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INTRODUCTION GENERALE

INTRODUCTION GENERALE

ENJEUX ENVIRONNEMENTAUX, EXIGENCES SOCIETALES, ET PRODUCTIONS

AGRICOLESET HORTICOLES

Les productions agricoles et horticoles doiventiafder aux défis majeurs du®?dsiécle. Le
réchauffement climatique, la diminution ou la diffité d’accés a plusieurs ressources naturelles
essentielles a I'agriculture (eau douce, phosplmiasles engrais, terres arables...) et 'augmentati
exponentielle de la population mondiale qui dewdéjtasser les 9 milliard d’habitants d’ici 2050 texet
les pratiques horticoles et agricoles face a deelt@s contraintes (Atlas de I'agriculture ; La gtien
agricole mondiale). Les productions agricoles doivépondre aux exigences des consommateurs et
des acteurs avals des filieres en termes de qedipacité de stockage et de transformation, saetur
aspects visuel des produits...) (Kyriacou , 2018)t &m maintenant la production globale (maintemir |
rendement), et en s’adaptant aux attentes des roomsteurs et des pouvoirs publics en termes de
respect de I'environnement (réduction de l'utilisatdes intrants et des produits phytosanitaires pa
exemple). Ces contraintes nombreuses, parfoi<itgffia concilier, concernent aussi bien les cettur
habituellement réalisées en extérieur (cultureplei®@ champ) que les cultures réalisées sous abris
en conditions semi-contrélées comme sous tunreless ou encore en fermes verticales. Dans le cas
des productions couvertes semi-contrélées, lesiergent alors d’optimiser les conditions de culture
pour limiter les intrants (consommation d’'énergi&engrais, d’eau, de produits phytosanitaires) et
maximiser le rendement et la qualité des produsti@es derniers s’élaborent au cours des diffé&ente
phases de développement et de croissance de ta.fara lumiere, qui est facilement controlatdesl
les cultures en milieu controlé (fermes verticaktsyemi-controlé (serre), est un facteur essedfdies
le fonctionnement et dans I'acquisition de la st de la plante. Dans le contexte de productius
contraintes environnementales, la compréhensiola déponse du développement des plantes a la
lumiére pourrait permettre de mieux adapter lesaaate productions en milieu contrdlé/semi-contrélé

aux exigences sociétales et environnementales.

ELABORATION DU RENDEMENT ET DE LA QUALITE DES PRODUCTIONS AU COURS DU
DEVELOPPEMENT DE LA PLANTE

Le rendement et la qualité des productions agceldnorticoles s’élaborent en partie au cours
du développement de la plante et de la constructéoson architecture. Le rendement d'une récolte
(exprimé en masse de produits par unité de surfagha), peut étre décomposé en plusieurs variables
qui permettent de mieux appréhender les étapedulégveloppement de la plante impliquées dans
I'acquisition du rendement final. Ainsi, chez ledtares annuelles dont on récolte uniquement lemgr
(céréales, pois, tournesol...), le rendement paéustsurface (Rdt/m2) s’exprime comme le produit du
nombre de grains par unité de surface (NG/m?2) ebalds moyen d'un grain (P1G) (Figure 1). Le
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Figure 1 : Le rendement du blé tendre d’hiver s’élabore au cours des phases de développement de la culture.
Le rendement final par unité de surface résulte du poids moyen d’un grain (PMG) et du nombre de grains par
unité de surface (NG/m?). Cette variable s’élabore au cours des phases de levée et de tallage qui déterminent le
nombre de pieds par unité de surface, et le nombre d’apis par plante. Enfin, le nombre de grains par épis est
obtenu a I'issue de la montaison. D’apres arvalis-infos.fr

Figure 2 : Le meristéme apical caulinaire se compose : de la zone centrale (CZ) contenant les cellules souches,
d’une zone périphérique (PZ) ol les primordia des organes latéraux comme les feuilles et les pieces florales
sont initiées, et d’une zone de nervure (RZ) contenant le centre organisateur de la zone centrale et la zone de
différenciation des cellules de la tige. (D’apres Galvan-Ampudia et al., 2016)
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nombre de grains par unité de surface chez legleérést lui-méme le produit du nombre de plantes
par unité de surface (N pieds/m2), du nombre d’'ppisplante (N épis/plante), et du nombre de grains
par épis (N grains/épi). Parmi ces composantemidre d’'épis par plantes est déterminé par I'sitén

du tallage (émission de nouvelles ramificationseddngs talles chez les céréales) et le taux de igint
de ces nouvelles talles (senescenama(is-infos.fr). Certaines variables de I'élaboration du rendgmen
sont aussi acquises au cours de la ramificatiom Idseplantes ligneuses. Chez la vigne, le nomére d
raisins par unité de surface dépend du nombrerdeaax par pied, du nombre de grappes par rameau,
et du nombre de raisins par grappe. Ces composéuintesdement s’établissent au cours de deux années
consécutives et résultent des étapes d'initiatiole elifférenciation des inflorescences, de déleonent

des bourgeons végétatifs et des taux de fruclibicades inflorescences (Guilpart, 2014). Chez les
plantes pérennes comme la vigne ou les arbregefgjitles interventions techniques pour contrdsr c
variables sont régulierement réalisées.

Plusieurs criteres de qualité des productionsalgs et horticoles s’acquiérent au cours du
développement de la culture. Les critéres de guadienus pour qualifier une production dépendent d
I'acteur concerné (transformateur, consommateuwat.fir) et sont variés : la capacité de transformation
des produits, leur saveur, leur aspect visuel... @@seres sont quantifiables a travers plusieurs
variables. Par exemple, la capacité du blé a émnii¢ dépend de son taux protéique, la saveur d'un
fruit dépend de ses teneurs en sucres et en paigjsh@tc. Plusieurs caractéristiques intervenansd
des criteres de qualité dépendent de l'architectageiise par la plante. Ainsi, I'architecture diestes
est impliquée dans la sensibilité des culturesrauageurs (Costes et al., 2013 ; Tivoli et al 20d8hs
plusieurs criteres de qualité gustative et d'appaeales fruits (Lescourret et al., 2011 ; Lal et24l17 ;
Yarnes et al 2013), et dans I'acquisition de Iditpugisuelle des plantes ornementales (Schreinal e
2013 ; Boumaza et al., 2010).

En conclusion, les phénomenes de développemeatdigrite et d’établissement de son architecture
interviennent a la fois dans I'acquisition du remeat final et dans la qualité des productions. Une
meilleure compréhension de ces processus de d@esfggt permettrait peut-étre de concilier les

différentes exigences des acteurs des filiereegtdnsommateurs.

COMMENT S’ETABLIT L 'ARCHITECTURE DES PLANTES CULTIVEES ?

L'élaboration du rendement des récoltes et de elusi criteres de qualité sont liés au
développement de la plante et a I'architecture iseqau cours de la culture. D’apres Barthélémy et
Caraglio (2007), I'architecture d’'une plante seiléfcomme « la nature et la position relative de
chacune de ses parties ». Elle repose entre asirela nature des ramifications (végétatives ou
floriferes), leurs dimensions, et leur agencemérdcquisition de I'architecture de la plante est

dynamique et releve de plusieurs processus lieaeloppement et a la croissance de la plante. Ci-
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dessous, nous détaillons les processus de croess@nitaxe primaire et les processus de ramifioatio

qui ménent a I'acquisition de I'architecture végigmde la plante.

Développement et croissance de I'axe primaire

La mise en place des organes aériens de l'axeapamrésulte du fonctionnement du
méristéme apical caulinaire. Le méristéme est cadple plusieurs zones de cellules non différenciées
(Clark, 1997). La zone centrale, composée de gaslgellules au centre du méristeme, présente une
faible activité mitotique, et permet le maintienmearisteme (Figure 2). Autour, un anneau de callule
compose la zone périphérique (PZ), lieu d’'une @étmitotique intense. En s’éloignant encore dureen
du méristéme, les cellules forment une zone d'arganése dans laguelle se fait la différenciatian de
primordia de feuilles ou de fleurs. Le fonctionnetndu méristeme apical caulinaire assure son propre
maintien, ainsi que la formation et la différeniciat des organes de l'axe primaire comme les
entrenceuds et les feuilles (Bell et Bryan, 200&)danogenése au niveau du méristeme suit différent
motifs spatiotemporels selon les especes, les phalee développement, et les conditions
environnementales (Galvan-Ampudia et al., 2016pdsition des nouveaux organes par rapport a ceux
déja formés dessine la phyllotaxie de I'axe en pmement. Avec le plastochrone (rythme d’émission
de ces nouveaux organes), la phyllotaxie déterdgirschéma de développement de I'axe primaire
propre a chaque espéce. Le méristéeme apical viégétatt ensuite, selon les espéces et variétélj&vo
en méristeme floral, menant a la terminaison deel’par une fleur ou une inflorescence, ou bien
continuer de produire des organes végétatifs.

Les organes de I'axe primaire une fois formési#érénciés augmentent en masse et en
dimensions. Les feuilles se déplient, s’allongerg@&paississent, alors que la longueur (et le digen

chez les dicotylédones) des entrenceuds augmente.
Le processus de ramification

Mise en place des bourgeons axillaires

Les méristémes axillaires sont initiés a l'aisselés feuilles de I'axe primaire, et sont donc
positionnés les uns par rapports aux autres seloscthéma phyllotaxique de l'axe primaire. Le
méristéme axillaire, entouré de premieres ébaudtieges et d’écailles forment le bourgeon axikai
La croissance de ce bourgeon pour donner un naxegbeut étre immeédiate (bourgeon sylleptique) ou
différée par une ou plusieurs phases de dormareetapt lesquelles 'activité du méristeme est trés

ralentie (bourgeon proleptique).

Etats de dormances des bourgeons axillaires
Une fois formés a l'aisselle des feuilles de I'gxiamaire, I'organogenese et la croissance des
organes du bourgeon axillaires peuvent étre arpgEéplusieurs types de dormances (Shimizu-Sato et
Mori 2001; Anderson et al., 2010 pour review). Tdatbord, la croissance d'un bourgeon axillairetpeu
étre empéchée par des processus dinhibition du@saatres organes, aussi appelée inhibition
corrélative. Le bourgeon entre alorspara-dormance Celle-ci peut étre exercée par les organes en
7
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croissance de I'axe primaire, on parle alors deidante apicale, ou par d’'autres bourgeons axilaire
en croissance. Les roles de plusieurs hormonesn@uxytokinines, strigolactones) et des sucres ont
été déemontrés dans le processus de dominanceeafftcalr review : Rameau et al. 2015 ; Mason et al.,
2014). Un deuxiéme type de dormart@go-dormance correspond a l'inhibition du débourrement des
bourgeons axillaires lorsque les conditions enviesnentales de croissance de la plante sont
défavorables : par exemple lors de stress hydrjqdescarences en nutriments, ou de faibles
températures (Allona et al., 2008 ; Horvath et2003). Les processus impliqués dans le phénoméne
d’éco-dormance feraient aussi intervenir des hoeadelles que les cytokinines (Roman et al., 2016 ;
Corot et al. ; 2017), les strigolactones (Zhuarg).e2017) et I'acide abscicique (Corot et al120En
cela, des interactions entre les phénoménes delgyarance et d’écodormance sont susceptibles
d’exister. L’écodormance est levée lorsque les itimmd environnementales sont de nouveau
favorables. Enfin, les bourgeons peuvent étre spamineendo-dormance Il s’agit d’'une inhibition

du débourrement intrinséque au bourgeon axillaggerception de signaux environnementaux comme
le raccourcissement de la photopériode, ou la sé&éed’'une période de froid pour permettre le
débourrement sont observés chez plusieurs esp@rsedd la mise en place et pour la levée de cette

dormance (Hauagge and Cummins, 1991; Arora e2@03).

Débourrement et émission d’'un nouvel axe

Lorsque les différentes dormances d'un bourgediaari sont levées par le rétablissement de
conditions environnementales favorables et la réolucles inhibitions corrélatives, le bourgeon peut
débourrer (Cline, 1997). L’activité méristématigueprend avec l'initiation et la différenciation de
nouveaux organes au sein de bourgeon. De mémeisaance des organes accélere, et le bourgeon est
considéré comme débourré lorsqu’une feuille esbieientre les écailles (Girault et al., 2008).

Tous les bourgeons axillaires d'un méme axe ne pastdébourrer en méme temps selon la
levée des dormances, ce qui, avec leurs positelatives le long de I'axe les portant va donner des
motifs de ramification variés. Finalement, la condison des différentes modalités de développement
de I'axe primaire et de ramifications méne a unemité d’architectures aériennes des plantesjtalla
de la rosette chez les herbacées, au port arbatescbuissonnant chez les ligneuses (Hallé etrGdae
1970).

DIVERSITE DANS LA RAMIFICATION DES PLANTES
Les processus de ramification jouant un réle ingurdans I'acquisition de l'architecture des
plantes, la diversité des architectures observetesnepartie imputable aux modulations génétiqtes e

environnementales de la ramification (Costes e28M2 ; Sultan 2000).

Diversité génétique de la ramification
La temporalité, lintensité et la localisation lenfy de l'axe primaire de la ramification
présentent une grande diversité génétigue entézesggloignées ou variétés d’'une méme espéce, Ainsi

chez les céréales comme le blé ou 'orge cultiedgalein champ, I'émission de nouvelles ramificadio
8
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(talles) est coordonnée avec I'apparition des nitlesvéeuilles du brin maitre. Au sein des rosacdes,
différences de motifs de débourrement ont été gbsamtre arbres fruitiers et entre especes oéteari
de rosiers (Costes et al., 2014 ; Crespel et Qll4R avec des schémas de ramifications acrotone,
mésotone et basitone (ramification par le hautileu et la base de I'axe primaire, respectivement
selon les génotypes.
Sensibilité de la ramification aux conditions envionnementales

La sortie d’écodormance des bourgeons étant déptndas conditions environnementales, les
modulations des conditions de croissance des plagmgrainent une diversité de phénotypes de
ramification pour un méme génotype. Plusieurs fastenvironnementaux sont connus pour moduler

la ramification des plantes.

Sensibilité de la ramification aux conditions lumé@uses de croissance

Parmi les facteurs environnementaux modulant leld@pement et la croissance de la plante,
les effets des conditions lumineuses sur la raatiba ont été observés chez de nombreuses especes
(pour review : Kami et al., 2010 ; Demotes-Mainatal., 2016). Au cours de la culture, la dens#é d
semis ou de plantation et la fermeture du couveplctent négativement la ramification des plantes :
chez les céréales par exemple, le nombre de taiéses par plante diminue avec la densité de semis
(Fioreze et al.,, 2014). La lumiere intervient dares phénoméne via deux variables : lintensité
lumineuse, et la qualité de la lumiére, c’est-&dwn spectre de longueurs d'ondes. Ces dewblesia
sont en effet modifiées par la présence prochdaiegs voisines.

Les effets dissociés de l'intensité lumineuse dadpialité de la lumiére sur la ramification ont
été étudiés. Globalement, une diminution de lisinlumineuse pendant la phase habituelle de
ramification des plantes ligneuses et herbacéeastiéchombre de ramifications émises, diminuegeur
dimensions (diameétre, longueur) et alonge le dalaint I'émission des ramifications (Bos and
Neuteboom, 1998 ; Gautier et al., 2000 ; Everd.e806). Les effets de variations temporelles de
l'intensité lumineuse au cours de la croissanda @éante ont encore peu été étudiées - les étlalks
sensibilité de la ramification ou du débourrement eonditions lumineuses en plein champ lissant ces
variations a travers des moyennes de PAR percwans de la culture. Récemment, une étude sur le
rosier a mis en évidence un comportement nontihtlé réponse de la ramification suite a des
variations d'intensité lumineuse au cours de lassemce de la plante : des plants de rosiers &@nt
exposeés a une diminution de l'intensité luminewss tle la mise en place de leur axe primaire, daant
période habituelle de ramification, puis réexpasése intensité lumineuse favorable, présentent un
plus grand nombre de ramifications que des rosigasit toujours cru sous une intensité lumineuse
favorable (Demotes-Mainard et al., 2013).

Les effets de la modulation de la qualité de laidue) c’est-a-dire la modulation du spectre
lumineux par l'intensité plus ou moins élevée deaees longueurs d’'ondes, ont été étudiée chez

plusieurs espéces et via la modulation de plusieagueurs d’onde. Globalement, une diminution du

9
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ratio R :FR (rouge clair: rouge sombre) et/ou wmmentation de la lumiére bleue inhibe le
débourrement des bourgeons (Kebrom et al., 201@mdau et al., 2014 ; Demotes-Mainard et al.,
2016 ; Huché-Thélier et al., 2016).

Sensibilité de la ramification aux autres conditisrde culture

Plusieurs facteurs environnementaux, connus pgutegla croissance et le développement des
plantes, sont impliqués dans la modulation derafreation et du débourrement. Ainsi, des condiion
hydriqgues défavorables pendant la phase de débeemtesont connues pour diminuer le nombre de
ramifications émises (Li-Marchetti et al., 2015 prbotes-Mainard et al., 2013). De méme, des
restrictions en nutrition minérale, et notammentazote affectent négativement la fréquence de
débourrement et modifient les motifs de ramificat{@ouguyon et al., 2012 ; Huché-Thellier et al.,
2011 ; Le Moigne et al., 2016). La ramification géentes est aussi sensible a la température (Bjenn
et al., 2014), et aux stimulations mécaniques (fratal., 2017).
Face a cette diversité de phénotypes de ramifitgtiguels outils ont été mis en place pour la ébstr

et maitriser cette variable importante dans I'asitjon du rendement des productions et de leuiitgual

QUELS LEVIERS TECHNOLOGIQUES POUR MAITRISER LA RAMIF ICATION DES

PLANTES

Un levier pour controler la ramification des plantaltivées passe par la sélection génétique des
phénotypes désirés. Son efficacité dans la matleda ramification et de I'architecture des plarde
notamment été démontré chez le riz (Jin et al.8p0@Gu cours de sa domestication, la ramification
été modifiée de fagon importante via la sélectiomel mutation sur le géne PROG1, majoritairement
exprimé dans méristemes axillaires. Il en résute différences quant au nombre de talles et d’angle
d’insertion des talles entre le riz sauvage ezldomestiqué. Aujourd’hui, 'amélioration génétegest
toujours utilisée pour sélectionner des plantesnséur capacité de ramification et satisfaire les
exigences des consommateurs en termes de plantsaantales par exemple (Boumaza et al., 2010).

