip of the principal
roots while all transgenic lines display continuous rootlet initiation on the roots formed from the cut.
Images presented are representative of n=24 plants, except for LaNFY-B5-SRDX (n=17).
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Fig. S6. Partial phylogenetic tree of LBDs class la subtype C of Arabidopsis and white lupin orthologs. The
bootstrap consensus tree was inferred from 1000 replicates . The numbers on the branches indicate the
length of the branches, which represents the evolutionary time between two nodes (unit: substitution
per site).
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Fig. S7. Phylogenetic tree of SHI-RELATED SEQUENCE (SRS) family of Arabidopsis and white lupin
orthologs. The bootstrap consensus tree was inferred from 1000 replicates. The numbers on the
branches indicate the length of the branches, which represents the evolutionary time between two
nodes (unit: substitution per site).
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Fig. S8. Phylogenetic tree of the AP2/EREB subfamily VIII/B1 of Arabidopsis and white lupin orthologs. The
bootstrap consensus tree was inferred from 1000 replicates. The numbers on the branches indicate the
length of the branches, which represents the evolutionary time between two nodes (unit: substitution

per site).



Gene name identifier

(ID number) Primer name Primer sequence (5" -> 3')
LalBD16 Lalb_Chr06g0162491 LalLBD16-F TTCTAGATCCAGATCGAGGTTATAGTTCCTCTGCATC
LaLBD16 Lalb_Chr06g0162491 LaLBD16-R TTCTAGATCCAGATCGAGGTTATAGTTCCTCTGCATC
LaLBD29 Lalb_Chr02g0142291 LaLBD29-F TACAAAAAAGCAGGCTATGATTCACACAAACCTGAAGAG
LalLBD29 Lalb_Chr02g0142291 LaLBD29-R TTCTAGATCCAGATCGAGATATGATTGATTGTAACCAAAAG
LaMYB124 |Lalb_Chr10g0098091 LaMYB124-F -CFQ(G:AAAAAAGCAGGCTATGCAAGATATGAAGAAAAATCAG
LaMYB124 |Lalb_Chr10g0098091 LaMYB124-R  [TTCTAGATCCAGATCGAGTAAGCTATGTAGTAGGGTTC
LaPUCHI Lalb_Chr13g0303751 LaPUCHI-F TACAAAAAAGCAGGCTATGTCATCCACTTCAGGTGCAT
LaPUCHI Lalb_Chr13g0303751 LaPUCHI-R TTCTAGATCCAGATCGAGGAAGAGTGGATGGTATC
LaSTY1 Lalb_Chr23g0266341 LaSTY1-F TACAAAAAAGCAGGCTATGGCTGGGTTATTCTCTTTAG
LaSTY1 Lalb_Chr23g0266341 LaSTY1-R TTCTAGATCCAGATCGAGGGATCTTGGGGGTAGG
LaNFY-B5 Lalb_Chr1320303701 LaNFYBS-F '_II:gCAAAAAAGCAGGCT ATGGTGGACAACGTTGTTGGGAGT
LaNFY-B5  |Lalb_Chr13g0303701 LaNFYB5-R TTCTAGATCCAGATCGAGGCCTTGTCTTTCAGGGC
LaNACO44  |Lalb_Chr14g0362861 LaNAC044-F TACAAAMAAGCAGGCTATGTTCTACAGGAGCTGGATTATT
LaNAC044 |Lalb_Chr14g0362861 LaNAC044-R  |TTCTAGATCCAGATCGAGTAGCCTGTCCATCCAATC
LaERF12 Lalb_Chr18g0059441 LaERF12-F TACAAAAAAGCAGGCTATGTTCACGGCTTCATCTTCCTC
LaERF12 Lalb_Chr18g0059441 LaERF12-R TTCTAGATCCAGATCGAGTAGCCACAATGGTGGAGG
- - attB1F GGGGACAAGTTTGTACAAAAAAGCAGGCT
i i tB2R ggGGACCACTTTGTACAAGAAAG CTGGGTTTAAGCGAAAC
i i srdx-R ZGGGTTTAAGCGAAACCCAAACGGAGTTCTAGATCCAGAT

Table S15. List of primers used to create fusion between coding sequence and SRDX sequence




Gene identifier Gene name Amplicon length (bp)

Lalb_Chr06g0162491 LaLBD16 646
Lalb_Chr02g0142291 LaLBD29 802
Lalb_Chr10g0098091 LaMYB124 1414
Lalb_Chr13g0303751 LaPUCHI 1072
Lalb_Chr23g0266341 LaSTY1 895
Lalb_Chr13g0303701 LaNFY-B5 415
Lalb_Chr14g0362861 LaNACO044 1207
Lalb_Chr18g0059441 LaERF12 529
Lalb_Chr21g0307221 LaMAKR4 523

Table S16. Size of the coding sequences of the 9 white lupin amplified from cDNA.