Les autres leviers de maitrise de la ramificaties plantes cultivées reposent sur le controle des
itinéraires techniques. Une pratique trés utiliseerboriculture repose sur la contrainte mécanigue
ou la taille des rameaux (Lescourret et al., 2@LOpermettent de modifier les inhibitions corriglas
entre bourgeons et de sélectionner les rameawptusdorts ou ceux porteurs de fruits. Le contidde
la ramification peut aussi passer par la modulatdies conditions hydriques et de la nutrition mileéra
Pour les cultures sous-abris, la température etcdeslitions lumineuses (photopériode, intensité
lumineuse, qualité de la lumiere) peuvent aussirédulées. Dans un contexte de réduction desitatra
et d'optimisation de I'énergie utilisée dans lesdarctions sous-abris, I'utilisation des LEDs s’est
répandue et permet le contrdle de la qualité dtintensité de la lumiére au plus pres des plantes
cultivées (Kozai et al., 2013 ; Ramirez-Arias e2@12).
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Les effets de la lumiére sur la ramification dé&nfes sont multiples et le débourrement des
bourgeons axillaires est soumis a plusieurs réigusisusceptibles d’interagir. La compréhension des
mécanismes sous-jacents aux effets de la lumiérka samification permettrait de mieux prédire les
phénotypes de ramifications selon les conditionsieuses, et d’optimiser les traitements lumineux
appligués selon I'architecture souhaitée. Dan$hépitre 1, nous proposons un état des connaissances

sur la régulation de la ramification par la lumiere
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CHAPITRE 1 - ETAT DE L’ART ET PROBLEMATIQUE

ETAT DE L’ART

La modulation de la lumiere (intensité et qualgélir les cultures sous abris est un levier tecleniqu
intéressant pour contrbler la croissance et le Idppement des plantes en limitant les intrants
chimiques. Afin de mieux contrdler la ramificatides plantes cultivées pour obtenir I'architecture
souhaitée, il est utile de comprendre les effetdiffiérents traitements lumineux sur la régulatienla
ramification. Cependant, ces effets sont compleXas.effet, comme évoqué précédemment, la
ramification est sensible a la fois I'intensiteéada qualité de la lumiére, et il existe une intdom entre
ces deux composantes (Su et al., 2011). De plusyniéere est connue pour moduler d’autres
phénomeénes physiologiques de fonctionnement, delajg@yement et de croissance de la plante qui
pourraient interagir avec les processus de rartiificaEnfin, plusieurs variables liées a la rangifion
sont modulées par les conditions lumineuses, colmmembre de ramification émises, leur position le
long de I'axe porteur, et le délai avant le débemnent des bourgeons. La réponse de la ramification
aux conditions lumineuses n’est donc pas intuitivie@ comprehension des mécanismes physiologiques

sous-jacents est nécessaire pour améliorer |€satnes lumineux.

Nous proposons dans la review Schneider et al. 20&9entée ci-aprés un état de l'art des
connaissances sur les mécanismes impliqués dandgidation du débourrement des bourgeons
axillaires, et de leur modulation par les condidomineuses (qualité et intensité de la lumiere)

expérimentées par la plante.
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Apical dominance, the process by which the growing apical zone of the shoot inhibits bud
outgrowth, involves an intricate network of several signals in the shoot. Auxin originating
from plant apical region inhibits bud outgrowth indirectly. This inhibition is in particular
mediated by cytokinins and strigolactones, which move from the stem to the bud and that
respectively stimulate and repress bud outgrowth. The action of this hormonal network is
itself modulated by sugar levels as competition for sugars, caused by the growing apical
sugar sink, may deprive buds from sugars and prevents bud outgrowth partly by their
signaling role. In this review, we analyze recent findings on the interaction between light,
in terms of quantity and quality, and apical dominance regulation. Depending on growth
conditions, light may trigger different pathways of the apical dominance regulatory network.
Studies pinpoint to the key role of shoot-located cytokinin synthesis for light intensity and
abscisic acid synthesis in the bud for R:FR in the regulation of bud outgrowth by light. Our
analysis provides three major research lines to get a more comprehensive understanding
of light effects on bud outgrowth. This would undoubtedly benefit from the use of computer
modeling associated with experimental observations to deal with a regulatory system that
involves several interacting signals, feedbacks, and quantitative effects.

Keywords: light, hormones, sugar, bud outgrowth, branching, apical dominance, cytokinins, R:FR

INTRODUCTION

As sessile organisms, plants have to adapt to their growth environment. One important way is to adapt
their branching architecture, above and below grounds, to accommodate endogenous (e.g., water
and carbon status) and exogenous (light, space) constraints. In this process, branching regulation
plays a crucial role as it defines strategies whereby plants colonize the underground and aerial
spaces. Different environmental factors have been shown to impact this process, such as mineral or
water supply to the roots, light, or temperature (Bouguyon et al., 2012; de Jong et al., 2014; Pierik
and Testerink, 2014; Li-Marchetti et al., 2015). In the past two decades, due to spectacular advances
in biotechnology, imaging, molecular biology, and computational modeling, major breakthroughs
have been made in the understanding of the physiological regulation of branching of aerial axes.
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In particular, the veil on the key mechanisms whereby light
regulates aerial branching on plant axes has been partly lifted.

During growth, apical meristems of plant axes produce
sequences of phytomers. One phytomer is composed of an
internode with its axillary leaf and one or several axillary buds.
Once initiated, axillary buds themselves may in turn enter growth
immediately (sylleptic buds), or they can remain latent (proleptic
buds) until some external event to the buds triggers their
outgrowth (Lang et al., 1987; Kieffer et al., 1998; Barthelemy and
Caraglio, 2007). This latter two-phase strategy is very frequent in
both annual or perennial plants and has been shown to result from
the dominance of the growing apex over its axillary meristems.
This phenomenon, called apical dominance, offers plants the
possibility to develop in a parsimonious way while preserving the
possibility of branching to adapt their development to changing
physiological or environmental contexts (Cline, 1994).

Light in particular has been recognized as a major modulator
of the expression of apical dominance for decades. For example,
increasing light intensity in photosynthetically active radiation
(PAR) often results in an increase of the total number of lateral
branches that develop on a given axis, thus reducing apical
dominance (Mitchell, 1953; Su et al., 2011; Demotes-Mainard
etal, 2013; Leduc et al., 2014). Likewise, a change in light quality,
such as a high red-to-far-red wavelength ratio (R:FR) due to the
use of red LEDs in a greenhouse or to gaps in a canopy, often leads
to an increase of the number of outgrowing branches (Demotes-
Mainard et al., 2016). In principle, these modulations may result
from either an increase of the total number of primary nodes
or from the probability for a bud to grow out. Light may affect
both processes, resulting in significant modulations of branching
intensity and plant architecture. Finally, light may also, in a more
subtle way, affect the time taken by axillary buds to enter into
growth (Bos and Neuteboom, 1998; Gautier et al., 1999; Evers
et al., 2006; Demotes-Mainard et al., 2016).

The nature of the physiological or biophysical mechanisms
whereby light interacts with the process of apical dominance and
participates to releasing axillary bud latency is still largely elusive. A
better understanding of these mechanisms requires identifying how
light interacts with the physiological mechanisms regulating apical
dominance. Two major putative mechanisms of apical dominance
have been debated in the literature over the last decades. First, it has
been experimentally shown on a variety of plant species that apical
dominance is mediated by the plant hormone auxin, produced at
the growing apex, and transported downward through the vascular
tissues of the stem (Thimann and Skoog, 1933; Cline, 1996; Ongaro
and Leyser, 2008). In this view, the leading apex continuously
produces auxin, which reaches bud neighborhood through basipetal
transport, and controls bud outgrowth indirectly. Two main signaling
cascades have been identified (Domagalska and Leyser, 2011): (i)
auxin in the stem controls the production of two other hormones,
cytokinins and strigolactones, that move into the bud to control its
outgrowth (second messenger theory); and (ii) auxin transport itself
prevents auxin export out of the bud, a process necessary for bud
outgrowth (canalization theory). These signaling cascades inhibit
bud outgrowth as long as the main apex keeps producing auxin.
This signaling hypothesis has long been challenged by a second
hypothesis based on competition for resources (Luquet et al., 2006).

This alternative view is based on the idea that during growth, plant
organs compete for nutrients, and growing organs divert the nutrient
resources from the freshly created buds. Deprived of resources, these
buds remain latent as long as the main apex continues to grow. It
was recently suggested that both hypotheses could be coupled in the
regulation of bud outgrowth (Barbier et al., 2015; Barbier et al., 2019;
Bertheloot et al., 2019).

In this review, we analyze how the effect of light on bud
outgrowth has been interpreted in the context of the two main
paradigms thought to be at the origin of apical dominance
(which excludes the question of endodormancy in perennial
plants). While previous review mainly focused on light effects
in the vicinity of the bud (Leduc et al., 2014), this review aims
to analyze how current knowledge from physiological and
modeling studies helps to get a comprehensive understanding of
light effects at the plant level. We start by a brief description of
the main endogenous regulators of apical dominance, and their
interaction and modulation at the plant scale. The hormonal
regulation is described in a first section, while the regulation by
the competition for nutrients is described in a second section.
Then, we analyze the current knowledge about how light interacts
with the previously identified endogenous network, including
hormones and nutrients. We finally discuss the major gaps in the
building of a comprehensive understanding of light-mediated
bud outgrowth regulation and stress the potential complexity of
the regulatory network, involving interactions between several
regulators, dose-dependent effects, and feedback processes. We
discuss why further detailed and quantitative analysis of this
interaction will most probably require combining experimental
and computational modeling approaches.

HORMONAL REGULATION OF BUD
OUTGROWTH

Regulation of Apical Dominance in the Shoot
The Regulators of Apical Dominance: Auxin,
Cytokinins, and Strigolactones
Auxin, a plant hormone produced in the apical region and
transported downwards through the stem, has long been
considered as the orchestrator of apical dominance in plants
(Thimann and Skoog, 1933; Thimann and Skoog, 1934; Rinne
et al, 1993; Ljung et al, 2001; Ongaro and Leyser, 2008;
Teichmann and Muhr, 2015). While decapitation of the growing
shoot tip promotes bud outgrowth, exogenous auxin applied
to the decapitated shoot tip usually restores bud outgrowth
inhibition (Thimann and Skoog, 1933; Thimann and Skoog, 1934;
Cline, 1996). Furthermore, plants with reduced or increased
auxin signaling/level display increased or reduced branching
levels, respectively (Romano et al., 1991; Booker et al., 2003).
Auxin acts in an interconnected way with two other
hormones, cytokinins (CKs) and strigolactones (SLs). CKs act
as shoot-branching inducers that have an antagonistic effect
to auxin on bud outgrowth (Wickson and Thimann, 1958;
Sachs and Thimann, 1967; Shimizu-Sato et al., 2009; Mueller
and Leyser, 2011). SLs act as shoot-branching repressors and
enhance the inhibiting effect of auxin on branching (Beveridge,
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2000; Beveridge, 2006 for reviews; Gomez-Roldan et al., 2008;
Umehara et al., 2008; Crawford et al., 2010). While CKs and
SLs are synthesized in both shoots and roots, only CKs can
move through both the xylem sap (tZ-type) and the phloem
sap (iP-type) (Bangerth, 1994; Mader et al., 2003; Kudo et al,,
2010; Mueller and Leyser, 2011). SLs move primarily acropetally
through the transpiration stream of the xylem sap, while their
receptor—protein D14—is transported through the phloem to
axillary buds in rice (Kohlen et al., 2011; Kameoka et al., 2016).

Auxin cannot enter buds (Prasad et al.,, 1993; Booker et al.,
2003) and indirectly inhibits bud outgrowth. Several years of
experiments have demonstrated that auxin acts through at least
two non-exclusive mechanisms at the nodal segment and shoot
scales, respectively (see Domagalska and Leyser, 2011; Rameau
etal,, 2015).

The Regulating System At the Scale of the Nodal
Segment Adjacent to the Bud
In a theory known as “the second messenger theory,” auxin in
the nodal segment adjacent to the bud down-regulates CKs and
up-regulates SLs, which are both supposed to migrate into the
adjacent bud to control its outgrowth. The direct action of CKs
and SLs in buds is supported by exogenous application of CKs
and SLs on buds, which stimulated and inhibited their outgrowth,
respectively (Sachs and Thimann, 1967; Gomez-Roldan et al.,
2008; Dun et al., 2012). Furthermore, CK biosynthesis was rapidly
enhanced in the nodal stem segment, and the CK content increased
in the bud in response to auxin depletion, and these behaviors were
prevented by exogenous auxin supply (Nordstrom et al., 2004;
Tanaka et al., 2006; Liu et al., 2011; Li et al., 2018). By contrast,
auxin depletion resulted in a rapid repression of SL biosynthesis-
related genes in the stem, a behavior prevented by exogenous auxin
application (Foo et al., 2005; Zou et al., 2006; Hayward et al., 2009).
The integration of the two antagonistic regulators CKs and SLs
is at least partly mediated by the TCP transcriptional regulator
TEOSINTE1/BRANCHEDI1 (TB1/BRCI) in the bud (for reviews
Rameau et al., 2015; Wang et al., 2019). BRC1 locally inhibits
bud outgrowth, and its transcript level can be downregulated
by CKs and upregulated by SLs. However, the expression level
of OsTBI1/FC1 (Oryza sativum Teosintel/Fine Culm1I) in rice was
insensitive to SLs (Minakuchi et al., 2010; Guan et al., 2012), and
CKs promoted bud activation in pea brcl mutants (Braun et al.,
2012). These results indicate that integration of CKs and SLs also
involves a BRC1-independent pathway.

The Systemic Regulation System

In the “auxin canalization” theory, auxin transport in the stem
is a systemic signal that prevents auxin export out of buds
independently of any messengers relaying auxin signaling from
the stem to the bud, and auxin export out of buds is necessary
for their outgrowth. This theory relies on the observed tight
correlation between bud outgrowth and auxin export out of the
bud (Liand Bangerth, 1999; Bennett et al., 2006; Balla et al., 2011).
As initially proposed by Sachs (1981) in the context of vascular
strand differentiation, lateral auxin flow from the buds to the stem
could be inhibited by the process of auxin canalization in the
main stem, whereby the auxin flux upregulates and polarizes its

own transport in one direction. From the 2000s, the identification
of PIN auxin efflux carriers and visualization techniques based on
PIN immunolocalization demonstrated the existence of a positive
feedback between the auxin flow and its own transport. PIN polar
targeting at the level of cell plasma membranes directs auxin flow,
and this process is positively feedback-regulated by auxin itself
(Sauer et al., 2006; Wisniewska et al., 2006). Introduction of such
a feedback in a computer model confirmed the plausibility of the
canalization theory. Prusinkiewicz et al. (2009) demonstrated
through simulations that this feedback led to high auxin fluxes in
the main stem, which may in turn prevent any lateral auxin flux
from axillary buds. By stating that buds cannot enter sustained
growth if they do not export their own auxin, auxin canalization
in the main stem may thus explain bud inhibition during apical
dominance. In this process, the directionality of canalization is
determined by the auxin source that becomes active first (the
apical one during apical dominance). Such a model also simulated
several branching phenotypes observed in Arabidopsis mutants
for auxin homeostasis or transport.

The discovery that SLs dampen polar auxin transport in
the stem by down-regulating PIN accumulation in xylem
parenchyma cells and triggering the rapid removal of PIN from
the plasma membrane further confirmed the plausibility of the
canalization theory (Bennett et al., 2006; Crawford et al., 2010; Xu
etal, 2015; Li et al., 2018). A computational model in which the
action of SLs is represented as an increase in the rate of removal
of the auxin export protein—PIN—from the plasma membrane
reproduced auxin transport and shoot branching phenotypes
observed in various mutant combinations and SL treatments,
including the counterintuitive ability of SLs to promote or inhibit
shoot branching depending on the auxin transport status of the
plant (Shinohara et al., 2013). Furthermore, exogenous supply of
low doses of auxin transport inhibitors to the stem of SL mutants
of Arabidopsis led to a phenotype close to that of wild-type plants,
in accordance with a main role of auxin transport in determining
the number of buds that grow out into branches (Bennett et al.,
2006; Lazar and Goodman, 2006; Lin et al., 2009). However, even
if several biological and modeling pieces of evidence support
the canalization theory, the nature of the mechanism inducing
export of axillary bud auxin into the stem is still relatively abstract
(Prusinkiewicz et al., 2009).

Dynamic Regulation of Bud Outgrowth
Along a Same Axis
The release of apical dominance leads to bud outgrowth at
given positions on the plant depending on the plant species.
Outgrowth of these buds then inhibits outgrowth of the other
buds on the axis (Morris, 1977). In garden pea, the inhibition
exerted by a growing bud on the buds below was related to auxin
synthesized and exported by the growing bud and transported
downward in the main stem (Balla et al., 2016). This mechanism
limits excessive branching that may be detrimental for the plant.
SLs also appear as main components of this phenomenon
and could act through a double feedback process (Dun et al.,
2009b). In a first feedback, branching initiation increases SL
biosynthesis through a branch-derived signal, probably auxin,

Frontiers in Plant Science | www.frontiersin.org

October 2019 | Volume 10 | Article 1296


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Schneider et al.

Light and Bud Outgrowth Regulation

which could contribute to further inhibit bud outgrowth.
This regulation scheme was identified from the experimental
observation that the initiation of a new branch in garden pea
correlated locally with the up-regulation of SL biosynthesis
genes in the corresponding node, and this upregulation was
prevented by branch removal (Dun et al., 2009b). Second,
SL deficiency in the node, which contributes to promote
bud outgrowth, activates a feedback signal that up-regulates
SL biosynthesis and decreases CKs in the xylem sap, thus
contributing to prevent bud outgrowth. At the origin of this
hypothesis, SL mutants of different species (except pea rms2)
were observed displaying reduced CKs in the xylem sap and
higher expression of SL biosynthesis genes, while exogenous
SL supply repressed SL biosynthesis (Foo et al., 2005; Snowden
et al., 2005; Foo et al., 2007; Drummond et al., 2009; Hayward
et al, 2009). Computer simulations support this double
SL-based regulating system in pea branching regulation as they
capture the overall experimental phenotypes of branching,
SL biosynthesis gene expression, and xylem-sap CKs that are
observed for different graft combinations between mutant and
wild-type pea (Dun et al., 2009b).

In garden pea, the feedback signal derived from SL perception
is dependent on RMS2 and moves from shoots to roots
(Beveridge, 2000; Foo et al., 2005; Foo et al., 2007). The chemical
nature of the RMS2-dependent feedback has been extensively
discussed (Ongaro and Leyser, 2008; Dun et al., 2009a). Ligerot
et al. (2017) recently demonstrated that protein RMS2 functions
as an auxin receptor. They also observed that SL root-feeding, as
a disruption of auxin transport, repressed auxin biosynthesis in
the shoot. This suggests the existence of a feedback loop in which
auxin depletion in the stem stimulates SL biosynthesis in an
RMS2-dependent manner in the roots, which in turn stimulates
auxin biosynthesis in the shoot.

Contribution of Roots to Bud Outgrowth
As mentioned above, CK and SL biosynthesis in the shoot are
main components of auxin-mediated apical dominance. But CKs
and SLs are also synthesized in roots and root-derived CKs and
SLs are transported in the shoots through the xylem and also
contribute to stimulate and inhibit shoot branching, respectively
(Beveridge, 2000; Young et al., 2014; Muller et al., 2015).
Root-derived CKs were long believed to contribute to the
bud outgrowth response to decapitation because the xylem-
sap CK content increases after decapitation and accumulates
in buds, and this is prevented by exogenous auxin supply
(Bangerth, 1994; Turnbull et al., 1997; Mader et al., 2003).
However, the absence of a rapid response of CK-related
biosynthesis genes in roots indicates that root-derived CKs
may have a secondary role in this process (Tanaka et al,
2006). Recent experiments comparing root-bearing plants
and root-depleted isolated nodal stem segments indicate that
root-derived CKs may in fact antagonize the effect of auxin
in apical dominance. Decapitated plants of garden pea SL
mutants were indeed unresponsive to auxin supply, due to the
antagonistic effect of root-derived CKs on the inhibitory effect
of auxin, while the isolated nodal stem segments (without

root-derived CKs) were auxin responsive (Young et al., 2014).
In Arabidopsis, intact auxin-producing CK-synthesis/signaling
mutants were accordingly less branched than wild-type plants,
while the isolated nodal segment bud response to auxin was not
impaired in CK mutants as compared to the wild-type (Muller
et al., 2015). Since CK biosynthesis in the roots is promoted
by high nitrogen nutrition (Takei et al., 2002; Xu et al., 2015),
root-derived CKs could antagonize auxin-mediated apical
dominance in case of a high soil nitrogen content by modulating
the shoot CK levels. In line with this, CK mutants of Arabidopsis
exhibited an altered positive branching response to an increase
in the soil nitrogen conditions (Muller et al., 2015). On the
opposite, root-derived SLs, sensitive to phosphate or nitrogen
deficiency or water stress (Ha et al., 2014; Cochetel et al., 2018;
Mostofa et al., 2018), could strengthen auxin-mediated apical
dominance in case of a low soil nutrient status or water stress.
Accordingly, root-derived SLs have been reported to mediate
the effect of soil phosphate deficiency on shoot branching
(Kohlen et al., 2011; Xi et al., 2015).

Regulation of Bud Outgrowth

by Other Hormones

Abscisic acid (ABA) is well known for its role in plant adaptation
to abiotic stresses (Vishwakarma et al., 2017), and gibberellins
(GAs) modulate a range of processes such as cell elongation
and fruit maturation (see Olszewski et al., 2002; Yamaguchi,
2008; Hartmann et al., 2011; Ragni et al., 2011). They both take
part to bud outgrowth regulation, but their role has been less
investigated than the roles of auxin, CKs, and SLs.

The effect of GAs on bud outgrowth varies strongly among
species. GAs inhibit shoot branching in rice (Lo et al., 2008;
Ito et al., 2018), bahiagrass (Agharkar et al., 2007), Arabidopsis
(Silverstone et al.,, 1997), hybrid aspen (Mauriat et al., 2011),
and tomato (Martinez-Bello et al., 2015). The exact mechanism
behind their effect remains elusive and might be linked to the
modification of SL biosynthesis (Ito et al., 2017) and an increase
of sugar sink strength (see below) (Buskila et al., 2016). In
perennial woody plants such as rose and Jatropha curcas, GAs
are promoters of bud outgrowth (Choubane et al., 2012; Ni et al,,
2017). In apple, exogenous application of GAs to axillary buds
did not promote outgrowth (Tan et al., 2018).

The role of ABA as an inhibitor of bud outgrowth was long
hypothesized based on the observations that exogenous ABA
supply inhibits bud outgrowth (White and Mansfield, 1977;
Chatfield et al., 2000; Cline and Oh, 2006; Corot et al., 2017; Yuan
etal,, 2018) and that the bud ABA content is negatively correlated
to the bud ability to grow out. In particular, the bud ABA level
decreases in response to decapitation and increases in response
to exogenous auxin supply in annual plants (Eliasson, 1975;
Everatbourbouloux and Charnay, 1982; Knox and Wareing, 1984;
Gocal et al., 1991), and ABA accumulates during cold-induced
bud dormancy in perennial plants (Rohde et al., 1999; Arora
et al,, 2003; Wang et al., 2016a). Mutants recently confirmed a
role of ABA in bud outgrowth regulation. Arabidopsis mutants
deficient in ABA biosynthesis (nced3-2 and aba2-1) displayed
higher bud outgrowth frequency (Reddy et al., 2013; Yao and
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Finlayson, 2015). Similarly, genetically altered poplar with
reduced sensitivity to ABA exhibited enhanced shoot branching
(Arend et al., 2009).

ABA has been reported to act downstream of auxin
signaling (AUXIN-RESISTANT 1 AXRI1), MORE AXILLARY
BRANCHED (MAX) signaling (MAX2), and BRANCHED1
(BRCI) gene (Gonzalez-Grandio et al, 2013; Yao and
Finlayson, 2015; Gonzalez-Grandio et al., 2017). AtBRCI
directly induces ABA synthesis in the bud by upregulating the
expression of 9-CIS-EPOXICAROTENOID DIOXIGENASE 3
(NCED3), which encodes a key ABA-synthesis enzyme (Yao
and Finlayson, 2015; Gonzalez-Grandio et al., 2017). ABA may
partly inhibit bud outgrowth by reducing auxin biosynthesis
and transport within the bud and also cell multiplication
(Yao and Finlayson, 2015), which may impair bud capacity
to export its own auxin and to grow out (Prusinkiewicz et al.,
2009). ABA is also synthesized outside the bud and can access
the buds (Everatbourbouloux, 1982; Lacombe and Achard,
2016). This raises the question of the role of such externally
synthesized ABA in the control of bud outgrowth. ABA
exogenously supplied to the stem below the bud inhibited
bud outgrowth but did not do so when supplied above the
bud, indicating a likely preferential role of upstream xylem-
transported ABA (Cline and Oh, 2006). In barley, ABA was
reported to suppress SL biosynthesis in the basal part of the
plant and roots, which in this case promoted tiller emergence
(Wang et al., 2018). These findings indicate the complexity of
ABA-dependent bud outgrowth regulation and its interactions
with other branching-related hormonal networks.

Summary

So far, many studies have focused on understanding how auxin,
synthesized by growing apical organs and transported downwards
through the stem in annual plants, acts to inhibit the outgrowth
of a bud without entering the bud during apical dominance.
They highlighted an intricate regulatory network described in
Figure 1 that displays two pathways. In the first pathway, auxin
acts through a canalization mechanism that creates a main flux
of auxin downwards and inhibits the initiation of auxin fluxes
from lateral buds. In the second pathway, auxin acts more locally
through its concentration in the node which modulates CK and
SL biosynthesis, which in turn relay the auxin signal from the
stem to the bud. CK and SL signals are integrated in the bud
through BRC1-dependent and -independent pathways. BRCI
acts at least partly by up-regulating ABA biosynthesis.

The relationship between both pathways is not fully
understood. Both pathways probably interact because SLs also
control auxin transport,and CKs were recently reported to control
auxin efflux carrier proteins (PIN3, PIN4, PIN7) in Arabidopsis
(Waldie and Leyser, 2018). From a temporal point of view,
auxin transport regulation could come after local regulation, as
indicated experimentally for garden pea (Chabikwa et al., 2019).
Intriguingly, the role of CKs as a second messenger has recently
been questioned for Arabidopsis because isolated nodal segments
of mutants deficient in CK biosynthesis or signaling exhibited a
normal response to exogenous auxin (Muller et al., 2015).

Sugar sink
- Mature leaf

Sugar sink

[Roots

FIGURE 1 | Regulation of the outgrowth of one bud by sugars and hormones
on a growing shoot. Sugars are produced by photosynthetic organs and
transported by mass flow in the phloem to sugar sinks, i.e., the growing
organs (apical leaves and internodes, elongating branches, roots). Auxin

(IAA) is produced by apical growing organs and is transported in the stem to
the roots through PIN proteins (gray arrow). Auxin in the nodal stem down-
and up-regulates the biosynthesis of cytokinins (CKs) and strigolactones
(SLs), respectively and prevents auxin export out of the bud through the
canalization process. Sugars, CKs, SLs, and auxin export are integrated in
the bud by hubs, which include the gene BRC1, to control bud outgrowth. In
addition, CK and SL syntheses in the roots and their transport upwards in the
xylem by the transpiration stream may increase the CK and SL contents in
the nodal stem (dotted arrows). ABA acts downstream of BRC1 to inhibit bud
outgrowth. The feedback loops between hormones are not represented. The
hormonal regulators are represented in blue, and sugars in pink. Sugar sinks
are represented in light green, sugar sources in dark green. Black arrows
represent the effects of one regulator on a target. Large arrows represent
active transport processes. The way sugars are transported to the bud is
unknown and is represented by a large dashed arrow.

Besides these well-studied auxin-dependent pathways in
the vicinity of the bud, some studies have also highlighted
the important role of roots as a source of SLs and CKs. They
indicate that auxin-related apical dominance in the shoot may be
modulated by root-derived CKs and SLs, as a way to adjust apical
dominance in the aerial part to soil nutrient status (Kohlen et al.,
2011; Muller et al., 2015; Xi et al., 2015). Furthermore, evidences
support a main role of root-derived CKs and SLs in regulating the
outgrowth pattern along an axis through feedback loops between
shoot and root, and SLs, CKs, and auxin (not represented on the
figure; Dun et al., 2009b; Ligerot et al., 2017). However, research
about the role of long-distant components from buds other than
auxin is still scarce, and further work is definitely required to get
a more integrated understanding of the hormonal regulation of
apical dominance expression in plants.
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BUD OUTGROWTH REGULATION
THROUGH COMPETITION FOR NUTRIENTS

Relationships between the plant nutrient status and the number
of new branches arising in a growth period have been suggested
for decades. For example, for tree species, the number of new
branches was found correlated to the vigor of the parent branch
(Heuret et al., 2000). In wheat, the bud outgrowth probability
at a given leaf rank on the main stem was correlated to the
parent leaf mass per unit area (Bos, 1999; Evers et al., 2006). In
ryegrass, the number of tillers that recovered after cutting was
strongly correlated to the initial carbohydrate level before cutting
(Davies, 1965). These observations led to the intuition that the
degree of competition for nutrients within the plant regulates the
investment into new branches.

The degree of competition within the plant is a complex
variable that depends on nutrient supply to the plant, nutrient
transport, storage, and use by the different organs and evolves
dynamically with plant development. To address this complexity,
different hypotheses related to competition for nutrients in
shoot branching were first tested using computational models.
The results of these simulations confirmed the plausibility of
branching regulation by nutrient competition. These results have
been corroborated in recent years by physiological experiments
that brought evidence supporting the initial intuition and
providing a better understanding of the mechanisms involved.

Computer Models of Branching Regulation
by Competition for Nutrients
The first models were developed for trees and formalized that a
limited amount of nutrients is assimilated by the plant and shared
among tree branches according to given priority rules, and that
the nutrient level in a branch determines the emergence of new
branches. Based on the observations of weaker water flow in less
vigorous branches as compared to the main trunk (Zimmermann,
1978), 25 years ago, Borchert and Honda implemented a model
in which branches were in competition for nutrients coming
from the roots through the transpiration stream (Borchert and
Honda, 1984). Later, the model LIGNUM initially developed for
young pine trees considered that branches were in competition
for carbohydrates produced by photosynthesis in tree aerial parts
(Perttunen et al., 1996; Perttunen et al., 1998). Competition for
nutrients or carbohydrates among branches simulated qualitative
observations made on real trees, such as a reduction of branch
emergence with tree development or branching stimulation after
branch removal by pruning (Borchert and Honda, 1984). Priority
rules for nutrient or carbohydrate allocation among branches
were essential to simulate observed tree forms (Perttunen et al.,
1998; Palubicki et al., 2009). For example, in Borcher and Honda’s
model, preferential nutrient allocation to a given branch position
and to the more vigorous branch (defined by the number of
daughter transpirating branches) explained the morphological
differentiation of branches into leaders and weaker lateral shoots
observed in some species (Borchert and Honda, 1984).

Several years later, the concept emerged that competition
for carbohydrates can be represented by the source-sink ratio

(Warren-Wilson, 1972; Lacointe, 2000), which is the balance
between the production rate of carbohydrates by photosynthesis
and their utilization rate for growth. For grass species, this
concept arises in particular from the observed correlations
between the tillering level and the balance between (i) PAR
intensity, that determines photosynthesis, and (ii) temperature,
that determines the organ growth rate (Mitchell, 1953; Bos and
Neuteboom, 1998). Based on findings that sugars act as signaling
entities on meristematic activity (Sherson et al., 2003; Heyer
etal., 2004), the authors of the rice model ecomeristem assumed
that sugars also acted as signals in bud outgrowth regulation
and that the source-sink ratio was a signal analogous to sugar
signaling (Luquet et al,, 2006). Supporting the concept, the
source-sink ratio dynamics correlated with the dynamics of sugar
reserves, an indicator of sugar availability. The authors argued
that such a regulating system allowed for the plant to adjust
the carbohydrate sinks to the sources: in case of a high source-
sink ratio, plant development is stimulated, thus increasing the
sink strength for carbohydrates, which in turn decreases the
ratio. This concept has been taken up by other models, e.g., for
wheat (Evers et al., 2010) or trees (Letort et al., 2008; Mathieu
et al., 2009). Simulations of plant development were validated
against quantitative experimental observations for grasses, but
the robustness of the models was not demonstrated (Luquet
et al., 2006; Evers et al., 2010). For trees, the concept explained
observed trends qualitatively, such as a low branch number
under low light intensity, or branching rhythmicity as a result
of the negative feedback between branch emergence and the
source-sink ratio (Letort et al., 2008; Mathieu et al., 2009).

Allthesestudies show thatbranching regulation by competition
for nutrients explains some of the observed plant behaviors in
different species. However, the concept was lacking more direct
molecular experimental evidence. In the 2010s, several biological
experiments, independent of modeling studies, confirmed bud
outgrowth regulation by competition for carbohydrates and the
involvement of sugar signaling in some species.

Experimental Evidence for Bud

Outgrowth Regulation by Competition for
Carbohydrates in Grasses and Garden Pea
A first series of experiments demonstrated that differences in tiller
bud outgrowth induced by changes in the source-sink ratio in
some grass species were correlated to differences in the bud sugar
status. The tin mutant of wheat, which is characterized by earlier
internode elongation as compared to the wild type, displayed
a reduced number of tillers and over-expression of a sucrose-
starvation gene, downregulation of a sucrose-inducible gene, and
a reduced sucrose content in the inhibited buds (Kebrom et al.,
2012). In sorghum, bud outgrowth inhibition by defoliation was
correlated to up- and down-regulations of sucrose starvation
and sucrose-inducible genes in buds, respectively (Kebrom and
Mullet, 2015). In this case, defoliation of the subtending leaf
blade or any other leaf blade inhibited bud outgrowth, indicating
that outgrowth may be dependent on the overall plant sugar
status, as implemented in models, rather than on sugar supply by
the subtending leaf. No similar studies were made in tree species.
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Definitive proof of a role of sugars in bud outgrowth
regulation by the source/sink balance was given by Mason
et al. (2014) in garden pea. Removal of the apical growing
organs by decapitation of the shoot tip led to bud outgrowth
and rapid sugar redistribution and accumulation in the
outgrowing buds before auxin depletion in the nodal segment
adjacent to the outgrowing bud. This phenomenon was
abolished by defoliation which reduced sugar supply, while
exogenous sucrose supply through the petioles of intact plants
(not decapitated or defoliated) released the buds from apical
dominance. These behaviors indicate that sugar accumulation
in the buds of decapitated plants is both necessary and
sufficient for bud outgrowth. Additional proof was given
recently by the observation that the elevated sucrose and
hexose levels of transgenic plants overexpressing fructose
1,6-bisphosphatase II in the cytosol increased the number of
lateral shoots (Otori et al., 2017).

Role of Sugar in Bud Outgrowth Regulation

Using excised nodal stem segments in vitro to manipulate sugar
availability for buds easily, evidence was brought about both
the trophic and signaling roles of sugars in bud outgrowth, as
demonstrated in other processes of plant development (Moore
etal,,2003; Rolland et al., 2006; Lastdrager et al., 2014; Liand Sheen,
20165 Sakr et al., 2018). As compared to an osmotic control, sucrose
supply or supply of its derivative hexoses (glucose and fructose) to
isolated buds increased sugar levels in buds and stimulated their
outgrowth in a dose-dependent manner in species such as rose
and garden pea (Henry et al, 2011; Rabot et al., 2012; Barbier
et al,, 2015; Fichtner et al., 2017). In line with the trophic role of
sugars, sugar-induced bud outgrowth in rose was characterized by
a higher sugar metabolic activity of the bud linked to increased
expression of the sugar transporter RASUC2 and in the expression
and activity of vacuolar invertase RAIINVI, an enzyme responsible
for sucrose cleavage into hexoses and usually related to organ sink
strength (Girault et al., 2010; Henry et al., 2011; Rabot et al., 2012).
Interestingly, non-metabolizable sucrose or fructose analogs
also induced bud outgrowth in rose (Rabot et al., 2012; Barbier
et al., 2015; Wingler, 2018) and stimulated the expression and the
activity of the vacuolar invertase RbINVI (Rabot et al., 2012). This
observation supports a scenario in which sugar availability for
the bud acts as a signaling entity regulating its outgrowth and its
sink strength. This role may be mediated, at least partly, through
trehalose-6-phosphate, an important indicator of the carbohydrate
status in plants (Figueroa and Lunn, 2016). Sucrose supply to
nodal stem segments of garden pea induced a rapid concentration-
dependent increase of the trehalose-6-phosphate (Tre6P) content
in the buds that was highly correlated with their outgrowth rate
(Fichtner et al., 2017). Such a rapid Tre6P increase in outgrowing
buds was also observed after removal of the main sink for sugars by
decapitation of garden pea shoots. Sugar signal may regulate bud
outgrowth through the sucrose non-fermenting kinase 1 (SnRK1)
complex, which perceives cell energetic status and regulates growth
activity accordingly (Tsai and Gazzarrini, 2014). This supports the
concept implemented in models that the source-sink ratio controls
a sugar signal that modulates bud outgrowth.

Sugar Interplays With Hormones

Interplays between sugar and hormonal pathways have been
recently reported in bud outgrowth regulation in rose and pea
(Barbier et al., 2015; Bertheloot et al., 2019). Bud outgrowth
is under an antagonistic coupled control of sugar and auxin
levels. While exogenous auxin supply to nodal segments in vitro
inhibited bud outgrowth dose-dependently, sugar supply partially
removed the inhibitory effect of auxin in a manner that was also
dose-dependent. This supports the view that a high plant sugar
status may attenuate auxin-mediated apical dominance, leading
eventually to bushy phenotypes.

Sugar promoting effect on bud outgrowth was accompanied
by a number of changes in the bud outgrowth hormonal network
for rose nodal segments in vitro (Barbier et al, 2015). These
changes include the simulation of CK biosynthesis and level in
the stem and a down-regulation of a SL signaling gene (MAX2).
However, CK level in the stem and auxin export from the bud
to the stem are unlikely to be the main mediators of sugar
promoting effect on bud outgrowth. Without sucrose, CK supply
to rose nodal segments in vitro did not induce bud outgrowth,
and sucrose could not antagonize the auxin-dependent repression
of CK levels in the stem (Barbier et al., 2015; Bertheloot et al.,
2019). Sugar-stimulated bud outgrowth was rather related to the
impairment of SL response, because exogenously applied SL was
inefficient in inhibiting bud outgrowth in the presence of high
sugar concentration in rose and pea (Bertheloot et al., 2019). In
addition, buds of pea mutants deficient in SL perception displayed
a reduced response to changes in sugar supply in vitro. Finally,
a computational model, in which auxin regulates bud outgrowth
through regulation of the production of CKs and SLs (second
messenger model) and sugar acts by suppressing SL response,
captured the diversity of observed bud outgrowth responses to
sugar and hormones in a quantitative manner. Further studies
are required to decipher the exact targets of sugars, but the SL
signaling-related gene MAX2 and the integrator gene BRCI that
are downstream of SLs and down-regulated under high sucrose
conditions for different species may be involved (Kebrom et al.,
2010; Kebrom et al., 2012; Mason et al., 2014; Barbier et al., 2015;
Kebrom and Mullet, 2015; Otori et al., 2017).