Primer name Primer sequence (5" -> 3’)

PEN-L1-12

M13F TGTAAAACGACGGCCAGT
M13R CAGGAAACAGCTATGACCATG
pEX-35S::cds-SRDX
pK7F AGAAGACGGCTGCACTGAAC
T-35-Rout  [GATTTGTAGAGAGAGACTGG
PEX-35S::MAKR4-RNAI
p35S-F TATCCTTCGCAAGACCCTTC
p35-F-out  |GATTTGTAGAGAGAGACTGGTG
p35-R-out  [TGGAGAGGACTGCAGGAC
Intron-F-out JACAGTGAAGACACAGAAAGCC
Intron2-R-out [ATTCATATACCAGTTAACGTGTCTC

Table S17. List of primers used for sequencing



Gene name

identifier (ID Primer name Primer sequence (5" -> 3')
number)
LaRBC |Lalb_Chr25g0281541 LaRBC-F ATCGCTACAAAGGACGATGC
LaRBC |Lalb_Chr25g0281541 La-RBC-R TTATCCCGGCAATAATGAGC
GGGGCAAGTTTGTACAAAAAAGCAGGCTATCGC
LaRBC [Lalb_Chr25g0281541| LaRBC-attB1-F T ACAAAGGACGATGC
CCCCCCACTTTGTACAAGAAAGCTGGGTTTATCC
LaRBC |Lalb_Chr25g0281541| LaRBC-attB2-R CGGCAATAATGAGE
LaMAKR4 |Lalb_Chr21g0307221 LaMAKRA-F TACAAAAAAGCAGGCTCTTGCAAAACTCCACGAA
CACTCC
LaMAKR4 |Lalb_Chr21g0307221 LaMAKR4-R —gg%AAGAAAGCTGGGTTCATGACAGAAWGAG
LaMAKR4 |Lalb_Chr21g0307221 | LaMAKR4-attB1-F |GGGGACAAGTTTGTACAAAAAAGCAGGCT
LaMAKR4 |Lalb_Chr21g0307221|LaMAKR4-attB2-R [GGGGACCACTTTGTACAAGAAAGCTGGGT

Table S18. List of primers used to generate the long hairpin for RNAI




DISCUSSION GENERALE ET
PERSPECTIVES
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Ce travail de thése a porté sur les premiers stades de la formation des rootlettes du
lupin blanc. Chez cette légumineuse, nous avons fourni une description du développement du
primordium de rootlette. Par analogie avec Arabidopsis, 8 stades discrets ont été définis au
cours de sa formation. L'étude anatomique des RPd a montré que les rootlettes sont initiées
en face des poles de xyleme a partir de divisions asymétriques dans plusieurs cellules
adjacentes du péricycle. L’analyse détaillée des stades de développement a révélé la présence
de divisions additionnelles dans I'endoderme et le cortex de la RPd. La visualisation du patron
d’expression spatiotemporel du géne marqueur de la transition G2/M du cycle cellulaire
AtCYCB1;1 et du géne marqueur de I'endoderme LaSCR1 a confirmé la contribution de ces
tissus. L'expression de marqueurs spécifiques de I'endoderme, du cortex et du systéeme
vasculaire a montré que les tissus sont différenciés dans le primordium dés le stade VI,
soulignant I'importance de la transition entre le stade V et VI pour I'établissement du patron
radial de la rootlette.

Afin de montrer la contribution de I'auxine dans la formation de la rootlette, nous avons
étudié I'expression tissulaire du rapporteur synthétique DR5. L’expression précoce de ce
marqueur au stade | et la mise en place d’un gradient de son expression dans le primordium de
rootlette en formation montre que l'auxine est nécessaire pour induire et contrbler
I’'organogénese de ces racines, et ce malgré leur croissance déterminée. De plus, la visualisation
d’un gradient tres clair a permis de montrer que les racines transformées « hairy root »
conservent une réponse hormonale proche des racines latérales d’Arabidopsis. Dans le but
d’étudierles genes enlien avecl’auxine, nous avons développé une méthode d’échantillonnage
originale et avons focalisé notre attention sur deux genes. Deux homologues des genes AtTIR1
(LaTIR1b) et AtARF11 (LaARF5), impliqués respectivement dans la perception et la signalisation
auxinique ont été identifiés chez le lupin blanc. Ces genes ont été annotés a partir de données
RNAseq publiées (Secco et al., 2014) et en I'absence, a ce moment, du génome du lupin blanc.
La conservation du profil d’expression entre les genes LaTIR1b et AtTIR1, le récepteur de 'AIA
chez Arabidopsis, a confirmé la mise en place d’un gradient auxinique et la capacité des cellules
du primordium de rootlette a percevoir I'auxine. En revanche, I’étude de la séquence protéique
de LaARF5 et de son profil d’expression suggere que ce gene a un role répresseur, au cours de
la formation des rootlettes.