Summary

These data highlight that competition for sugars within the plant,
indicated by the source/sink ratio, is a key component of branching
regulation at least in annual species. As depicted in Figure 1,
sugars are produced by source organs, mainly photosynthetically
leaves, and transported through the phloem to sink organs such
as the shoot growing apical and root zones. High sugar availability
in the vicinity of the bud, resulting from high ratio of source to
sink activity, promotes bud outgrowth. The exact pathway by
which sugar availability regulates bud outgrowth remains to be
elucidated, but sugar signaling seems crucial (Rabot et al., 2012;
Barbier et al., 2015; Fichtner et al., 2017). Such signaling role of
sugar appears as an efficient way to adjust plant development to
endogenous resources. New branches, which are highly demanding
in resources, are created only if the resource status of the plant is
sufficient to sustain their growth.
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Recent studies highlight the existence of an interplay between
sugar and the hormonal networks in bud outgrowth regulation;
more particularly, high sugar availability antagonizes auxin
inhibitory effect through inhibition of SL signaling (Bertheloot
et al.,, 2019). A hormonal role has also been suggested by the
simulations of previous nutrient-based models. Indeed, this kind
of models could not fully explain branching phenotypes at the
plant scale and should be coupled to other signaling processes.
We report that Borchert and Honda’s and LIGNUM models
include priority rules for nutrient allocation among branches,
essential to simulate tree branching habits (Borchert and Honda,
1984; Perttunen et al., 1996; Perttunen et al., 1998). Other
models have to define which bud is sensitive to carbohydrates
to simulate positions of branches on trees (Letort et al., 2008)
or the observed coordination between tiller appearance and
parent axis development in grasses (Letort et al., 2008; Evers
et al., 2010). Sensitivity to carbohydrates also depends on
mineral nutrition in grasses (Dingkuhn et al., 2007; Kim et al,,
2010a; Kim et al., 2010b; Alam et al., 2014). All these effects may
involve hormonal pathways, because hormones are regulated by
both plant development and growth conditions. This raises the
question of how sugar and hormonal signals are integrated to
regulate bud outgrowth in spatial and temporal dynamics at the
plant scale.

Contrary to sugars, the role of xylem-transported nutrients
in bud outgrowth regulation has been the subject of very few
studies. However, they could contribute to bud outgrowth
regulation. Amino acids were required for bud outgrowth
in nodal segments of rose in vitro (Le Moigne et al., 2018),
transgenic lines deficient in amino acids displayed decreased
tillering in rice (Funayama et al, 2013; Ohashi et al, 2017;
Ohashi et al., 2018), and overexpression of a glutamine synthase
gene promoted tillering in sorghum (Urriola and Rathore, 2015).
Whether amino acids act as signaling entities in bud outgrowth
remains to be investigated.

INTERACTION OF LIGHT WITH
THE NETWORK OF ENDOGENOUS
REGULATORS

Besides its role as an energy source for photosynthesis, light
is also a powerful environmental signal that controls many
developmental processes (de Wit et al., 2016; Gangappa and
Botto, 2016; Lee et al.,, 2017). In particular, it is involved in
the shade avoidance syndrome (SAS), characterized by typical
morphological changes such as leaf hyponasty, an increase in
hypocotyl and internode elongation, and extended petioles,
which aim to maximize light interception by the plant for
photosynthesis (Franklin, 2008). In bud outgrowth regulation,
light also acts as a signal that may prevent a new branch from
developing in low light conditions. In accordance with the
signaling role of light, a very low light intensity on the bud was
sufficient to trigger bud outgrowth in decapitated rose (Girault
etal., 2008). Tillering can cease in grasses before the occurrence
of a significant reduction in PAR intensity due to canopy
closure, but concomitantly with a reduction of the R:FR ratio

(Ballare et al., 1987). Simulation studies support a role of light
in shaping plant branching architecture in different species.
In trees, the global branching structure can be explained
qualitatively by space colonization algorithms, which consider
competition for space as the key factor determining the
branching structure of the tree (Runions et al., 2007; Palubicki
et al., 2009). In herbaceous species, the inhibiting effect of
shading or high plant densities can be simulated by regulating
bud outgrowth by the local light environment on the apical
meristem at the time of bud formation (Gautier et al., 1999;
Evers et al., 2007).

At the plant scale, light signaling interacts with hormonal
and/or nutrient regulation by controlling the homeostasis,
transport, and signaling of hormones and nutrients. Remarkably,
light, hormones, and nutrients seem to converge to the same
regulating hubs (Quail, 2002; Moore et al., 2003; Lau and
Deng, 2012; Li et al., 2017; Mawphlang and Kharshiing, 2017;
Sakuraba and Yanagisawa, 2018; Simon et al., 2018). Compared
to the endogenous network responsible for apical dominance,
relatively few studies have focused on the interaction of light with
hormones and nutrients in the control of axillary bud outgrowth.
Most studies have focused on the effect of the R:FR ratio, which
is a signal of canopy closure. More recently, the effect of light
intensity was also investigated.

Interaction of Light With the Hormonal
Regulatory Network

R:FR Ratio

Studies were made by directly manipulating light quality or
by using phyB Arabidopsis mutants, which are deficient in
phytochrome B-mediated red light perception and display a low
branchinglevel as compared to the wild-type (Kebrom et al., 2006;
Finlayson et al., 2010; Su et al., 2011). Those studies highlight that
enhanced ABA biosynthesis in the bud has a main role in the
effect of the R:FR ratio on bud outgrowth. The bud outgrowth
response to R:FR is negatively correlated to the bud ABA level
and to the expression of ABA biosynthesis- and signaling-related
genes in different species (Tucker and Mansfield, 1972; Gonzalez-
Grandio et al., 2013; Reddy et al., 2013; Yao and Finlayson, 2015;
Kebrom and Mullet, 2016; Gonzalez-Grandio et al., 2017; Holalu
and Finlayson, 2017; Tarancon et al., 2017; Yuan et al., 2018). The
ABA response was even reported to precede the bud outgrowth
response to an increase of the R:FR ratio in Arabidopsis (Holalu
and Finlayson, 2017). Furthermore, Arabidopsis mutants deficient
in ABA biosynthesis (nced3-2 and aba2-1) exhibited lower
suppression of bud outgrowth by low R:FR than the wild type
(Reddy et al., 2013; Yao and Finlayson, 2015). The mechanisms
leading to changes in the ABA level involve BRCI. BRCI induces
ABA biosynthesis in buds, is up-regulated by low R:FR or
following phyB mutation, and is involved in low R:FR-dependent
branch suppression (Gonzalez-Grandio et al., 2013; Yuan et al,,
2018). Low R:FR-induced ABA biosynthesis may repress bud
outgrowth partly by reducing bud auxin biosynthesis, since both
phyB Arabidopsis mutants and exogenous ABA supply to wild-
type plants reduced the expression of an auxin biosynthesis gene
within the bud (Finlayson et al., 2010; Yao and Finlayson, 2015).
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Upstream of BRCI, several other regulators of bud outgrowth
than ABA could contribute to bud inhibition by low R:FR. Auxin
plays a key role in the shade-avoidance syndrome, including the
promotion of hypocotyl and petiole growth, leaf hyponasty, and
phototropism (Iglesias et al., 2018). In seedlings, low R:FR increases
auxin level in the foliage by stimulating its biosynthesis; auxin then
moves to the stem where it reaches epidermal tissues through lateral
orientation of PIN proteins to drive the auxin flux to the epidermis
to promote growth (Iglesias et al., 2018). Similarly, relationships
have been observed between auxin and bud outgrowth inhibition
in Arabidopsis phyB mutants, which cannot perceive red light. The
branching inhibition reported in phyB Arabidopsis mutants was
alleviated by disrupting auxin signaling (Finlayson et al., 2010).
In this case, branching inhibition was related to elevated auxin
sensitivity and signaling in the shoot segments proximal to axillary
buds (Reddy and Finlayson, 2014). Low auxin level supply to isolated
stem segments inhibited phyB buds more than wild-type, and
phyB shoots displayed elevated auxin-responsive genes expression
compared to the wild-type. This obviously raises the question of
how auxin- and ABA-mediated pathways interact to regulate bud
outgrowth in response to R:FR. Although ABA acts downstream of
auxin signaling (Yao and Finlayson, 2015), Holalu and Finlayson
(2017) reported that bud response to low R:FR involve changes in
bud ABA signaling before any detectable alteration in stem auxin
signaling, indicating that ABA and auxin signalings are part of
different R:FR-induced pathways. ABA pathway may be responsible
for a rapid response of the bud to R:FR, while auxin signaling in the
stem may sustain this rapid response. Low auxin transport rate was
also observed in the shoots of phyB mutants but its role in inhibiting
bud outgrowth was not demonstrated (Reddy and Finlayson, 2014).

Besides auxin, SL biosynthesis- and signaling-related genes were
also found to be up-regulated by low R:FR or by phyB mutation
in chrysanthemum, sorghum, or petunia buds (Kebrom et al,
2010; Drummond et al., 2015; Yuan et al., 2018). Furthermore,
bud outgrowth inhibition by phyB mutation was impaired in SL
biosynthesis (max4) or signaling (max2) mutants as compared to
wild-type Arabidopsis (Finlayson et al., 2010), indicating a potential
role of these genes in low R:FR-dependent bud outgrowth regulation.
This is in accordance with the main role of the SL signaling-related
gene MAX2 in light-regulated hypocotyl elongation in Arabidopsis
seedlings (Shen et al., 2007; Shen et al, 2012; Jia et al, 2014).
Future tasks would be to identify the role of MAX2 and understand
its relationship with ABA and auxin signaling pathways in bud
response to R:FR.

Light Intensity
The interaction between light intensity and hormonal regulation
of bud outgrowth has mainly been investigated in rose. First
data indicate that GAs are not sufficient to mimic the promotive
effect of light in dark-placed buds (Choubane et al., 2012). For
decapitated plants, dark-repressed bud outgrowth correlated
with a down-regulation of two GA biosynthesis genes, and
light-induced bud outgrowth was inhibited by GA biosynthesis
inhibitors, but GA supply to plants in the dark could not rescue
bud outgrowth.

Recent experimental studies on rose support a model in which
light intensity stimulates CK biosynthesis in the stem, which in

turn stimulates bud outgrowth. As compared to darkness or low
light intensity, a higher light intensity rapidly and significantly
increased the CK content in the nodal segment bearing the
light-stimulated bud (Roman et al., 2016; Corot et al.,, 2017).
This was correlated with rapid up-regulation of genes encoding
CK synthesis, transport and signaling, and down-regulation of
genes encoding CK degradation (RhCKX1) (Roman et al.,, 2016).
This is in line with the known effect of light on CK biosynthesis,
metabolism, and transport in other biological processes (Zubo
et al., 2008; Boonman et al., 2009; Zdarska et al., 2015; Janeckova
etal,, 2018). In addition, local exogenous CK application restored
the bud outgrowth ability under non-permissive light conditions
(Roman et al., 2016; Corot et al., 2017). Interestingly, studies
on the shoot apical meristem in tomato and Arabidopsis also
demonstrated the involvement of CKs in the light-induced activity
of the apical meristem (Yoshida et al., 2011; Pfeiffer et al., 2016).

Light-induced bud outgrowth may involve the two CK-related
processes controlling bud outgrowth: BRCI repression and PIN
up-regulation (which would increase auxin canalization capacity)
(Dun et al,, 2012; Waldie and Leyser, 2018). Indeed, both light
and CK exogenous supply down-regulated BRCI in the bud and
up-regulated PINI expression in the stem for rose decapitated plants
(Roman etal., 2016). Inline with this, light intensity was also reported
to down-regulate BRCI in Arabidopsis (Su et al., 2011). In addition,
both light and CKs supply to rose decapitated plants decreased the
expression of the SL signaling-related gene MAX2 and up-regulated
sugar metabolism-related genes (Djennane et al.,, 2014; Roman et al.,,
2016), consistent with the well-known role of CKs on the strength
of sink organs (Roitsch and Ehness, 2000; Wang et al., 2016b). For
rose intact plants, high light intensity also decreased ABA level in the
node adjacent to the bud compared to low light intensity, and ABA
exogenous supply to the node could antagonize the promoting effect
of CK supply under low light intensity (Corot et al.,, 2017). All these
changes underline the complexity of the regulation, and further
research is required to understand the basic mechanism behind the
light effect on bud outgrowth.

Besides CKs located in bud vicinity, it is likely that root-
derived CKs contribute to bud outgrowth stimulation in response
to light intensity. Indeed, the concentration in root-derived CK
forms (tZ, tZR, tZRMP) increases in stems and buds in these
conditions (Roman et al., 2016; Corot et al., 2017); however, this
remains to be demonstrated experimentally.

Interaction of Light With the Nutrient-
Based Regulatory Network

Strong evidence is given about a main role of competition
for carbohydrates, indicated by the source-sink ratio, in bud
outgrowth regulation in garden pea and grasses (Kebrom et al.,
2012; Kebrom and Mullet, 2015). The carbohydrate source-sink
ratio may be affected by the plant light environment: a low R:FR
ratio enhances stem growth (Demotes-Mainard et al., 2016), a
strong sugar sink, and PAR intensity regulates photosynthesis
as well as plant aerial morphogenesis and root growth (Granier
and Tardieu, 1999; Chenu et al., 2005; Nagel et al., 2006). As
proposed in some tillering models (Luquet et al., 2006; Evers
et al,, 2010) and by Kebrom (2017) and Bertheloot et al. (2019),
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light regulation of source-sink relationships within the plant
may modulate sugar availability for buds, leading in turn to
reduced auxin-related apical dominance and induction of bud
outgrowth. This is supported by studies reporting a negative
impact of a low R:FR ratio on the sugar content or on genes
related to sugar metabolism and signaling in the bud (Kebrom
and Mullet, 2016; Yuan et al., 2018), as well as changes in stem
sugar levels in response to light intensity, in ways correlated to
bud outgrowth (Lafarge et al., 2010; Furet et al., 2014; Corot et al.,
2017). However, the involvement of sugar in the effect of light has
not been proved by physiological experiments yet.

Experimental data rather indicate that local sugar availability
in the stem or in the bud may not be limiting for bud outgrowth
in case of low PAR intensity. In decapitated and defoliated rose
plants under white light, preventing light perception by the bud by
masking it while leaving the photosynthetic stem under white light
maintained the bud inhibited, while applying a photosynthesis
inhibitor on the bud did not prevent its outgrowth (Girault et al.,
2008; Roman et al, 2016). In addition, local exogenous sugar
supply to decapitated shoot stumps under darkness, to the petioles
of intact plants under low PAR intensity, or to rose nodal segments
cultivated in vitro in darkness did not induce bud outgrowth
(Henry et al., 2011; Rabot et al., 2012; Roman et al., 2016; Corot
etal., 2017). The activity of isolated apical meristems of Arabidopsis
was also prevented by darkness and was not restored by exogenous
sugar supply (Yoshida et al., 2011; Pfeiffer et al., 2016; Li et al,
2017). For both apical meristem and axillary buds under limiting
light conditions, CKs may be a limiting factor explaining the
inability of sugars to promote bud outgrowth locally. CKs could act
by limiting the bud sink strength for sugars (Albacete et al., 2014).

Summary

Experimental studies have revealed an interaction between light
and hormonal regulators at the scale of the nodal stem segment
and its bud. As illustrated in Figure 2, an increase in light intensity
stimulates CK level in the stem, which promotes bud outgrowth,
while a low R:FR ratio stimulates ABA synthesis in the bud, leading
in turn to rapid bud inhibition, a process that could be reinforced
by auxin signaling increase in stem. Besides these main pathways,
several other endogenous regulators are impacted by light, such
as the SL signaling-related genes or sugars, but their exact role has
still to be understood. Evidence coming from rose under darkness
or low PAR intensity indicates that stem sugars in the vicinity of
the bud are not a locally limiting factor of bud outgrowth in these
particular light conditions. Literature data on nodal stem segments
in vitro rather indicate that light intensity and sugars may have a
synergetic effect on bud outgrowth (Henry et al., 2011; Rabot et al.,
2012; Rabot et al., 2014), as reported for the activity of the apical
meristem (Li et al., 2017). This leads to the idea that the light lock
should be lifted for a high sugar status of the shoot to stimulate
bud outgrowth. Additional studies are also required to understand
the role of elevated sugar levels in other plant parts than the stem
segment bearing the bud in bud outgrowth. For example, sugars
regulate nitrogen uptake by the roots (Lejay et al., 2003; Lejay et al,,
2008) or hormone biosynthesis (Sakr et al., 2018), which may also
indirectly impact bud outgrowth.

Low
intensity

FIGURE 2 | Interaction of light intensity and the R:FR ratio with the
endogenous regulators of bud outgrowth. A low R:FR ratio stimulates ABA
production in the bud, which inhibits bud outgrowth, a phenomenon that

is reinforced later on by auxin signaling stimulation through an unknown
mechanism (solid dark orange arrows and text); low R:FR also up-regulates
the SL signaling-related gene MAX2 (dotted dark orange arrows), but the
contribution of these changes to bud outgrowth regulation by the R:FR ratio
is not known yet. Low light intensity reduces CK contents in the nodal stem
by reducing the expression of CK synthesis genes and increasing that of CK
degradation genes, which inhibits bud outgrowth (solid light orange arrows
and text) and up-regulates MAX2 but the contribution of this change to bud
inhibition by low light intensity is not known yet (dotted light orange arrows
and text); low light intensity also decreases the sugar content, but this is
not a main limiting factor in the undertaken studies. For color and arrow
significations, see also Figure 1.

DISCUSSION

Light signaling modulates plant involvement in lateral branching by
controlling the release of axillary buds from apical dominance. So
far, studies mainly conducted on annuals have provided an almost
complete picture of the intricate hormonal regulatory network
involved in apical dominance, regardless of environmental factors
(Figure 1). In particular, great progress has been made since the
2000s with the discovery of SL mutants and of the role of PIN
proteins. The development of simulation tools made it easier to
investigate complex regulations like those related to the canalization
theory or to the SL molecular network, both involving feedbacks
(Domagalska and Leyser, 2011). The demonstration that the degree
of competition for sugars within the plant regulates bud outgrowth
is more recent (Mason et al, 2014) despite first assumptions
supported by computer modeling (Luquet et al., 2006; Mathieu et al.,
2009). Recent evidences of interplays between sugar and hormones
further complicate bud outgrowth regulating network. In addition,
the main branching-related hormones display dose-dependent
effects on bud outgrowth (Chatfield et al., 2000; Dun et al., 2012;
Barbier et al.,, 2015; Corot et al., 2017) and other compounds may
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take a part in this mechanistic complexity, including reactive
oxygen species (ROS) (Chen et al., 2016; Signorelli et al., 2018). For
instance, H,0,-dependent bud outgrowth inhibition may be linked
to promotion of auxin biosynthesis in the apex which inhibits CK
biosynthesis in the stem in tomato (Chen et al., 2016). The presence
of different regulators quantitatively regulating bud outgrowth
raises the question of their integration within the bud. BRCI plays
certainly a key role, but some regulations also occur through BRC1-
independent pathways (Minakuchi et al., 2010; Braun et al., 2012;
Wang et al., 2019). Recently, studies indicate that integration could
be done in the regulation of carbon metabolism of the bud (Tarancon
et al., 2017; Martin-Fontecha et al., 2018).