Dans le but d’identifier des genes régulateurs de l'initiation et de 'organogénése du

primordium de rootlette, nous avons généré un transcriptome du développement des RPd et
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analysé I'expression des genes associés aux premiers stades de formation des rootlettes. Ces
études ont permis d’identifier deux listes de génes différentiellement exprimés dans la racine
protéoide, en comparaison avec une racine latérale ne formant pas de rootlette. Leur analyse
a montré que les genes surexprimés dans la racine protéoide et en lien avec les processus
développementaux sont majoritairement des genes impliqués dans la formation et la
maintenance du méristeme. Une deuxiéme analyse se focalisant sur les génes induits
précocement a permis l'identification de 9 génes candidats. L'implication de ces candidats dans
la formation des rootlettes a été vérifiée par la fusion de la séquence codante de ces genes
avec le domaine répresseur SRDX et la production de plantes composites exprimant ces
transgenes. L'analyse phénotypique du systeme racinaire de ces plantes a montré que les
transgenes p35S::LalBD16-SRDX, p35S::LaERF12-SRDX, et p35S::LaSTY1-SRDX réduisent
significativement le nombre de racines protéoides formées. Cela implique que ces genes

pourraient réguler le développement des rootlettes.

l. Le lupin blanc, un modéle pour étudier le développement racinaire

Le systeme racinaire des plantes se forme de maniére continue et présente un haut
niveau de plasticité. Cette plasticité permet aux plantes d’explorer efficacement le sol et
d’adapter leur architecture en réponse aux changements de I'environnement. Au cours de
I’évolution, certaines plantes adaptées aux sols pauvres ont développé la capacité de former
des racines protéoides. Ces racines, apparues dans une dizaine de familles botaniques,
représentent une des adaptations développementales les plus avancées a la carence en
phosphate (Dinkelaker et al., 1995; Skene, 2000). Parmi les especes capables de former les
racines protéoides, le lupin blanc est I'espece qui a servi de modele pour I'étude de leur
physiologie et de leur développement (Johnson et al., 1996; Hagstrom et al., 2001).
Contrairement aux autres especes qui sont majoritairement des plantes pérennes, le lupin
blanc est une plante annuelle et constitue une plante d’intérét agronomique. Des variétés
modernes de lupin blanc, comme la variété AMIGA, ont été sélectionnées (Florimond DESPREZ,
France, 1985) et montrent plusieurs traits d’intéréts. Parmi ces traits, la rapidité du cycle de vie

(6-8 mois), I'homogénéité génétique et la facilité de I'utilisation des graines (absence de
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vernalisation, homogénéité de germination) font de cette espece une plante idéale pour
étudier le développement des racines protéoides.

Sur le systéme racinaire du lupin blanc, les racines protéoides ont I'avantage de se
former 12 jours aprées le transfert des plantes en hydroponie. La formation des RPd est
inductible par I'absence de Pi dans le milieu (Gilbert et al., 2000; P J Hocking and Jeffery, 2004).
Ces racines sont initiées en grand nombre (20 a 30 rootlettes par cm) et leur développement
peut étre prédit. Nous avons ainsi montré que les rootlettes se forment sur la racine secondaire
a une distance conservée de 1 a 1.5 cm de la racine primaire (Gallardo et al., 2018). Cette
prédictibilité, associée au développement séquentiel des rootlettes, font du lupin une espéce
idéale pour étudier les stades précoces de la formation de ces racines. De plus, l'initiation
continue des rootlettes, produit des structures formées par un gradient de stades
développementaux (Sbabou et al., 2010). Cette caractéristique offre la possibilité de suivre le
développement d’une rootlette de son initiation jusqu’a I'arrét de sa croissance et représente
un avantage considérable pour des approches descriptives, comme des études plus
moléculaires. Somme toute, le développement des racines protéoides du lupin blanc constitue
un modele de choix pour étudier le développement des racines latérales et révéler les
mécanismes moléculaires qui régulent leur formation.

La technologie de séquencage des ADNc est un outil puissant pour étudier I'expression
globlale des genes dans les tissus et a permis de révéler I'expression différentielle de milliers
de genes pendant la formation des racines protéoides. Plusieurs études RNA-seq réalisées sur
des racines protéoides entiéres (O’Rourke et al., 2013a) ou sur des sections (Wang et al., 2014;
Secco et al., 2014; Venuti et al., 2019) ont permis d’étudier les bases moléculaires du
développement et de la fonction des racines protéoides sur des plantes carencées en
phosphate ou en fer. Afin d’identifier les mécanismes moléculaires associés aux étapes
successives du développement des racines protéoides, notre équipe a généré un nouveau
transcriptome (2018) en séquencant les transcripts présents dans la zone de I'amas de
rootlettes pendant leur formation. Nos résultats montrent que de nombreux facteurs de
transcription sont induits pendant les étapes précoces de la formation des rootlettes. Ce jeu de
données est une ressource importante pour comprendre quels sont les mécanismes qui
régulent le développement des rootlettes, ou pour révéler les régulations plus tardives qui

interviennent dans I'arrét de la croissance des rootlettes et de leur activité méristématique. Le
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séquencage du génome du lupin blanc dans notre équipe (2018) a été indispensable a I'étude
de ces données en permettant I'annotation des genes différentiellement exprimés.