Although the major role of light intensity and quality in
branching regulation has been known for decades, knowledge
about the interaction between light and the endogenous
regulators of bud outgrowth emerged only recently. The current
knowledge (Figure 2) indicates that (i) light intensity stimulates
production of CKs (inducer of bud outgrowth) in the nodal
stem segment and (ii) a low R:FR ratio stimulates production of
ABA (inhibitor of bud outgrowth) in the bud, and this process
seems to be later reinforced by an increase in auxin signaling
in the stem. This knowledge remains however very fragmented
and does not provide a comprehensive understanding of bud
outgrowth regulation at the scale of the plant, as discussed below.

First, knowledge is missing about light interaction with
other endogenous regulators close to the bud. Indeed, light
impacts sugar level and SL signaling (Finlayson et al., 2010;
Kebrom and Mullet, 2016; Roman et al., 2016; Corot et al.,
2017), which raises the question whether these different
regulators act or not in the same pathway. Second, no study
has addressed the question of the role of light effects on organs
located at distance from buds. Light induces changes in plant
growth (Granier and Tardieu, 1999; Nagel et al., 2006; Kebrom,
2017) that may alter the competition for carbohydrates within
the plant and the availability of sugar for bud outgrowth.
Light modulation of plant growth may also induce changes in
hormone metabolism, signaling, and transport, and thereby
hormone distribution and quantities. Understanding all these
changes is necessary for building a comprehensive picture of
light effect on bud outgrowth. Third, light regulation of bud
outgrowth pattern at the scale of an axis is unknown. Light was
reported to influence the number of outgrowing buds and the
time between successive outgrowths (Demotes-Mainard et al.,
2013; Corot et al., 2017). Future tasks would be to investigate
whether light effect could result from heterogeneous
distribution of the different regulators along the axis and from
a temporal feedback loop by which outgrowing buds modify
the regulator levels in the vicinity of the remainder buds,
maintaining them dormant. However, different sensitivities
of the buds to their local regulators, due to bud age, light
history for example, may obviously complicate bud outgrowth
regulation at axis level.

All these elements highlight the complexity of light-
mediated bud outgrowth regulation at the plant scale. In
recent years, the use of modeling has become prevalent to
gain insight into the complex regulation of developmental
processes by both endogenous and exogenous processes.

These models, combining biological process description
with an explicit computational description of the plant
biological structure, called functional-structural plant
models (FSPM), have proved meaningful to address the
complexity of developmental systems as a collection of
interacting constituents (at molecular or cellular level for
example). FSPMs make it possible to identify and test various
hypotheses on the local interaction rules and to compare
qualitatively and quantitatively, with the experiments, the
result emerging from these simulated interactions at an
integrated level. This approach has been successfully used in
the last decade to study various aspects of plant development
such as flowering and inflorescence architecture development
(Prusinkiewicz et al., 2007; Wenden et al., 2009), phyllotaxis
(de Reuille et al., 2006; Jonsson et al., 2006; Smith et al., 2006;
Refahi et al., 2016), the role of mechanics in morphogenesis
(Alim et al., 2012; Boudon et al., 2015; Bozorg et al., 2016). In
the study of branching regulation as well, these models have
been used to help deciphering the complexity of associated
regulation networks and branching processes (Evers and
Vos, 2013)—for example, in the analysis of the competition
for sugars (Luquet et al., 2006), auxin regulation of bud
outgrowth (Prusinkiewicz et al., 2009), auxin transport in
mosses (Coudert et al., 2015), and sugar interplay with auxin
(Bertheloot et al., 2019). Likewise, approaches combining
quantitative experimental observations and computer
simulations in FSPMs are thus expected to be instrumental
in providing new insights into light interplay with sugar and
hormones network in bud outgrowth regulation at the plant
scale. In particular, to investigate bud outgrowth regulation
with FSPM, carbon/sugar fluxes formalism will have to be
coupled to a formalization of hormonal functioning, as well as
with a representation of the root compartment.
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Figure 1 : Régulation du débourrement d’'un bourgeon axillaire soumis a la dominance apicale.

Les organes en croissance de I'axe primaire inhibent le débourrement d’un bourgeon axillaire via (i) la voie hormonale,

(i) la compétition pour les sucres.

(i)  Lauxine (AlA) apicale est produite par les organes en croissance de I'axe primaire. Elle est transportée de facon
basipete le long de la tige et ne rentre pas dans le bourgeon. Son effet sur le débourrement passe par deux
hormones relais : les strigolactones (SL) et les cytokinines (CK) qui inhibent et stimulent le débourrement,
respectivement. Les SL et les CK sont aussi synthétisées dans les racines et transportées par le flux xylémien vers
les parties aériennes

(i)  Les sucres du noeud stimulent le débourrement du bourgeon. lls sont issus de la photosynthese. Une partie des
sucres est déviée par les organes en croissance de |’axe primaire.

Les signaux des SL, des CK et des sucres sont intégrés localement au niveau du nceud et du bourgeon. Un des

intégrateurs est le géne BRC1, inhibiteur du débourrement. Les phénomeénes physiologiques ou acteurs régulateurs du

débourrement sont en bleu lorsqu’ils stimulent le débourrement, et en rouge lorsqu’ils I'inhibent. Les doubles fleches
correspondent a des flux. Les fleches uniques a des signaux ou de I'information.



CHAPITRE 1 - ETAT DE L’ ART ET PROBLEMATIQUE

BILAN DE L '"ETAT DE L’ ART

La review Schneider et al. (2019) insérée ci-dedaiisétat des connaissances liées aux
régulations endogénes du débourrement, passalespasies hormonales et les nutriments, et deselle
lies aux effets de la qualité et de l'intensitdiluieuse sur ces voies de régulations. Dans ceite th
nous nous concentrons sur la compréhension dds déiéntensitélumineuse sur le débourrement des
bourgeons axillaires. A partir de la review (Schieeiet al., 2019), nous résumons ci-apres la coditgle
des mécanismes physiologiques impliqués dans lalatdgn endogéne du débourrement et dans sa

réponse a l'intensité lumineuse, et faisons regdertaractere fragmenté de ces connaissances.

Nous avons vu dans I'état de I'art que le débouerdrd’'un bourgeon axillaire est soumis a des
régulations endogenes liées a la croissance dsaonganes de la plante (aussi appelée inhibitions
corrélatives). Parmi celles-ci, le phénomene deidante apicale, exercé par les organes apicaux en
croissance de I'axe primaire, a été mis en évidgacesSkoog et Thimann dans les années 30 (Skoog
and Thimann, 1934; Thimann and Skoog, 1933) gratasaxpériences de décapitations de pois. Chez
les plantes dont I'apex avait été excisé, les bmamg axillaires débourraient alors qu'ils restaient
dormants chez les plantes intactes. La dominanamlaprepose sur deux voies de régulation du
débourrement des bourgeons axillaires qui coexigtieinteragissent (Figure 1). Historiquement, la
premiére voie démontrée est la voie hormonale. ¥ifee) hormone inhibitrice du débourrement des
bourgeons axillaires, est synthétisée dans lemeryapicaux de I'axe primaire et est transportée de
facon basipéte le long de I'axe primaire. L'auxamcale ne pouvant pas entrer dans les bourgeons
axillaires (Prasad et al., 1993 ; Booker et alo3)0les roles de deux hormones relais de I'aufthéorie
du second messager) ont été démontrés. Les cytekifCK) et les strigolactones (SL) stimulent et
inhibent, respectivement, le débourrement. Leungues dans le nceud portant le bourgeon sont,
respectivement, négativement (CK) et positivem8h) (égulées par I'auxine (Dun et al., 2009).

La deuxieme voie d’action démontrée dans le cadriadlominance apicale, et détaillée dans
I'état de l'art, est celle des sucres. Les rolemali et trophique des sucres dans la stimulation du
débourrement ont été mis en évidence chez plusespesces par des expérientesitro etin planta
(Henry et al., 2011; Rabot et al., 2012; Barbierlet 2015) et leur implication dans la levée de la
dominance apicale a été démontrée chez le poisofMas al., 2014). Aprés décapitation de I'axe
primaire, 'augmentation rapide des teneurs enesuau voisinage du bourgeon axillaire est le premie
signal de levée de la dominance apicale. Ainsiléleourrement d’un bourgeon en position basale le
long de la tige principale est déclenché avant m@uneela concentration en auxine, dont la vitesse de
progression est plus faible que les sucres, sdiifiée dans le noeud. Le réle de la compétition pesir
sucres entre I'axe primaire et les bourgeons @dBaest de plus confirmé par des travaux sur des
mutantgtin de blé présentant une plus forte élongation desraeuds de I'axe primaire, accompagnée

d’une réduction de la ramification (Kebrom et 20]12).
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Figure 2 : Effets de I'intensité lumineuse sur la régulation du débourrement.

Comparé a des conditions lumineuses défavorables (faible intensité ou obscurité), une forte intensité lumineuse pendant la
phase de ramification (H) stimule le débourrement des bourgeons axillaires. Les mécanismes démontrés a ce jour sont liés
aux cytokinines (CK) (fleches pleines). H méne a 'augmentation des teneurs en CK au voisinage du bourgeon en stimulant
leur synthése et diminuant leur dégradation (Roman et al., 2016; Corot et al., 2017). Une augmentation des teneurs en
sucres dans la tige comparé a une faible intensité lumineuse a aussi été observée, mais le lien entre cette augmentation des
teneurs en sucres et la stimulation du débourrement par I'intensité lumineuse n’est pas établi (fleches pointillés).
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Ces deux voies d'action de la dominance apicaleglpassant par les hormones, I'autre par les
sucres, ne sont pas indépendantes I'une de l'atitsent liées de facon intriquée. En effet, comme
détaillé préecédemment dans I'état de I'art, la \di@e hormones et celles des sucres sont connues pou
interagir localement (au niveau du nceud portahblggeon). Les effets des sucres sur la signaisati
des SL, la biosynthése des CK dans le nceud, laigtiod d’auxine par le bourgeon et I'expression du
gene BRCL1 ont été observés chez des nceuds isotési€is cultivésn vitro (Barbier et al., 2015).
L’interaction des sucres avec la signalisation $les été particuliérement mise en avant grace a une
approche de modélisation (Bertheloot et al., 2020).

Outre les interactions entre les hormones et leswau niveau du bourgeon et du nceud qui le
porte, d'autres organes, comme les racines, sqiigugées dans la synthése et I'export de CK etlde S
vers les parties aériennes (Sakakibara et al., 2G@8nez-Roldan et al., 2008). La régulation eétey
du débourrement du bourgeon tient donc aux interstentre plusieurs acteurs hormonaux et les
sucres, et a I'implication de plusieurs organetadeante, comme la zone apicale de I'axe primeire
les racines.

La compréhension des mécanismes impliqués dagpdese du débourrement a l'intensité
lumineuse reste partielle (Figure 2). Jusqu'a preseul le réle des cytokinines (CK) dans la réggon
du débourrement a I'intensité lumineuse appligeerelant la période de ramification a été clairement
démontré et identifié. Ainsi, sous une faible isiedlumineuse (ou obscurité), la synthese etlesturs
en CK sont réduites au voisinage du bourgeon,eapdports exogénes de CK a des plantes sous faible
intensité lumineuse permettent de reproduire laptype de débourrement observé dans des conditions
lumineuses favorables (lumiére ou forte intensitdiheuse) (Roman et al., 2016 ; Corot et al., 2017)

Bien que les sucres soient connus pour stimuldél®urrement des bourgeons, leur réle dans
la réponse du débourrement a l'intensité lumineusst pour I'instant pas confirmé. En effet, malgré
la diminution des teneurs en sucres au voisinagebdergeons axillaires sous une faible intensité
lumineuse (ou obscurité) appliqugandant la période de ramification, des apports exogeresudres
in planta ne permettent pas de lever I'inhibition du débenment et de reproduire le phénotype observé
sous forte intensité lumineuse (Roman et al., 2@d@rot et al., 2017). Ce résultat expérimentakou
cependant s’expliquer par la déviation des sucpgoréésin planta vers les organes apicaux en
croissance, au détriment des bourgeons axillaCesot et al., 2017).

A ce jour, les connaissances liées a la réponseéthourrement a l'intensité lumineuse
concernent surtout les effets d’une modification ldetensité lumineusependant la phase de
ramification (Figure 3). Peu d’études concerneneléets de variations de I'intensité lumineuseauwrs
de la culture sur la ramification. Un phénotypetipatier a été observé chez le rosier buisson (Desio
Mainard et al., 2013) : suite a une restrictiongenaire de I'intensité lumineuse pendant la croissa
de I'axe primaire, et au rétablissement d’'une fortensité lumineuse pendant la phase de ramificati

la fréquence de débourrement des bourgeons aadllaitez ces plantes est augmentée, comparée a celle
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Figure 3 : Développement de R. hybrida "Radrazz" et périodes d’exposition aux traitements d'intensité lumineuse dans
la littérature. (A) A partir d’une bouture, I'axe primaire se développe avec I'apparition successive de ses phytomeéres et
suivie de leur élongation. Les phytomeres sont constitués d'un entre-nceud, d'une feuille et d'un bourgeon a l'aisselle de la
feuille. Les phytomeéres inférieurs ne présentent pas de feuille entiére. Aprés I'apparition de tous les phytomeéres, le bouton
floral et le pédoncule apparaissent (stade : bouton floral visible, BFV). Apres le stade BFV, I'élongation des phytomeres se
poursuit, en méme temps que le développement de la fleur (stades de la fleur ouverte et de la fleur fanée), le
débourrement des bourgeons axillaires et la croissance des ramifications qui en sont issues. (B) Les traitements lumineux
utilisés dans les publications de Roman et al. (2016) et Corot et al. (2017) correspondent a une réduction de l'intensité
lumineuse (obscurité ou faible intensité, respectivement) pendant la phase de ramification comparé a un traitement avec
une intensité lumineuse forte pendant toute la croissance de la plante. Dans la publication de Demotes-Mainard et al.
(2013) et dans le chapitre 3, I'intensité lumineuse est modulée avant BFV et donc avant la phase de ramification (traitement
LH versus traitement HH).
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observée chez les plantes n'ayant pas subi déct@strtemporaire de lumiere. Les mécanismes sous-
jacents a cette réponse du débourrement ne sont’'patant pas connus et le réle des CK dans la
réponse du débourrement a l'intensité lumineusst pas démontré dans ce cas. L’hypothése d'un réle
du sucre peut étre émise car des variations del&ité lumineuse similaires exercées sur le rizeng
a une augmentation des teneurs en sucres darenta plvant la reprise du débourrement (Lafarge et
al., 2010).

Finalement, les roles des sucres et des hormones Kabtention des phénotypes de
débourrement observés en réponse a des modulagohmtensité lumineuse avant ou pendant les

phases de ramifications restent lacunaires.

NB : les références sont listées dans la review.

PROBLEMATIQUE ET PLAN DE LA THESE

Face a ces lacunes dans la compréhension des sr@eanimpliqués dans la régulation du
débourrement par l'intensité lumineuse, I'objedtfla these este mieux comprendre I'implication
et le réle des sucres, en relation avec les autresteurs régulateurs, dans la réponse du
débourrement a des modulations de I'intensité lumieuse

Pour cela, nous avons étudié I'effet de différerdagements lumineux sur le débourrement et ses
régulateurs. Nous avons choisi le rosier buissasdfybrida KO) comme plante modéle car il a déja
fait I'objet d’études liées aux effets de la luneiésur le débourrement et, comme présenté ci-dessus,
plusieurs phénotypes de réponse a la lumiere énténtifiés.

Nous avons traité la problématique en répondareux dous-questions. Tout d’abord nous
avons (i) cherché a tester si les sucres pouvateatimpliqués dans la réponse du débourrement &
I'intensité lumineuse Chapitre 2). Nous nous sommes appuyés sur le cas particidiela sur-
stimulation du débourrement suite & une restridgonporaire de l'intensité lumineuse précédemment
observée dans Demotes-Mainard et al. (2013). Padragement lumineux et un traitement de forte
intensité lumineuse permanente (Figure3), nous savpantifié puis modifié expérimentalement le
statut carboné des plantes pour tester I'importades sucres dans I'obtention du phénotype de
débourrement observé. Nous avons également étodigirle des différences de sucre observé entre
traitements en quantifiant les relations sourcésguour le carbone au sein de la plante.

Apres avoir veérifié le réle des sucres dans lamépalu débourrement & un traitement lumineux
particulier, nous avons (ii) cherché a comprengréle des sucres, en relation avec les autresamasn
dans la réponse du débourrement a l'intensité leusia. Plus précisément, nous avons cherché a
déterminer si I'effet d'une modulation de l'intetésiumineuse sur le débourrement pouvait s’explique
par des variations locales de I'équilibre entretéggurs en hormones et en sucfasapitre 3). Pour

cela, nous avons utilisé le modele de Bertheloal.ef2020) qui permet de simuler la réponse du
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bourgeon au concentrations en sucre et aux horngos@s voisinage, nous I'avons calibré pour prendre
en compte I'effet de I'intensité lumineuse, et av@Brifié sa capacité a reproduire des phénotypes d
débourrement en réponse a l'intensité lumineusmaditionsin vitro etin planta Nous avons ensuite
simulé plusieurs traitements particuliers avecdelébe pour déterminer I'importance relatives deasic
et des CK dans la réponse du débourrement a l§itéelumineuse.

Les résultats obtenus sont discutés dans chaqumetrehat en fin de manuscrit dans une

discussion générale
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RESULTS - CHAPTER 2 - LOW COMPETITION FOR SUGARS
STIMULATES BUD OUTGROWTH AFTER TEMPORARY LIGHT
LIMITATION IN ROSE PLANTS

RESUME DU CHAPITRE 2
Contexte et objectifs

La ramification des plantes est une variable agrogoe importante puisqu’elle intervient dans
I'élaboration du rendement et de la qualité desdpections, et est trés sensible aux conditions
environnementales. Des études récentes sur le (Bsiman et al., 2016 ; Corot et al., 2017) ontems
évidence l'effet stimulateur d’'une forte intensiténineusependantla phase de ramification sur le
débourrement comparé a une faible intensité lunsimeCette stimulation du débourrement par
l'intensité lumineuse est corrélée a de plus faesurs en sucres et en CK au voisinage du boargeo
Cependant, seul le réle des CK dans la stimuladiordébourrement par l'intensité lumineuse a été
démontré expérimentalement dans ce cas.