Des outils de génétique inverse sont nécessaires pour déterminer le fonctionnement
des génes identifiés par les approches de transcriptomiques. Des études précédentes ont
montré que l'expression d’'un gene d’intérét peut étre efficacement diminuée par ARN
interférent, délivrée via Agrobacterium rhizogenes. Cette méthode a notamment été
employée pour valider la fonction des genes LaMATE (Uhde-Stone et al., 2005), LaSCR1
(Sbabou et al., 2010), et LaGPX-PDE (Cheng et al., 2011). Cependant, nos résultats montrent
que les plantes composites transformées avec LaMAKR4-RNAi forment autant de racines
protéoides que les plantes témoins, suggérant que ce gene ne régule pas le
développement des rootlettes. Néanmoins, nous avons pu montrer que la technologie
CRES-T peut étre employée pour confirmer ou infirmer I'implication des génes en lien avec
la formation des racines protéoides. L'utilisation de cet outil a permis d’identifier 3
régulateurs potentiels de I'initiation et/ou du développement du primordium de rootlette.
En paralléle de ces approches de génétique inverse, mon équipe d’accueil a produit et
criblé une population EMS de lupin blanc pour identifier des mutants chez lesquels la
formation des racines protéoides serait altérée. Plusieurs mutants produisant de facon
constitutive des rootlettes ont déja été identifiés et des analyses sont en cours pour identifier
la/les mutations a lorigine de ces phénotypes via une approche de mapping par
sequencing. Cette population pourra également étre criblée par TILLING afin d’identifier
des mutants pour les génes d’intéréts mis en évidence dans ce travail de these, comme
LalBD16, LaERF12 ou LaSTY1. Enfin, parce que des outils comme I'édition du géne via
CRISPR/Cas permettent efficacement d’éteindre complétement |'expression des genes,

notre équipe essaye d’établir un protocole de transformation stable et héritable du lupin blanc.

Il. Le développement des rootlettes est similaire a celui des racines latérales
d’autres légumineuses

Avec |'étude anatomique de la formation des racines protéoides, nous avons pu
décrire le développement des rootlettes comme une succession de 8 étapes, allant de
I'initiation (stade 1) a I’émergence (stade VIII). Nos observations ont montré une forte
ressemblance entre l'initiation des rootlettes et celle des racines latérales d’Arabidopsis,

qui ont lieu dans le péricycle. Cependant, dés le stade I, des différences marquantes sont vi-
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isibles entre le lupin blanc et la plante modele. En effet, des divisions sont observées dans
I'endoderme (stade Il) puis dans le cortex interne de la racine protéoide (lll) suggérant une
contribution de ces tissus dans la formation du primordium de rootlette. Ces
caractéristiques ont également été rencontrées pendant la formation des racines latérales
chez plusieurs légumineuses, ce qui implique une régulation différente de
I'organogénese chez Arabidopsis et d’autres dicotylédones.

Chez les plantes a fleurs, les racines latérales sont initiées a partir d’'une couche de
cellules spécialisées formant le péricycle. Cette couche comprend deux populations de cellules
distinctes, en fonction de la proximité des faisceaux vasculaires du phloéme ou du xyleme
(Beeckman and De Smet, 2014). Chez les plantes monocotylédones, en particulier chez
certaines especes de céréales, les racines latérales sont initiées en face des pdles de phloeme
(Hochholdinger and Zimmermann, 2008). Cependant, chez la plupart des plantes, les sites de
formation des primordia de racines latérales apparaissent uniqguement dans les cellules du
péricycle situées en face des péles de xylemes (Nibau et al., 2008). Chez le lupin, comme chez
Arabidopsis (Dubrovsky et al., 2000), les primordia de racines sont initiés par des divisions
dans les cellules fondatrices du péricycle. En effet, nous avons pu observer des
primordia de rootlette au stade la qui sont formés de 4 cellules centrales flanquées de
deux cellules plus larges, indiquant que la premiéere division anticlinale formative est bien
conservée entre ces deux especes.

L'endoderme semble également jouer un rble important dans la formation des
primordia de rootlettes chez le lupin blanc. Nos résultats ont montré que les cellules de
I'endoderme de la racine protéoide se divisent de maniere anticline (stade Ib) puis péricline
(stade 1l). Des divisions dans I'endoderme ne constituent pas une exception chez les
angiospermes car ces divisions ont été décrites chez plusieurs espéces de monocotylédones y
compris I'ail (Allium cepa) (Casero et al., 1996) ou |'orge (Hordeum vulgare) (Demchenko and
Demchenko, 1996) mais également chez plusieurs autres légumineuses comme le pois (Pisum
sativum) (Lloret et al., 1989), le soja (Glycine max) (Byrne et al., 1977) ou la luzerne (Medicago
truncatula) (Herrbach et al., 2014). Parmi les fougeres aquatiques, on trouve également des
plantes qui forment des racines latérales uniqguement a partir de I'endoderme (De Smet et al.,
2006). La contribution de I'endoderme a la formation des primordia de racines latérales serait

ainsi plus répandue que le suggere le paradigme formé chez la plante modele Arabidopsis.
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Cependant, le role exact de ces divisions reste a déterminer. Une des questions les plus
importantes est de savoir si ces cellules endodermiques conservent leur identité ou bien
deviennent indifférenciées. De facon intéressante, le marqueur SCR, considéré comme un
marqueur de I'endoderme, est exprimé chez le lupin du stade Il au stade V pendant le
développement du primordium de rootlette. Ces résultats montrent que contrairement aux
cellules du péricycle (Malamy and Benfey, 1997), ces cellules conservent leur identité et ne se
dé-différencient pas pendant les étapes précoces de la formation des rootlettes.

Des divisions anticlines dans le cortex interne sont également visibles des le stade Ill de
la formation des rootlettes. La contribution du cortex est également retrouvée chez plusieurs
especes de Fabaceae, indiguant que cette caractéristique semble plutdt répandue chez cette
famille botanique. En effet, il a été observé chez Medicago (Herrbach et al., 2014) que le cortex
interne se divise alors que, chez le lotier, on retrouve a la fois des divisions dans la couche
interne et les couches externes du cortex (Op den Camp et al., 2011). Néanmoins, ces
événements de division ne sont pas uniques aux légumineuses car on les retrouve chez des
espéces de Cucurbitaceae comme le concombre (Cucumus sativus) (Torres-Martinez et al.,
2019). La présence de ces divisions pourrait étre liée au fait que le primordia de racine doit
traverser plusieurs couches de cortex pour émerger de la racine principale. De facon
intéressante, ces divisions ne sont pas présentes chez Arabidopsis qui présente une structure
racinaire tres simple. Afin de vérifier cette hypotheése, il serait intéressant de voir comment le
primordium de racine latérale se comporte chez des lignées transgéniques surexprimant le
gene SHR et formant des couches surnuméraires de cortex (Henry et al., 2017; Nakajima et al.,
2001).

La contribution du cortex a la formation du primordium de racine latérale est
réminiscente des divisions que I'on peut observer pendant la formation des nodules. Chez les
légumineuses, la prolifération du cortex interne contribue de fagon significative a la formation
des nodules indéterminés, comme chez Medicago (Xiao et al., 2014) alors que les divisions qui
ont lieu dans le cortex externe sont importantes pour le développement des nodules
déterminés (Op den Camp et al., 2011). De facon intéressante, la capacité a noduler a été
observé chez une vingtaine d’especes capables de former des racines protéoides (Skene, 1998),
suggérant que le programme développemental racinaire peut étre détourné pour les
symbioses. En effet, chez les lupins, I'infection par des rhizobia comme Bradyrhizobium sp se

traduit par la formation de nodules indéterminés, d’un type particulier, appelés nodules
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lupinoides, qui forment des amas nodulaires entourant la racine primaire ou les racines
latérales. Cependant, contrairement aux rootlettes, les nodules du lupin blanc se forment
uniqguement a partir des couches externes de cortex et possedent un méristeme actif comme
dans le cas d’une racine latérale (Gonzdlez-Sama et al., 2004). Le développement et le
fonctionnement de ces deux organes sont donc globalement différents. Pourtant, chez les
nodules lupinoides, qui forment généralement plusieurs méristemes latéraux, |'activité
mitotique peut cesser dans les méristemes situés trop proches d’autres méristemes (totocka
et al., 2012). Ces observations indiquent que des programmes génétiques régulent 'arrét du
fonctionnement du méristéme, dans le nodule ainsi que dans la rootlette. En effet, ces deux
organes peuvent former des méristemes, lesquels peuvent devenir inactifs.

Une autre caractéristique des rootlettes est leur capacité a former un méristeme de
racine fonctionnel qui devient rapidement inactif apres I'émergence. Pendant I'organogénese
du primordium de rootlette, il est évident que les tissus s’organisent, et les cellules acquierent
une nouvelle identité indiguant la mise en place d’'un méristéme. En effet, a partir du stade VI,
les divisions dans la rootlette deviennent complexes et le patron d’expression du marqueur
LaSCR1 suggere que la division périclinale dans I'initiale du cortex et de 'endoderme a eu lieu.
Ainsi, comme chez Arabidopsis, la transition entre les stades V et VI semble cruciale pour
I"établissement d’'un méristeme (Goh et al., 2012). Pour confirmer cette hypothése, il serait
intéressant d’utiliser un marqueur du centre quiescent, comme WOX5 ou QC25, pour suivre sa
mise en place. Dans le cadre de la thése de Tamara Le Thanh (26™¢ année, Directeurs de thése
Patrick Doumas et Laurence Marques), des analyses sont en cours dans notre équipe pour
étudier le profil de différents marqueurs de l'activité méristématique (notamment des
homologues d’AtWOX5) lors de la formation de la rootlette et devraient permettre de visualiser
la formation puis I'extinction de ce méristeme.