Par ailleurs, un phénotype surprenant a été obs#mez des plants de rosiers soumis a une
restriction temporaire de lumiére appliq@ntla phase de ramification, et replacés ensuite feotes
intensité lumineuse pendant la période de ramifina(Demotes-Mainard et al., 2013). Suite a ce
traitement lumineux, les plants de rosiers présente taux de débourrement dans la zone médiane de
I'axe primaire plus important que chez des plargant effectué toute leur croissance sous forte
intensité lumineuse. Les mécanismes expliquane cait-stimulation du débourrement suite a une
restriction temporaire de lumiére restent cependacdnnus. Dans ce cas, les teneurs en CK ne
constituent peut-étre pas un élément limitant pewébourrement, puisque celui-ci a lieu au moment
ou lintensité lumineuse est forte. Des modulatisimsilaires de l'intensité lumineuse au cours de la
croissance du riz ménent a une accumulation desdemns la plante (Lafarge et al., 2010). Nousffiais
I’hypothese que la sur-stimulation du débourrenseite a une restriction temporaire de lumiére tésul
d’'une diminution de la compétition pour les sua@ase I'axe primaire et les bourgeons axillaires.
Méthode

Pour vérifier cette hypothése, nous avons meswstatut en sucre des plantes par des dosages
juste avant le débourrement des bourgeons, en cantieux traitements : d’'une part, des plantestaya
subi une restriction temporaire de lumiére (LHpwlie part, des plantes ayant toujours été sotes for
intensité lumineuse (HH). Nous avons ensuite té€stdplication des sucres dans la régulation du
débourrement sous ces traitements lumineux en rantié statut en sucres des plantes par des apport
de solutions sucrées, ou en affectant la photoégatigrace a des inhibiteurs. Enfin, nous avons

caractérisé expérimentalement la croissance demesgde I'axe primaire et, par une approche de
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modélisation, quantifié le bilan sources-puits enrgs de I'axe primaire pour les deux traitements
lumineux.
Principaux résultats

Sous le traitement LH, la fréquence de débourrémmpartie médiane de I'axe primaire est
augmentée et le délai de débourrement raccouraipacé aux plantes du traitement HH. Cette
stimulation du débourrement est associée a defqites teneurs en sucres solubles et en amidon pour
les plantes LH juste avant le débourrement. L'icgdion des sucres dans I'obtention du phénotype de
ramification est confirmée par la stimulation dbdérrement observée aprés des apports de sucees che
des plantes sous traitement lumineux HH. Récipnogu, I'application d’'inhibiteurs de photosynthese
chez des plantes sous traitement LH inhibe le débment. La plus forte accumulation de sucres peu
de temps avant le débourrement sous le traitemtdmomparé au traitement HH est expliquée par les
differences de bilan sources-puits en sucres degrdraitements lumineux. Bien que la capacité
photosynthétique surfacique soit diminuée pouplastes sous LH comparé a HH, cela est compensée
par une plus faible croissance, et donc une plbfefdemande en sucres, des organes en croissance d
I'axe primaire sous LH. Il en résulte en bilan s@s-puits en sucres plus élevé sous LH comparé.a HH
Conclusion

La sur-stimulation du débourrement suite & un&ictien temporaire de lumiére avant la
phase de ramification est expliquée par une dirrinute la compétition pour les sucres entre I'axe
primaire et les bourgeons axillaires. Cette étuglaahtre I'implication des sucres dans la réponse du
débourrement a la lumiere dans ce cas, mais nexas lintervention d’autres régulateurs du

débourrement.
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INTRODUCTION

As sessile organisms, plants continually percana adjust their growth and development to
environmental conditions they experience. Branchiofigthe aerial part is a key process of this
adaptation. It determines aerial space colonizatod light interception by the plant, a major
determinant of its fitness, and is also highly tated by a variety of environmental inputs (Ledtiale
2014, Rameau et al., 2015; Huché-Thélier et allf2Demotes-Mainard et al., 2016, Schneider et al.,
2019 for reviews). Branching environmental conttohcerns in particular axillary bud outgrowth,
which is the motive force for initiation and elotiga of new axes. On a plant axis, the existendbef
fast-growing apical zone makes some axillary butterea latency phase, a phenomenon known as
apical dominance. Bud outgrowth after apical domimearelease is highly dependent on environmental
conditions. Light intensity is in particular a stgpregulator of bud outgrowth and the involved pases
has started to be understood in the last yearslieStiare however still required to grasp the entire
complexity of light intensity impact on bud outgribw

In several studies and for different species, aisweported that a continuous high light
intensity applied all over plant growth reducesititensity of apical dominance along plant axes Th
probability for a bud to grow out at a given pasitiis increased (Mitchell, 1953; Su et al., 2011,
Demotes-Mainard et al., 2013; Leduc et al. 2014afoeview), and in some studies the time-interval
taken by buds to grow out is reduced (Bos and Neat®, 1998; Gautier et al., 1999; Mitchell, 1953).
In this positive effect of light intensity, the cent light environment of the bud at the time af it
outgrowth plays a role. In rose, the number of mgng buds was reduced by transferring primary
axes from high to low light intensity just beforadboutgrowth period, compared to continuous high
light intensity (Corot et al., 2017). Similarly, rfthe same species, the induction of bud outgrowth
observed after apex region removal (decapitaticay mepressed if plants were transferred to darkness
(Roman et al., 2016). The regulation occurred adtlécally to the bud, as demonstrated by locdlize
covering of given organs (Roman et al., 2016; Djmeset al., 2014). In addition to the current dftefc
light, plant light history has a strong impact ardtoutgrowth. It was reported in intact rose plah&t
temporary exposure to low light intensity before thutgrowing bud period over-stimulated bud
outgrowth compared to a continuous comfort ligiesity (Demotes-Mainard et al., 2013). Similarly,
atemporary and early shading over-stimulateddtesaf tiller appearance in rice after the enchafing
(Lafarge et al., 2010).

Two main paradigms co-exist so far to explain alpiftominance-dependent bud outgrowth
inhibition (for review: Rameau et al., 2015; Kebretnal., 2017; Wang et al., 2019; Schneider et al.,
2019). In a first mechanism, auxin from the fagivgng apical organs of the primary shoot is flowing
downwards the stem and indirectly blocks axillangd mutgrowth, through the opposite action of two
hormones, the cytokinins (CKs) and strigolacton8&s]. Auxin increases SL biosynthesis and

decreases CK biosynthesis in the node, which destalveach the bud where they act antagonistically
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to control its outgrowth (Ferguson and Beveridge2®omagalska and Leyser 2011; Barbier et al.,
2019; Tan et al., 2019; Wang et al., 2019). Addi@iomechanisms exist by which CKs and SLs act
outside the bud to regulate its outgrowth (Waldid aeyser, 2018; Duan et al., 2019; van Rongen et
al., 2019). In a second mechanism, high sugar itapon by the fast-growing apical organs deprives
axillary buds from sugars (Mason et al., 2014; \dan Ende, 2014). This lack of sugars inhibits bud
outgrowth due to the positive signaling and troptoile of sugars (Rabot et al., 2012; Barbier et al.

2015; Fichtner et al., 2017, Bertheloot et al., 201

Investigations on the interaction between theesureffect of light intensity limitation and
the apical dominance-related regulating networleaéed the role of CKs synthetized in the stem
(Roman et al., 2016; Corot et al. 2017). Earliedsts reported a key role of CKs in dark-mediated
inhibition of tomato meristematic activity (Yoshiad al., 2011). In rose, the transfer of plants to
darkness after their decapitation led to a rapictefese in CK content of both nodes and buds, and
exogenous CK application on bud or stem restoretiafig bud outgrowth under darkness (Roman et
al., 2016). In parallel with that, darkness reslilbe downregulation of transcript levels of genes
encoding CK biosynthesiRbIPT3,5 and signalingRhARR3,bin both bud and node. Similar CK-
based mechanisms come into play in bud outgrovattession due to the shift of intact plants fromhhig
light intensity to low light intensity just befolmud outgrowth period (Corot et al., 2017). Compdeed
plants maintained under high light, the transfernfrhigh to low intensity dropped CK content in the
nodes and exogenous vascular CK supply below thibiiad bud was sufficient to stimulate its
outgrowth under low light intensity (Corot et &017; Roman et al., 2016). Although photosynthetic
activity and plant sugar content were lower folerpkants transferred to darkness or low light istigm
exogenous supply of soluble sugars were ineffidienéstore bud outgrowth ability (Corot et al.120
Roman et al., 2016). Thus, repression of CKs instken, rather than a decrease in sugar availgbility
was limiting for bud outgrowth after intact roseapl transfer to low light intensity. This does not
however explain how plant light history may impbkatl outgrowth, and in particular how a temporary
light limitation applied before bud outgrowth caromote it, compared to continuous light comfort
regime.

In rice, the stimulation of tiller appearance rateserved after temporary light limitation
compared to continuous high light was correlatedriancrease in sugar (sucrose and starch) levels
(Lafarge et al., 2010), indicating that sugar mayalkey component of bud outgrowth regulation by
plant light history. Sugar level in a plant deperats the balance between sugar production by
photosynthesis and sugar demand for organ grovetveral studies have reported that light intensity
induces an adaptation of organ growth and thatatiéptation may be definitive, even after the retur
to high light intensityChenu et al. 2005; Tardieu et al., 1999; Sims Redrcy, 1992; Oguchi et al.,
2005). In particular, a transient reduction in tightensity applied only very early in the develagmh
of a given sunflower leaf considerably reducedhlisolute expansion rate after the return to higt li
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intensity as well as final leaf area (Granier aagddieu, 1999; Tardieu et al., 1999). Low light irgigy
reduced leaf expansion early during leaf develognza this initial lower size reduced leaf expansi
rate thereafter. Besides leaf area, maximal laekniess and leaf mass per unit area were alsotegpor
to be reduced by a low light intensity during Idef’elopment, and this could be hardly attenuated fo
mature leaf returning to high light intensity besauhe number and size of cells determined by low
light is limiting (Sims and Pearcy, 1992 ; Oguehial., 2005). Based on these findings, we made the
assumption that light intensity regulates organ alesnfor sugars, and that it is permanently reduced
after temporary light limitation leading to increas sugar availability for buds and stimulatiorbofd
outgrowth compared to continuous comfortable light.

The objective of the study is to test the hypathtst the low sugar demand by the growing
organs after temporary light limitation is involvedthe stimulation of bud outgrowth compared to a
situation of permanent light comfort for rose pfarih this species, the effect of plant light higton
bud outgrowth can be easily studied because tlggauth of axillary buds is inhibited during the ieat
first phase of growth of the primary axis, befdre appearance of the flower bud. Two questions will
be addressed: (1) is availability of sugars resiptsmgor bud outgrowth stimulation observed after
temporary light limitation? (2) how temporary lighimitation modulates the dynamics of sugar
production and demand, compared to a permanentocbdight regime? The first question was
addressed by an experimental approach consistingpulating light intensity and sugar contents in
the plant. For the second question, we used a tirglelpproach to quantify sugar production and

demand and test if temporary light limitation indda lower sugar production/demand ratio.

MATERIALS & METHODS

Plant material, growth conditions and light treatments

Single-node cuttings d®. hybrida’'Radrazz’ plants were obtained as described in @esiMainard et
al. (2013). They were grown in 500 ml pots contagra 50/40/10 mixture of neutral peat, coconutrfbe
and perlite, in a temperature-controlled greenhomsiéthe appearance of the third or fourth Iefahe
primary axis. Then plants were transferred to asfnehamberlight/dark 168h photoperiod; 22/20°C
at day/night; air humidity 60-70%). Plants were-guilgated every two or three days with a fertitize
solution (5.0 mM KNQ, 2.0 mM Ca(NG)z, 2.0 mM NHNQOs, 2.0 mM KHPQ,, 2.0 mM MgSQ, 0.25
mM NaOH. Additional trace elements: Kanieltra fotm6-Fe at 0.25 mi} (Hydro Azote, Nanterre,
France) to maintain optimal hydric and mineral itigin. Bud outgrowth starts a few days after tioedl
bud becomes visible at the top of the primary &&BV stage) (Figure 1). As previously described in
Demotes-Mainard et al. (2013), plants were eitlijeeXposed to a low light intensity (PPFD of 90
umol.m?.s? at the collar height, before plants installatian)il FBV stage and then transferred to high

light intensity (PPFD between 300 and 450 um3lgtdepending on the experiment) (Low-High
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Figure 1 : Development of R. hybrida “Radrazz” and light intensity treatments. (A) From single-node cuttings, a primary
axis develops, with the successive appearance of phytomers and their elongation. Phytomers consist of an internode, a leaf,
and a bud in the axil of the leaf. The bottom leaves are non-foliated. After the appearance of a number of phytomers, the
flower bud and the peduncle appear (stage: floral bud visible, FBV). After FBV, the elongation of the phytomers goes on,
concomitantly with flower development (Open Flower and Faded Flower stages ) and the outgrowth of axillary buds and the
growth of their corresponding branches. (B) Light treatments were applied at given stages of primary axis development.
After a short initial growth period in greenhouse, plants with three or four leaves emerged were transferred to a growth
chamber under either a low (for LH treatment) or a high (for HH treatment) light intensity until FBV. From FBV, plants of
both treatments LH and HH were grown under high light intensity. Experiments were conducted until faded flower stage of
the primary axis (FF).
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treatment, LH), or (ii) to a high light intensitigroughout the duration of the experiments (High¥Hig
treatment, HH) (Figure 1). We conducted four experital sessions on rosa plants obtained as just
described. These experiments had different objestimonitoring and describing the growth of the
primary axis (Exp_PAG), modifying plant sugar statunder different light regimes (Exp_Sug),
quantifying nutrients and bud outgrowth relatednhomnes (Exp_Dos), and fitting a carbon plant model

(Exp_Mod). Different measurements are detailedveelo

Primary axis description
Primary axis of intact rose plants was described agccession of phytomers, each consisting of one
internode, one leaf at the top, and an axillary &tuéaf axil (Supp Figure 2). The very basal phgos
bear non-foliated leaves (part called “base”), whither ones are foliated. The foliated phytomessew
numbered from plant base, and their final numbes einitive at FBV stage. The foliated part, where
bud outgrowth pattern was studied, was divided thtee zones, Z1, Z2, Z3 (Supp fig 2). These zones
were defined as a function of the phytomer rankressed relatively to the total number of foliated
phytomers to deal with the variable total numbempbftomers existing a given light environment.
Relative rank was calculated as:

i—1

n—1
wherei is the foliated phytomer rank andhe total number of foliated phytomers.

The relative ranks corresponding to each zone v@erecr < 1 for Z1, 0.4<r < 0.7 for Z2, xr < 0.4.

Monitoring of axillary bud outgrowth (Exp_PAG, Exp_Sug, Exp_Dosand Exp_Mod)

The development stage (dormant or outgrowing) ohexillary bud along primary axes were scored
three to four times a week from FBV stage. An axjllbud was considered to start its outgrowth when
its first leaf was clearly visible between its ssa(Supp. Fig 1; Girault et al., 2008; Henry et2011).

For intact plants, mean bud outgrowth frequenoyaoh zone along the primary axis was calculated as
the mean over all the plants of the ratio betwéennumber of buds in a zone that had grown out at a
given date and the total number of buds in thiszon

Monitoring of primary axis growth (Exp_PAG)

From primary axis emergence till faded flower stggé@nary axis development was recorded three to
four times a week. The number of appeared leavabeprimary axis was counted, the development
stage of the flower button (FBV = flower buttonsiile; PCV = petal color visible; OF: open flower;
FF: faded flower) was recorded, and, for each teflgphytomer, the length of each internode and each
leaf terminal leaflet was measured with a ruleratidition, thickness of the internode of the lowest

foliated phytomer was measured every 4 days usmgneeric slide caliper.
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At faded flower (FF) stage, all plant organs inahgdflower bud, individual internode and leaf of

foliated phytomers, basal non-foliated phytometsage”), individual secondary axes, and roots were
harvested 3h after the beginning of the light prszanned, and then dried during 48h at 80°C befor
weighing. The length and diameter of each individogernode, and the area of each individual leaf
were quantified on scanned images using Imagedaat The mass per unit area (LMA) of each leaf

was calculated as the ratio between its dry weaghtits area.

Estimation of individual leaf and inter node elongation kinetics (Exp_PAG)

Length of each terminal leaflet and internodgeafid |, respectively, cm) of Exp_PAG were supposed
to follow a sigmoidal function of time,(d), as previously demonstrated for rose in Demotesidfd

et al. (2013). This function contains three paramgetthe organ final length fland L, respectively,
cm), the relative maximal expansion rates &wd w,, d') and the date of inflexion point @and t%,,

d).

V@i, t) L@ t) = Ly () [Eqn 1

’ ir\Lt) = qn1]
1+ exp (4 “wir (@) - (tl*f(i) — t))

V(l, t) lin (l' t) = Lin (l) [EQHZ]

1+ exp (4 Wi (D) - (tfn(i) - t))
Thanks to experimental measurements (see abovempters were estimated for each leaf and
internode by optimization. The dates of beginnind and of each organ elongation were then estimated
as the dates at which the length was at 10% andd@@&bfinal value, respectively.

For each leaf, leaf arear(€m?) was calculated as a simple function of #mminal leaflet length, and

of the number of leaflets per led)((Demotes-Mainard, et al., 2013):

V0, 1) s, t) =a- L@, 0) - N@)P [Eqn 3]

Where parameters valuesafindb were conserved from Demotes-Mainard et al. (2013).

Light intensity distribution and photosynthesis (Exp_PAG)

Light intensity distribution along the primary axiss measured every three days between FBV and 21
days after FBV using a quantum sensor (LI-190 Quraarensor, LI-COR, Lincoln, NE, United States).

It was measured at four levels: at the axil of éma¥, 3, and 4 (counted from plant base) agaimest th
stem, and at apex height. For its each leaf lelrelsensor was positioned on the right of theudsdn

its terminal leaflet was pointing towards the obeer

CQO; net assimilation rate was measured every tworeetdays between FBV -1d to FBV+14d for the
second basal most foliated leaf of the primary é&igp  PAG). Measurements were performed using
an infrared gas analyzer, Li-Cor-6400 (Li-Cor Irldncoln, NE, United States) with 22°C and a light
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intensity of 400 pmol.Ms? in the measurement chamber. In parallel, chlorbphyfacic content
(ng.cm?) of each foliated leaf of the primary axis wasessgd three to four times a week during three
weeks after FBV stage (Exp_PAG), using the Dual&ciéntific (Cerovic et al., 2012).

Exogenous sugar supply, leaf masking, and DCMU application (Exp_Sug)

Plant sugar level was manipulated for both intact decapitated plants. Primary axes were decaghitate
at FBV 2 cm above the fourth foliated leaf (counfian base) and partly defoliated so as to maintain
only one lateral leaflet per leaf (Supp. Figure 3Apical dominance was re-established by applying a
NAA agar (composition: NAA 5 or 10 uM, 0.3% of agand 0.25% of preservative plant mixture) on
the top of the stem. In a first experiment, eitt@®mM sucrose or 25mM mannitol for control (aqueous
solutions, with 0.25% of PPM) was supplied throtigh petiole of each leaf. In a second experiment,
all leaflets were masked from FBV stage using eithblack opaque or a transparent plastic filma In
third experiment, a solution of photosynthetic bitdr (composition: DCMU 50uM, 0.05% ethanol and
0.01% Tween) was applied on the half of leaflets.

In intact plants, the terminal leaflet of the higHeliated leaf of zone Z3 was removed and the
corresponding petiole was immersed in a solutioeitffer 100mM sucrose or 50mM mannitol, an
osmotic control, as made in Bertheloot et al., 2848 Lin et al., 2011 (Suppl. Figure 3B). In adxhti

to feed the growing apical organs of the primamsnstsucrose was vascularly supplied above Z3
(through the lowest internode of Z2), using theaotvick-method described in Corot et al. (201@j), f
both sugar conditions (see Supp. Figure 3C).