La comparaison du primordium de rootlette avec le primordium de racine latérale
formé chez d’autres [égumineuses montre que I'organogénése de ces racines est trés similaire.
Chez le lupin, comme chez Medicago, la racine se forme en face des pdles de xyleme et
impligue des divisions successives dans les tissus du péricycle, de I'endoderme et du cortex
pour donner naissance a un nouvel organe. A cet égard, il apparait important d’étudier la
formation des primordia de racines latérales chez le lupin blanc pour déterminer si ces
processus développementaux sont conservés entre ces racines et les rootlettes. Cependant,

contrairement aux rootlettes, les racines latérales ne forment pas des amas denses sur la racine
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primaire. L'utilisation du « lateral root inducible system » (LRIS) consistant a traiter la plante
successivement avec un inhibiteur du transport de I'auxine , comme le NPA, puis une auxine
synthétique de type NAA, pourra permettre de contréler I'initiation des racines latérales et de
générer le matériel nécessaire a une telle étude (Himanen et al., 2002). Cette approche a déja
fait ses preuves chez le mais en permettant de déclencher l'initiation quasi-synchrone de RLs
et a permis d’identifier des homologues des génes impliqués dans l'initiation de la racine

latérale (Crombez et al., 2016).

lIl. L'auxine : un acteur central de la formation des rootlettes

Les racines protéoides sont formées par un ensemble tres dense de rootlettes, proches
des ensembles de méristémes racinaires formés chez le mutant superproducteur d’auxine,
superroot (Boerjan et al., 1995). Parce que le développement de ces amas implique l'initiation
massive et la formation d’un grand nombre de rootlettes, il n’est pas surprenant que la balance
auxinique joue un rdle central dans ces processus développementaux (Wang et al., 2015a).
Chez la plante modeéle, il a été montré que le priming, linitiation et |'organogénése
du primordium de racine latérale sont des processus dépendant de l'auxine, nécessitant
un transport intercellulaire de celle-ci médié par les protéines PINs, la formation d’un
gradient et I'activation d’une signalisation auxinique régulant I'activité transcriptionnelle
de geénes de réponse a l'auxine (Du and Scheres, 2017a). Il a été confirmé que I'auxine joue
un réle similaire chez le lupin blanc puisque l'application exogéne d’auxine aux parties
aériennes suffit a promouvoir la formation des racines protéoides, en présence d’une forte
concentration en Pi qui supprime normalement leur initiation (Gilbert et al., 2000; Skene
and James, 2000). Afin d’expliquer l'initiation séquentielle des rootlettes, il a été proposé que
les cellules du péricycle primées répondent localement a facteur longitudinal, comme
I'augmentation de la concentration en auxine, déclenchant ainsi leur formation (Skene,
2000). En accord avec cette hypothése, deux études récentes ont suggéré que la
synthese locale d’auxine et sa redistribution le long de la racine protéoide ont un role
critique pour leur développement (Meng et al., 2013; Wang et al., 2015a). En effet, la
concentration élevée en auxine, ainsi que l'augmentation de I'expression de génes de

biosynthése, du transport et de la réponse a l'auxine indiquent que l'action locale de I'aux-
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ine induit la formation des rootlettes en aval de la signalisation induite par la carence en Pi.

Chez Arabidopsis, il a été montré que l'accumulation locale de 'auxine dans les
cellules du péricycle est nécessaire et suffisante pour induire la spécification des cellules du
péricycle de la racine latérale (Dubrovsky et al.,, 2000). Dans cette étude, nous avons pu
montrer que la perception de l'auxine et I'activation de la réponse a I'auxine correlent avec
Iinitiation et le développement du primordium de rootlette. En effet, nos
observations suggérent |'établissement progressif d’'un gradient d’auxine de l'initiation de
la rootlette jusqu’a son émergence. De facon surprenante, il semblerait que pendant la
formation du primordium, l'auxine s’accumule dans les tissus adjacents du primordium de
rootlette, en particulier dans les couches externes de cortex. Chez Arabidopsis, I'auxine diffuse
de la pointe du primordium aux tissus adjacents (cortex/épiderme) pour réguler I'expression
de genes de remodelage de la paroi via une voie de signalisation impliquant le transporteur
d’efflux d’auxine LAX, permettant in fine la perte d’adhérence des cellules entourant le
primordium (Swarup et al., 2008). On peut émettre I'hypothese que, de méme, chez le
lupin, la diffusion progressive de l'auxine du primordium de rootlette aux tissus adjacents
permet de faciliter le passage de ce nouvel organe au travers des couches successives de
cortex qui le séparent du milieu extérieur. Afin de confirmer cette hypothese, il sera
intéressant de voir si I'auxine a une influence sur la plasticité de la paroi cellulaire. Le suivi
de l'expression de genes de remodelage de la paroi et I'observation du patron
d’expression tissulaire de ces génes pendant I'émergence des rootlettes sontréalisés par
Francois Jobert (post-doc) dans le cadre d’un projet en collaboration avec la Suede
(Collaboration avec Stéphanie Robert, UPSC, Umed, Suéde, Projet Kempe INUPRAG
2019-20).

IV. Des genes maitres du développement?

Les racines protéoides sont des racines en forme de goupillons formées par un amas
dense de racines tertiaires, et représentent avec les mycorhizes et les nodules, une des
adaptations racinaires majeures des plantes pour 'acquisition efficace des nutriments (Skene,
1998). Ces organes sont formés par des espéces de plantes exposées a une faible disponibilité
du Pi, et s’installent dans des environnements degradés, ou elle sont considérées comme des

espéces pionnieres (Skene, 2000). Plusieurs especes qui développent des racines protéoides

107



sont capables de former des symbioses fixatrices d’azote via I'association avec Frankia ou des
Rhizobia. Cependant, la majorité des especes qui peuvent former ces racines ont perdu la
capacité a former des mycorhizes (Barbara et al.,, 1995). Il semblerait que les plantes qui ne
mycorhizent pas aient perdu la capacité a s’associer a des champignons pour des raisons
environnementales ayant par la suite entrainé une perte des génes de mycorhization, cette
perte est estimée a 12-14 millions d’années pour le lupin blanc. Par la suite, I'absence
de mycorhization aurait renforcé la nécessité de développer un nouveau mécanisme efficace
pour améliorer la nutrition minérale, notamment phosphatée. En effet, Ia
rapidité du développement des racines protéoides pourrait étre un avantage dans les climats
arides, ou de courtes périodes de précipitation empéche I'établissement de mycorhizes
fonctionnelles (Neumann and Martinoia, 2002). Cela explique pourquoi de nombreuses
especes produisant des racines protéoides sont principalement distribuées dans les régions
de I’hémisphere sud, comme I'Afrique du Sud ou I'Australie.

Les racines protéoides sont produites par toutes les especes de la famille des
Proteaceae mais ont également été retrouvées dans un large éventail de famille botaniques
(Fabaceae, Betulaceae, Myricaceae, Elagnaceae, Casuarinaceae, Moraceae) (Skene, 2000).
Puisque les racines protéoides sont formées par de nombreuses espéces de plantes, une des
questions les plus intéressantes est de savoir si des régulateurs uniques existent ou non chez
ces especes. En effet, la présence des racines protéoides chez des familles botaniques
éloignées indique la possibilité que les racines protéoides aient pu étre formées
indépendamment chez ces espéces, et requiert |'expression finement régulée d’un
nombre limité de genes. Au contraire, le fait que les racines protéoides soient formées par
ces especes en réponse a des stimuli environnementaux précis, comme une carence en
nutriment (Pi ou Fe), ou I"application exogéne d’auxine suggere qu’une combinaison favorable
de l'expression de genes importants pour la formation des racines et la signalisation
hormonale pourraient étre le déterminant central de leur développement.

Afin de révéler les mécanismes moléculaires qui contrélent la formation des racines
protéoides, nous nous sommes intéressés aux genes différentiellement exprimés au cours des
stades précoces de leur développement. Pour ce faire, nous avons identifié I'ensemble des
genes surexprimeés ou sous-exprimés dans la racine protéoide par rapport a une racine latérale,
ainsi que deux groupes de genes exprimés spécifiguement au cours des étapes précoces de

leur formation. Parce que les facteurs de transcriptions sont capables de réguler
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simultanément I'expression de nombreux genes et sont des régulateurs clés de nombreuses
fonctions, nous avons focalisé notre attention sur cette catégorie de protéines. Cette approche
a permis l'identification de 62 facteurs de transcription fortement exprimés dans la racine
protéoide par rapport a la racine latérale et 62 FTs spécifiguement exprimés dans les stades
précoces de la formation des rootlettes. De fagon intéressante, un certain nombre de ces FTs
sont connus pour réguler l'initiation, le développement et le fonctionnement du méristeme de
racines latérales, indiguant qu’au moins une partie du programme développemental de racine
latérale est recrutée pendant le développement des rootlettes. En effet, le développement des
rootlettes semble impliquer au moins un des deux modules de la signalisation auxinique
déclenchant l'initiation via ARF5 et requiert I'expression de plusieurs cibles en aval de cette
signalisation (LBD16, PUCHI). Plus tardivement, I'activation de WOX5 et plusieurs protéines
PLETHORA (PLT1, PLT2 et PLT4) qui contribuent a la formation de méristemes de novo et au
maintien de l'identité des cellules souches, suggére qu’'un méristeme est bien formé dans le
primordium de rootlette, malgré I'arrét rapide de son activité aprés I'émergence. En plus de
ces genes, de nombreux FTs pour lequel aucun lien n’a été établiavec la formation d’une racine
sont exprimés. Il ne peut pas étre exclu que ces genes puissent jouer un rdle dans le
développement des rootlettes.