Quantification of endogenous sugar s and nitrogen compounds (Exp_Dosand Exp_Maod)

The content in endogenous sugars and nitrogen aamigovas determined for organs in each zone of
intact primary axes at FBV and several dates &Br. For LH treatment, measurements at FBV stage
were made while plants were still under low lightensity, just before plant transfer to high light
intensity. Organs considered were leaves in both Bos and Exp_Mod, full-length internodes in
Exp_Mod, and nodal segments with 5 mm of stem s&il# of the node in Exp_Dos. Roots, and the
flower plus peduncle, were also considered in ExpdMDrgans were collected in the morning, were
immediately frozen in liquid nitrogen and stored@3°C. Samples were then lyophilized, crushed, and
soluble sugars (sucrose, glucose, fructose), startthte, total amino-acids and soluble proteimsen

determined by colorimetry.

Estimation of the balance between carbon supply and demand (Exp_Mod)
To address the second question of our study, wepamd the balance between carbon supply and
demand of plants cultivated under LH and HH treattsieThis was done preferentially using only

Exp_Mod data, or combining other experimental delten necessary, as detailed below. Exp_Mod
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provided for both light treatments, (i) non-destivee measurements of individual leaf appearancesdat
on primary axes and individual bud outgrowth stéfge further details, see above), as well as (ii)
destructive measurements of dimensions, dry maasdsjutrient contents at several dates after FBV.
From this experiment, structural mass was estimasetthe difference between measured total carbon

mass and carbon mass allocated to sucrose, hestames, soluble proteins, amino acids, and nirate

General principles of the carbon balance model
Carbon supply and demand was quantified eachtiiégr LH and HH plants as the difference between
(i) carbon acquisition by leaf photosynthesis aiijduge for plant structural growth, which is canbo
allocated to cell walls (Figure 8). Individual fated leaves, corresponding internodes, the flower p
peduncle, and roots, were represented separatyand internode structural growth was decomposed
into growth in dimension (area for leaves, lengthifiternodes) and growth in thickness (structdrgl
mass per unit area for leaves; diameter and stalainy mass per unit volume for internodes). Both
carbon acquisition and use were driven by ligtdtireent, as detailed in the paragraphs below. Tie da
values of carbon acquisition and use was estimfatedbse plants grown in Exp_Mod. From organ
dimensions and structural masses at several daasumed in this experiment, the temporal patterns
were estimated. Because some relations were &fstetl on Exp_PAG, all mathematical expressions
related to the primary axis leaves and internodassngrowth and expansions are functions of the
relative ranki( of the leaf or internode. Simulations resultsever contrast presented as a function of
the absolute ranks, considering the observed nuofjginytomers on primary axis of Exp_Mod. All

parameters values are summarized in Supp.Table 1.

Kinetics of leaf area, internode length and diameter
The area extension of each léafnd elongation of each internodef the primary axis through time
were estimated using the function described in Egnd Eqgn 2. For each internode and ieafd each
light treatment, the dates of inflexion points,(i) andt* ¢ (i), respectively, were related to the date of
leafi appearance,p(i), measured in Exp_Mod as described in Demotes-diat al. (2013):
Vi tp()) = aip - tapp (D)% + bys - tapp(D) + cip [Eqn 4]
Vit (D) = Qin - tapp (D) + bip [Eqn 5]
Where values of the parametars by, cr,, an andbi,are issued from Demotes-Mainard et al., (2013)
(Supp. Table 1).
Final leaf areas and internode lengths were estuinimbm the values observed after FBV+16 days in
Exp_Mod and, when values were missing, we estimgitech assuming that the profiles of final leaf

areas and internode lengths along the primarywa&re similar in Exp_Mod and in Exp_PAG. First,
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profiles observed in Exp_PAG were fitted as polyiarfunctions of leaf or internode rank and light

treatment:
Vi S]f(i) = d]f . i3 + €if iz + flf i+ gif [Eqn 6]
Vi L) =cp-i3+dy-i2+ep,- i+ fin [Eqn 7]

where d,...,gr and G, ...fi, are parameters depending on light treatment (Sigipge 1).

Then, a scaling factor was calculated as the bsttaveen measured final dimensions in Exp_PAG and
those in Exp_Mod, and this factor was applied torege the missing dimensions in Exp_Mod (Supp
Fig 4). From the measured and estimated final deioes of Exp_Mod, estimateti,(i) andt* (i), and

the measurements of individual leaf area and intrength in Exp_Modui: andwin were estimated.
They were set as constant whatever the phytomkrarash the light treatment, as proposed by Demotes-
Mainard et al. (2013). This led to a mean RMSE ketwsimulated and measured leaf areas in Exp_Mod
and between simulated and measured internode lehdth cm2, and 0.97cm respectively (Supp Fig 5
for illustration of fitting quality).

Each internode diameter kinetics was directlyditte Exp_Mod measurements. It was ever-increasing
from the time of leaf appearance and its increasewas represented to decrease with time according
to a monomolecular law (Paine et al., 2012) withaximal value {»™) at leaf appearance datgyd),

a relative decreasing rate , and a minimum valué,™", as follows: :

do(i,t . . .
v(i,t) ;; ) = Vg — (vgn — V&,"‘t) X exp (—rq, . (t — tapp (i))) [Eqn 8]

At each timet, the internode diameter at rankvas calculated by integrating the rate of diameter

increase:

min init
an Vo

v(i,t) ®(,t) = Oy + VI . (t - tapp(i)) + X (exp (—np : (t - tapp(i))> - 1)

[Egn 9]

To

where®dq (cm) is the diameter of the internode at leaf apgreze.
From fitting procedure, only the parametes™V varied with light treatment. Mean RMSE was lesser

0.1 cm than for all internodes (Supp Fig 6 forsthation of fitting quality).

Kinetics of surfacic photosynthesis of each |eaf
Carbon acquisition by photosynthed tmol C .n?.s?) of each leaf in a light treatment at a tinte
was estimated as a saturating function of the ambght intensity at the leaf level, (amol photons.m
2.s1) and of the maximum value at saturating lightrstey (Ps:, pimol C .n?.s1) (Thornley et al., 1998):

- I(i: t) : Psat(i: t)
o-I1(i,t) + Py (i, t)

Wherea is the photosynthetic efficiency (umol C. prhphotons).

v(i,t) P(i,t) = [Eqn 10]

46



RESULTS- CHAPTER2 - LOW COMPETITION FOR SUGARS STIMULATES BUD OUTGROWTAFTER TEMPORARY LIGHT
LIMITATION IN ROSE PLANTS

Photosynthetic capacityaries with leaf rank and age in link with the dgmes of leaf nitrogen contents
(Lieth and Pasian, 1990; Hikosaka and Terashim@5;1Rim and Lieth, 2003). We also observed an
effect of light treatment on photosynthesis (Fig).7®rom this, we relateBs: to surfacic chlorophyll
index (chloro, pg.cm?) which varied with leaf age, rank and light treatrnin Exp_GAP (Supp. Fig.
13) and is known to limit photosynthesis (Buttenglduzzell, 1976):

chloro(i, t)
chloro(i,t) + Kcnioro

V(l,t) Psat(i:t) =P1+P2 . [Eqn 11]

whereP; (umol C .n?.s?1), P, (umol C .nP.s?1), Kenoro (Lg.CNY) are parameters.

Chlorophyll contents were not measured in Exp_Mod, measurements made in Exp_PAG were used
to estimate parameter values. First, leaf surfablorophyll index ¢hloro) was fitted on Exp_PAG
measurements. It was a function of leaf age, amde&zh leaf, it increased with time from leaf
appearancedy), with a relative ratecioro, till 2 maximal value ¢hlor Onay):

[Egn 12] :v(i, t)

chloro(i,t) = chloro,,,, (i) — (chloromax - chloroapp) - exp (—rchlom(i) : (t - tapp(i)))
whererioro IS expressed as a polynomial function of the netatanki:

Vi Tenioro() = enioro * 1% + Bentoro * T+ Centoro [Eqn 13]
Only chlorgnaxdiffered between light treatments (see Supp Figr flllistration of fitting quality). Once
chlorophyll index obtained for Exp_PAG, a scaliragtbr was used to estimate surfacic chlorophyll
content for Exp_Mod, thanks to a ratio of totaltpie compound between plants of Exp_Mod and
Exp_PAG. Finallyg, P1, P2, Keioro Were estimated by minimizing the RMSE between &bed P and
measured net photosynthesis (with LICOR, see abmviirther details) on the second leaf from the
base (Supp fig 9).

Ambient light intensity at each leafevel at each time steffj,t), was modelled assuming that light
intensity attenuates towards plant base accordiagBeer-Lambert like function (Thornley and France
2007).

V(i,t) I(i,t) = ky - Io(t) - ek2AGD) [Eqn 14]
wherelg is light intensity at the top of the plangj,t) is the cumulative leaf area above the rgrdnd

ki andk. are two parameters.

To estimatd (i,t), ky andk. were first estimated using data of both light tmeants in Exp_GAP (Supp
Fig 8 for illustration of fitting quality), sinceght intensity measurements along the stem wersings

in Exp_Mod. Then](i,t) was calculated using these valueskphndk,, andlo(t) measured during
Exp_Mod.
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Kinetics of structural mass of individual leaves, individual internodes, roots, and flower plus
peduncle
For each rank, leaf structural mas$Ay) at each time step was calculated as the prodiitst area and
structural leaf mass per unit area (LMA):
V(i,t) My(i,t) = s;e(i, t) - LMA(, t) [Eqn 15]
Structural LMA was fitted on Exp_Mod data. It inased with time for each leaf until a maximum. It
was modelled as minimum at leaf appearahdéAyy), to increase with leaf age with a relative rate
ruva until it reached a maximum valldlAmx according to a monomolecular law of time (Painal et
2012):

V(i,t) LMA(i,t) = LMApay — (LMApgy — LMAgyy) - exp (—rLMA 1 tapp(i))> [Eqn 16]

Only LMAmx varied between light treatments.
Internode structural masli) was calculated as the product of its length, éi@mD, and volumic

structural masp as follows:

I1
v(i,t) Mpu(,t) = 7 Lin(i,t) - @@, 0)% - p(i, t) [Eqn 17]
p was fitted using Exp_Mod measurements of interrstdectural mass and modelled as a positive linear
function of internode age:
Vi, t) pn(it) = Vo (t - tapp(i)) * Papp [Eqn 18]
wherepap is the initial value of the internode volumic sttwral mass when the corresponding leaf
appears, and, is the rate of internode volumic structural masseasing.
Only v, varied between light treatments (see Supp Fig 8léstration of fitting quality).

Following Exp_Mod observations, the structural mafsthe flower bud plus the peduncle and of roots

were correlated to the total leaf structural m&gp. Fig. 12):

vt Mflw(t) = Z le(l, t) . (aﬂw . tz + ble -t + Cle) [Eqn 19]
i

Vi Moo () = Z le(i: t) - (@root * £ + broot) [Eqn 20]

whereasw, biw, Ciw andaree andbroo: are parameters with similar values between LHHiHdreatments.
Balance between carbon supply and demand

The balance between carbon supply and demand Wwasatad each dayt)(as the difference between

carbon acquisition by leaf photosynthesis and #eefar the growth of the structural plant madgy,

which is the sum of leaves, internodes, flowethef primary axis, and roots masses):

ac “) (Z P(i,t) - pl“"“”) [Eqn 21]
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Figure 2 : Temporary light limitation stimulated bud outgrowth in primary axis median part. Impact
of LH (blue) and HH (red) treatments on bud outgrowth frequency 14 days after FBV (A, C, E) and on
the date of outgrowth (B, D) for different foliated zones along the primary axis, Z1, Z2, and Z3 (see
Supp Figure 2 for details). Data from Exp_Dos in bright cabinets (A, B) and on racks (C, D), and
Exp_PAG (E, F). Values are means of at least 14 plants per treatment + SEM. Asterisks indicate
significant differences between LH and HH treatments (exact Fisher test (A, C, E), or Wilcoxon test (B,
D, F): P<0.05).
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wherey is the mean carbon content in structura dry mass.

Statistics and estimation of fitting quality

Statistical analyses were performed using R software (R Core Team, 2014). Treatments were compared
using non-parametric tests: Wilcoxon test for comparing mean values, and Exact Fisher test for bud
outgrowth frequencies. The root mean square error (RM SE) of simulated variablesrelated to organ mass

growth, expansion and photosynthesis were calculated for each leaf or internode rank.

RESULTS

Bud outgrowth stimulation after a temporary light limitation was preceded by starch
accumulation in all organs

First, we checked the assumption that a temporary light limitation stimulates bud outgrowth through
higher sugar availability for axillary buds. To this end, we started by quantifying bud outgrowth and
sugar contents along the primary axis of rose plants for the two different light regimes: (i) continuous
high light intensity (High-High treatment, HH), or (ii) temporary light limitation till flora bud
appearance at the top of primary axis, which is shortly before bud outgrowth (Low-High treatment, LH)
(Figure 1). The primary axis corresponds to an assembly of phytomers, each consisting of an internode,
aleaf and abud at leaf axil. Since the basal phytomers bear non-foliated leaves without bud outgrowth,
it was not considered for this study. These foliated phytomers were then separated into three zones
according to their relative rank: Z1, the most apical one, Z2 the median one, and Z3 the most basa one
(see material and methods for further details; Supp Figure 2).

In order to test the soundness of our hypothesis, bud outgrowth was followed for plants grown under
LH and HH for three experimental devices. For al these devices and similarly to Demotes-Mainard et
a. (2013), bud outgrowth was stimulated in the median parts of the primary axis in response to
temporary light limitation compared to continuous high light intensity. Therate of bud outgrowthin LH
was significantly higher in Z2 and/or Z3, depending on the experimenta device (Fig. 2A, C, E). In
addition, bud outgrowth started earlier for LH compared to HH (Fig. 2B, D, F). The date of outgrowth
was significantly earlier for LH in Z2 for al experimental configurations, in Z3 for one experimenta
configuration, and values in Z3 were lower without being statistically significant for the other two
experimental configurations. Contrary to the median parts of the primary axis, no significant difference
between treatments was observed in bud outgrowth rate in the apica part of the axis (Z1) (Fig. 2A, C,
E), but a delay in bud outgrowth was observed under LH for two experimental configurations (Fig. 2B,
D, F).

Based on this, we tested whether bud outgrowth stimulation of zones Z2 and Z3 in LH was linked to a

higher sugar availahility in the corresponding nodes and leaves compared to HH. Soluble sugars
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Figure 3 : Temporary light limitation stimulated sugar accumulation as starch in primary axis median
part. Impact of the LH (blue) and HH (red) treatments on sucrose and starch contents in the nodes and
leaves during the first 7 days following FBV for the median foliated zones along the primary axis, Z2
and Z3 (see Supp Figure 2 for details). Data are means = SEM of 4 repetitions of at least four pooled
plants each. Asterisks indicate significant differences between LH and HH treatments (Wilcoxon test : P
< 0.05).
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(sucrose, glucose and fructose) and starch (the main sugar reserveform in rose) contents were quantified
in these organsfor both treatments before bud outgrowth started (Fig. 3). At FBV, when LH plantswere
still under low light intensity, sugar content was either lower (sucrose and starch contents in Z3; leaf
starch content in Z2) or similar compared to HH. The transfer of FBV stage-plants from low to high
light intensity (LH) resulted in arapid increase in sucrose and starch contentsin nodes and leaves of Z2
and Z3, while HH treatment displayed no or a dower increase (leaves in Z2). Asaresult, at FBV + 3
days, sucrose contents were similar for both treatments, while starch contents were much higher in LH
compared to HH. Relatively to HH, starch content is at least three times higher in nodes (Z2:18 and 5.2
mg/gDW), Z3 (30 and 9.1 mg/gDW for LH and HH respectively) and leaves (Z2: 132 and 36 mg/gDW;
Z3: 169 and 21 mg/gDW for LH and HH respectively) in response to LH. This difference between LH
and HH is still maintained until FBV+7 days. These results demonstrate that bud outgrowth stimulation
under temporary light limitation (LH) was preceded by starch accumulation in nodes and |eaves, which

indicates a high plant sugar status under this condition.

Sucrose supply to HH plants stimulated bud outgrowth while photosynthesis inhibition of LH
plantsinhibited bud outgrowth

To determine whether sugar excessin LH may explain bud outgrowth promotion under this treatment
compared to HH, we either supplied exogenous sugar to HH plants or decreased photosynthetic-derived
sugars for LH plants and evaluated the impact on bud outgrowth. In intact plants, the effect of sugar
mani pul ati on treatments on bud outgrowth may be biased by the high ability of fast-growing apical zone
to attract and use sugars. To avoid this possibility, we first used partially defoliated and decapitated
plants that were supplied apically with exogenous auxin to mimic auxin-derived apical dominance of
intact plants, as done previously in Bertheloot et al. (2019). They were grown either under low (LH
treatment) or high light intensity (HH treatment) before decapitation, and then transferred to high light
intensity. Asinintact plants, bud outgrowth was stimulated for LH compared to HH in this experimenta
system. To reduce sugar supply for LH plants, the photosynthesisinhibitor DCM U was applied on leaves
or an opague plastic film was covered | eaves. With the control solution (without DCMU), bud outgrowth
percentage is of 52% along the axis that is dropped to 35% after DCMU treatment (Figure 4A). Leaf
masking had a much stronger effect than DCMU application. Indeed, compared to leaf covering with a
transparent plastic film, leaf covering with an opague plastic film reduced bud outgrowth to ca. 6%. In
order to increase sugar status of HH plants, 25 mM sucrose was supplied to the petioles of all leaves and
compared to 25 mM mannitol, an osmotic control. While bud outgrowth percentage was 34% with
mannitol supply, it aimost doubled (61%) in response to sucrose supply. These results obtained on
decapitated plants demonstrate that sugar supply is necessary for bud outgrowth stimulation for plants
under LH, and sufficient to stimulate bud outgrowth for plants under HH.
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Figure 4 : Sucrose supply to HH plants stimulated bud outgrowth while photosynthesis inhibition of
LH plants inhibited bud outgrowth. A/Impact of sucrose supply and photosynthesis inhibition on bud
outgrowth frequency (at FBV+12d) for rose decapitated plants (with a 5uM auxin agar on their top)
grown under HH and LH treatments, respectively. Plants were decapitated and partially defoliated at
FBV stage. For plants grown under LH , leaflets were (i) treated with the photosynthesis inhibitor
DCMU or a control solution, or (ii) masked with plastic opaque film or a control transparent plastic
film. For plants grown under HH, 25mM sucrose or 25 mM mannitol were supplied through all the
petioles. B/ Impact of sucrose supply on bud outgrowth frequency of plants under HH treatment. 100
mM sucrose or 50 mM mannitol was supplied through the petiole of the highest Z3 leaf. For both
sugar treatments, plants were vascularly supplied with sucrose through the lowest internode of Z2.
Measurements of bud outgrowth were made at 21 days after FBV. For A and B, data are means + SEM
of at least 12 plants. Asterisks indicate significant differences between treatments (Exact Fisher test :
P <0.05).
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Figure 5 : A temporary light limitation reduced organs and root dry weights at a final development
stage of the primary axis. Impact of LH and HH treatments on dry weights of the flower button,
roots, individual internodes and individual leaves along the primary axis at faded flower stage. Data
are means * SEM of at least 14 plants per treatment. Asterisks indicate significant differences
between LH and HH treatments (Wilcoxon: * P < 0.05; ** P< 0,01; ***P < 0,001).
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We then wanted to test if the stimulation obserafter sugar supply in HH for decapitated plants was
conserved for intact plants. Intact plants were fieth FBV stage with 100 mM sucrose provided
through the petiole of the highest leaf of the aBd the kinetic of bud outgrowth in this zone was
measured and compared to 50 mM mannitol, osmotitralo(osmotic control was kept at 50mM to
prevent leaf necrosis observed with 2100mM mannifdP mM mannitol leads to leaf dehydration and
senescence. To avoid that the supplied sugar solutas diverted by the growing apical organs from
the axillary buds, sucrose was in addition supptigéctly in the stem of Z2 with the cotton-wick
method (through the lowest internode of Z2; foradlstsee Corot et al., 2017 and Supp. Fig. 3).0hs f
decapitated plants, exogenous sucrose supplieslated bud outgrowth compared to mannitol supply
(65% and 30%, respectively) (figure 4B).