Afin de déterminer si plusieurs de ces FTs sont des régulateurs participant au
développement des rootlettes, nous avons initié une approche de génétique inverse. Chez les
plantes, la redondance structurelle et fonctionnelle constitue un frein a 'identification de la
fonction des facteurs de transcription, et plus particulierement chez le lupin qui a subi une
triplication de son génome (Hufnagel et al., 2019). Pour surmonter ces difficultés, nous avons
converti ces facteurs de transcription en répresseurs en les fusionnant avec
le domaine  répresseur SRDX. L’expression ectopique de ces protéines
chimériques répressives a été utilisée pour induire un phénotype dominant négatif.
Trois des lignées transgéniques produites montrent une réduction de la formation des
racines protéoides, indiquant que ces génes pourraient agir comme des régulateurs du
développement de ces racines. En particulier, le phénotype des plantes transgéniques
p35S::LalBD16-SRDX, qui expriment un géne majeur contrélant la premiére division,
suggere que le transgéne a effectivement altéré la formation de racines protéoides.
En  parallele, l'obtention de phénotypes similaires chez les lignées
transgéniques  p35S::LaSTY1-SRDX et p35S::LaERF12-SRDX, indique que la formation

des rootlettes serait positivement régulée par 'auxine et I'éthyléne.
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Afin de confirmer la fonction de ces 3 candidats, il estimportant d’identifier des lignées
mutantes et voir si ces mutants sont affectés dans la formation des rootlettes. Ceci peut étre
réalisé par la production d’une population de TILLING et la mise en place d’un crible pour
I'identification de mutants. Cette stratégie est actuellement mise en ceuvre par I'équipe avec
la création d’une petite population de 600 familles M2 (collaboration Adnane Boualem/Marion
Dalmais, Plateforme EPITRANS, IPS2, Saclay). Dans le cadre du projet MicroLUP (ANR 2020-
2024), cette population de TILLING sera étendue a environ 2500 familles pour augmenter les
chances d’obtenir des mutants. Une étude fonctionelle plus fine pourra étre envisagée grace a
ce matériel végétal et pourra alors initier un programme de recherche visant a décortiquer le
role de ces genes, en lien étroit avec la caractérisation des mutants EMS surproduisant
constitutivement des racines protéoides (Projet ERC LUPIN ROOTS 2015-2020). L'identification
des génes régulant la formation des rootlettes permettra de tester le transfert horizontal de
programmes développementaux potentiellement impliqués dans la formation des racines
protéoides, ce qui permet d’envisager que ces structures puissent étre transférées dans le

futur a d’autres espéeces cultivées.
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ANNEXES : PUBLICATIONS,
COMMUNICATIONS ET FORMATIONS
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LISTE DE PUBLICATIONS

Anatomical and hormonal description of rootlet primordium development along white lupin
cluster root. C. Gallardo, B. Hufnagel, C. Casset, C. Alcon, F. Garcia, F. Divol, L. Marques, P.

Doumas and B. Péret. Physiologia plantarum, 2018. doi: 10.1111/ppl.12714

COMMUNICATIONS ORALES

Histological and transcriptomic analysis of cluster root development in white lupin. C. Gallardo,

B. Hufnagel, C. Casset, C. Alcon, F. Garcia, F. Divol, L. Marques, P. Doumas and B. Péret. Lateral

root workshop, Montpellier, France, 2017.

White lupin cluster root, a model to understand lateral root developmental adaptations. C.

Gallardo, B. Hufnagel, Q. Rigal, A. Soriano, C. Alcon, B. Péret. IX International Conference on

Legume Genetics and Genomics (ICLGG), Dijon, France, 2019

POSTER

The hidden legume roots: cluster root development in white lupin. C. Gallardo, B. Hufnagel, Q.

Rigal, A. Soriano, B. Péret. IX International Conference on Legume Genetics and Genomics

(ICLGG), Dijon, France, 2019

112



FORMATIONS

e Catégorie : Enseignement
Service d’enseignement du contrat doctoral. Enseignement de la Physiologie végétale et de la
biologie cellulaire. Octobre a Décembre 2016. Université de Montpellier, France.

Nombre d’heures enregistrées: 64 h

e Catégorie: Communication.
International conference on legume genetics and genomics. Du 13 au 17 mai 2019. Dijon,
France.

Nombre d’heures enregistrées: 12 h

e Catégorie: Communication.
Lateral root workshop. Du 13 au 17 mai 2019. Dijon, France.

Nombre d’heures enregistrées: 12 h

e Catégorie : Ouverture a l'interdisciplinarité
Winter School, Biology at different scales, an interplay between physics and biology. Du 13 au 24
mars 2017. Les Houches, France.

Nombre d’heures enregistrées: 25 h

e Catégorie : Ethique et intégrité scientifique
Formation a I'éthique de la recherche et a l'intégrité scientifique. Le 6 novembre 2017.
Montpellier, France.

Nombre d’heures enregistrées: 7 h

e Catégorie : interdisciplinarité
MOOC Biodiversité et changement globaux. Du 04 au 23 octobre 2017. Université Virtuelle
Environnement & Développement Durable (UVED).

Nombre d’heures enregistrées: 25 h
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e Catégorie : Journée Doctorale

Présentation de |'école doctorale GAIA pour les premieres années. Le 12 janvier 2017,
Montpellier, France.
Nombre d’heures enregistrées: 2 h

Total d’heures enregistrées : 147 h / 7 formations
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