All these observations, together with the highgiaslevel observed in intact plants under LH coragar
to those under HH, strongly support the hypothisisbud outgrowth stimulation observed in LH is be

sugars dependent.

Temporary light limitation before bud outgrowth period permanently reduced phytomer growth

in length and thickness, and flower growth.

We then wanted to understand the origin of sugewraalation observed for plants in LH compared to
HH, after FBV. We hypothesized that plants underttddtment displayed slower primary axis growth
after FBV, thus leading to lower sugar demand agtidr sugar accumulation compared to HH. To
verify this hypothesis, we first assessed massdandnsions of roots and organs of the primary akis
faded flower stage (FF), when all phytomers hacdedritleir expansion. At this stage, the primary axis
consists of non-foliated phytomers at the basedq@eit'base”), topped with several foliated phytosner

a peduncle, and a flower (Supp. Figure 2). All plparts, except the non-foliated basal phytomers,
displayed lower final masses for LH compared to Hike roots and the peduncle plus flower had a dry
mass of 0.84 and 0.28 g, respectively for LH, agtalr?5 and 0.39g for HH (Figure 5). The lower ffina
mass of vegetative parts under LH resulted on tieehand from a lower number of foliated phytomers
(6.9 and 7.4 for LH and HH, respectively; Wilcoxtst: P < 0.05), and on the other hand from lower
individual internodes and leaves mass. Indeedeitansider primary axis with 7 and 8 phytomers for
LH and HH treatments, respectively, dry massesdoks upper than 3 (counted from the base of the
plant) were higher for LH compared to HH, eveniffatences were not significant for rank 7 (Figure
5). For lower ranks (<5 for leaves and <6 for intefes), leaf and internode lengths were similar
between treatments and the lower masses in LH camupga HH resulted only from higher leaf mass
per unit area and higher internode diameter andigefrigure 6 A,B,E,F,G). For upper ranks(for
leaves and6 for internodes), internode diameter was simie@neen LH and HH, and the lower masses
observed in LH resulted from lower leaf area arad leass per unit area, as well as lower internode
length and density.
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To determine if the difference in the final numhsrorgans and their dimensions resulted from
differences in the dynamics after FBV, we monitoatdeveral times the appearance date and length of
each internode and leaf above rank 4 (which hadinighed their extension at FBV), as well as the
diameter of internode 1r(1). A sigmoidal function was fitted on the length asarements for each
internode and leaf to estimate the beginning amblaérextension, and extension rate at the inflexion
point. The fitting showed that for each phytomarnkrdhe dates of beginning and end of extension,
relatively to FBV stage, were similar between LHI&fH (Fig. 6 C, H). Treatment HH had one more
phytomer (8 compared to 7 under LH treatment) &&¥, extending concomitantly with the previous
one. For both treatments, phytomers of ranlsachieved at least half of their elongation aRBWV,

and all the corresponding leaves as well as ints® and 7 presented reduced extension rates under
LH compared to HH (Fig. 6 D, I). Similarly, the eapf thelnl diameter increase was lower for LH
compared to HH after FBV (data not shown,; linetimiy: R > 0.84; 0.047 mm/d compared to 0.053
mm/d). Thus, compared to continuous high light ristyy, temporary light limitation before FBV
reduced the number of organs that appear andittee@ase in dimension after FBV. Together with
reduced LMA and internodes density at FF stadeditates that the demand in sugar for the vegetati

part may be reduced after FBV for LH compared ta HH

Temporary light limitation reduced durably surfacic photosynthetic capacity of a basal mature
leaf

We then wanted to assess if leaf photosynthesis BBV was affected by temporary light limitation.
A reduction of the light-saturated rate of photdbsis per unit area was previously observed &orde
initiated under low light intensity and then tragrséd to high light intensity, in comparison torgka
always grown under high light intensity (Oguchaét 2003). Such decreased photosynthesis was also
observed for LH compared to HH in the present stéddy given light level (PAR =400 pumol:fs?),

net photosynthesis of a basal leaf (leaf 2), that hlready finished its extension after FBV, was
significantly lower for LH compared to HH (Fig. 7Ah parallel, was found a lower surfacic chlorolbhy
content, estimated non-destructively with Dualeig (FB). The lower photosynthesis observed for a
mature leaf of plants submitted previously to liihtitation indicates that sugar supply may be lowe

for this treatment compared to continuous hightligigime.

A lower carbon demand after FBV for LH compared to HH likely explainstheir different sugar
status

The above results demonstrate that plants growardrtd and HH have both different growth rates and
photosynthetic capacity after FBV, and presened#iht sugar contents. To answer our second question
we dynamically quantified the carbon balance dutimg 10 days after FBV for plants grown in an

experiment made in 2011 (Exp_Mod). As describedvab@H-treated plants in this experiment
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axis is described as a set of modules corresponding to the root compartment, individual foliated leaves,
the corresponding internodes, and the flower plus peduncle. Roots, and the flower plus peduncle are
characterized by their structural dry mass (M,,,, Mp,,, respectively). Each leaf is characterized its area
(sj), structural mass per unit area (LMA), structural mass (M), surfacic chlorophyll index (chloroy), and
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mass per unit volume (p,, ), and structural mass (M,,). Carbon balance each day is the difference
between the rates of (i) carbon acquisition by leaf photosynthesis and (ii) carbon use for the increase in
structural dry mass of the different modules. Leaf photosynthesis is a function of light (/;), s;, and
chloroy. The demand in structural dry mass for internodes dM,,/dt depends on /,, @;, , p,,, and for
leaves dM,f/dt onsiand LMA,
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displayed stimulated bud outgrowth and higher starch content in primary axis median part compared to
HH-treated plants (Sup. Figures 10 and 11), which isin line with results of Exp GAP presented above.
To quantify carbon balance, we devel oped a dynamic plant model fitted on discrete measurements made
in Exp_Mod for both LH and HH treatments (see material and methodsfor details). The model explicitly
represents each foliated leaf, its corresponding internode, the flower plus peduncle, and the root
compartment (Fig. 8). Indeed, each displayed differential growth between treatments in the previous
described experiments (Fig. 6). The fast outgrowing upper axillary buds are not represented since they
did not display major differencesin their size 10 days after FBV. Internode photosynthesisis neglected
and carbon supply at each time step corresponds to leaf photosynthesis. Carbon demand at each time
step corresponds to carbon required for organ structure building (cell wall material) as described by
Luquet et al. (2006). It is subdivided into growth in dimension (leaf area and internode length) and
thickness (LMA, internode diameter and volumic density), that each varies differentialy with light
treatment.
As in the experiment described above, primary axes had less foliated phytomers in LH (mean: 7.81
leaves) than HH (mean: 8.79 leaves) in Exp_Mod. We thus estimated carbon supply and demand for
primary axis with 9 and 8 foliated phytomers for HH and LH, respectively. Estimated individual |eaf
and internode expansion displayed similar patterns than those in the experiment described above. For
both light treatments, the first four phytomers had aimost finished their growth at FBV, and only the
upper phytomers undertook most of their extension after FBV (Fig. 9A, B,C,D). For LH, upper phytomer
extension was lower compared to HH. Indeed, upper leaves displayed alower increase ratein their area
(> 5) and upper internodes a lower elongation rate (> 7) for LH compared to HH (Fig. 9A,B) and this
led to lower final internode length and leaf area (Fig. 9C,D). However, on the contrary to observations
inthe experiment above, the expansion period of thelast leaf of L H-treated plants was del ayed compared
to the corresponding leaf in HH-treated plants.
Except for the diameter of the most basal internode bearing afoliated | eaf, thickening of leaves (LMA)
and internodes (diameter and volumic density) was not followed in the experiment described above.
Estimations made on Exp_Mod data showed that internode diameter increased for al phytomers, that
the increase rates were stronger for upper than lower phytomers, and the rates were lower for LH
compared to HH, which isin line with the observation on the first internode (Fig. 9F). Structural LMA
and internode volumic density aso increased with time with higher increase rates for upper phytomers
(Fig. 9E,G). Vaues were globally lower for LH compared to HH, as described previously. But,
increasing rates did not display much differences between light treatments on the contrary to diameter
increase rate.
As a consequence of these patterns, the structural mass increase rates of leaves and internodes were
lower for LH compared to HH (Fig. 10). The structural masses of the flower plus peduncle, and roots
were correlated to leaf structural mass for each light treatment (Supp Fig 12), and the increase rate for
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Figure 9 : Estimated leaf and internode expansions, and diameter growth of internodes were
reduced for LH treatment in Exp_Mod. Estimations of the growth of individual leaves and internodes
during the 10 days following FBV, for plants of LH (dotted lines) and HH treatments (continued lines).
Kinetics of A/ leaf area increase rate, B/ internode elongation rate, C/ leaf area, D/ internode length,
E/ structural leaf mass per unit area, F/ internode diameter, and G/ internode structural volumic
mass for each foliated phytomer rank, counted from the base. “Lower ranks” refer to the 4 most
basal foliated leaves and corresponding internodes. “Upper ranks” refer to organs with a rank 25. HH
plants have 9 leaves, whereas LH plants have 8 leaves. Estimations were made on Exp_Mod data.
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these compartments were thus also lower for LH @egto HH (Fig. 10). However, among leaves,
internodes, flower plus peduncle, and roots, thgelst fraction of the mass was represented by seave
Altogether, these results indicate that structgrawth and thus carbon demand is lower under LH
compared to HH and that the lower leaf extensiomohthe upper leaves could be the main deterrhinan

process.

LH-treated plants displayed higher estimated leaf surfacic photosynthesis, but lower total
photosynthesis and lower carbon balance than HH-treated plants.

We modelled each leaf photosynthesis as a fundfidi) its area, (ii) its photosynthetic capaciand

(i) its ambient light intensity. Photosyntheticpeaity, expressed as photosynthesis at saturagjhg |
intensity (Pmax), was estimated to increase wihreaturity and leaf rank. LH treatment reduced ma
increase with leaf maturity compared to HH, leadimipwer photosynthetic capacity for all leaveteaf
FBV (Figure 11A). This is consistent with the measllower photosynthesis at 400 umot.gt in LH

for a basal foliated leaf 2 in Exp_GAP (Fig. 7Ah€rambient light intensity of a given leaf depended
on the cumulative leaf areas above the leaf. Orcdinérary to photosynthetic capacity, LH treatment
increased leaf ambient light intensity comparedteé after FBV (Figure 11 B), due to the lower
expansion of upper leaves (Figure 9C). This waemiasl only after FBV+3 days for basal leave$)(
due to the estimated higher cumulative areas aflesees 3, 4, 5) for LH compared to Hbktween
FBV and FBV+3 days (Fig. 9C). For upper leaves,avhinade most of their extension after FBV,
ambient light intensity differences between treattaevere gradually acquired with area development
(Figure 11 B).

Leaf surfacic photosynthesis was calculated frora¥amd leaf ambient light intensity. For lower rank
corresponding to well-developed leaves (<4), thigepa through time and between light treatments
followed that of ambient light intensity, and swifaphotosynthesis was higher for LH than HH plants
after FBV+3 days (Figure 11C). For upper ranks,eobsd patterns were more complex and more
impacted by Pmax patterns. From FBV, surfacic photthesis increased during the first stage of leaf
development (until 2,4 and 5 days after FBV fowv&=a5,6,7 respectively) and values were lower for
LH compared to HH due to lower Pmax values for Lid guite similar light intensity values. Later
during leaf development, surfacic photosynthesiteates 5,6,7 tended to drop due to ambient light
intensity decrease and this was more pronouncddHoteading to a higher surfacic photosynthesis fo
LH compared to HH. To sum up these results, exdaphg the first days after FBV, leaf surfacic
photosynthesis was higher for LH compared to HHfioist leaves, mainly due to higher ambient light
intensity. However, despite higher surfacic photisgsis, estimated total leaf photosynthesis of the
primary axis was lower for LH compared to HH affeBV+2 days (Figure 12A). Higher surfacic
photosynthesis in LH was indeed not able to comgenfor the lower leaf areas observed in this

treatment.
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Altogether, dynamic estimations made on Exp_Mod demonstrate that L H-treated plants displayed both
lower carbon supply and lower carbon demand after FBV. However, quantification of carbon supply
and demand showed that the differences between LH and HH treatments in carbon supply was less
pronounced that carbon demand, leading to a higher carbon balance for LH compared to HH-treated
plants (Figure 12B). This estimation is in accordance with the higher sugar status of LH-treated plants
compared to HH-treated plants (Fig.3).

DiscussiON

Light isamajor regulator of the outgrowth of axillary buds. Some studies assumed that light intensity,
asapromoter of photosynthesis, induces bud outgrowth due to enhanced sugar availability for buds, and
such process was included in some computer models (Luquet et a., 2006; Evers et a., 2010; Schneider
et a., 2019 for review). However, such sugar involvement was speculative and non-yet validated by
physiological experiments. In addition, recent data indicate a central role for cytokinins (CK) in bud
outgrowth regulation by its ambient light intensity, while no involvement for sugars has been found
(Roman et al., 2016; Corot et al., 2017). Based on an approach combining experiments and modelling,
our study demonstrates that sugar plays a central role in bud outgrowth stimulation after rose primary
axes were submitted to temporary light limitation. This light treatment induces a restriction of primary

axis growth and thus of its sugar demand for growth, which stimulates sugar availability for buds.

A temporary light intensity limitation during the primary axis construction leadsto irreversible
effects on itsorgans growth

Light acts as a signal that regulates a number of plant morphological and architectural characteristics
besides the number of budsthat grow out to form new axes (e.g. Chenu et a., 2005; Lafarge et ., 2010;
Pallas and Christophe, 2015). In addition, irreversible effects of early light limitation were reported on
the subsequent growth of aleaf, in terms of expansion and mass per unit area (Granier and Tardieu,
1999; Sims and Pearcy, 1992; Oguchi et al., 2005). We highlight an irreversible effect of early light
limitation during a rose axis development on the subsequent growth of all its organs, i.e. leaves,
internodes, roots, and flower. All displayed reduced dry masses at the end of primary axis growth,
including organs growing mainly under comfort light such as the flower, leaves and internodes.

For leaves and internodes, dry mass reduction was partly the result of areduction of their expansion rate
and fina length at upper positions on rose primary axes. All these organs initiated their devel opment
under light limitation phase, but expanded mostly under light comfort, underlying the role of light
applied at early leaf or internode developmenta stage in setting out subsequent expansion rate. In
contrast, expansion rate and final length of basal organs were not reduced. These organs were pre-
formed in the initial bud of the cutting, from which rose plants emerged, and did not experience any

light limitation at their early developmental stage. Such impact of early light limitation on subsequent
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expansion rate was reported for a sunflower leghii@r and Tardieu, 1999). It was mainly related to
reduction of the relative cell division rate, whiekes place during the early stage of leaf devetoy.
The low cell pool to be expanded results in an alvéow leaf expansion rate. Light-mediated cell
division control could involve sugar and hormon€Xg), that are both the main regulators of cell
division and are controlled by light (Van Dingen2019; Wang and Ruan, 2013, for review; Skylar et
al., 2011; Peng et al., 2014; Li et al., 2017)line with a role of sugars, links were reportedazsn
photosynthesis and the cellular processes durirlg leaf growth (Andriankaja et al. 2012; Lastdrage
et al. 2014; Van Dingenen et al. 2016). In Arabglsp Xiong et al. (2013) revealed that shoot
photosynthesis-derived glucose drives target-ofumayzin (TOR) signaling through glycolysis and
mitochondrial bioenergetics to activate root mensatic activity.

Besides reduced expansion rate at upper posiiitesnodes and leaves except those at the most uppe
positions, displayed reduced diameter and leaf ipasanit area (LMA), respectively, after temporary
light limitation. These organs achieved most oirtiggowth under light limitation, indicating a ligh
control of LMA and internode not restricted to gaely development stage. An impact of light linitat
during leaf growth on LMA once leaf is mature wasyiously reported (Sims and Pearcy, 1992; Oguchi
et al., 2005). Light control of LMA could occur trgh modulation of the volume of the palisade
parenchyma and leaf thickness. They are contrdilietight (Poorter et al., 2009 for a review), and
hardly increased after the transfer of mature ledram light limitation to light comfort (Oguchi el.,
2005). Besides leaf thickness, the concentrationoim-structural carbohydrates in leaves positively
controls LMA and, in this way, LMA was reportedlie controlled by plant carbon status (Poorter et
al., 2009 for a review; Bertin and Gary, 1998; Beet al., 1999). Such control of LMA is not true i
our case, since the lower LMA acquired after growtder light limitation was maintained despite high
plant carbon status. A similar process of thicknadaptation occurred for rose internodes, which
displayed diameter reduction when grown under teargdight limitation compared to continuous light

comfort.

A temporary light intensity limitation during the primary axis development affects future leaves
photosynthesis

During leaf development, light limitation-driven mpdological changes results in a lower
photosynthetic capacity, that can be hardly in@das response to plant transfer to comfort light
conditions (Oguchi et al., 2015). Similarly, we oejed lower leaf photosynthesis and chlorophyll
content for rose leaves grown under temporary lighitation and then transferred to comfort light,
compared to leaves grown permanently under corhfiint In addition, we assessed for the first time
the impact of temporary light limitation on photatlyesis at the plant scale. Photosynthesis wag lowe
after temporal light limitation, as expected frohe tlower photosynthetic capacities and lower leaf

photosynthetic areas.
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Reduced carbon (C) demand for the primary axisorgans growth imbalancesthe sour ce-sink ratio

and leadsto starch accumulation

Numerous studies have shown the impact of architeichnd morphological modifications of the plant
on its carbon status (e.g., Fanwoua et al., 20idslgk et al., 2011). Here, we show that rose
morphological changes caused by temporary lightditon were accompanied by starch accumulation
in the plant. Starch accumulation in sink organghes result of many processes responsible for the
establishment of plant carbon status and including strength activity, starch remobilization and/o
sugar export from source leaves (McNeill et al.1 20 To better understand the cause of starch
accumulation observed after temporary light linitatin rose, we used a modelling approach that
formalizes plant C status as the balance betwesup@ly by photosynthesis and C demand for organ
growth, as previously conducted in different biotad contexts €.g. Pallas et al., 2013; Jullien et al.,
2011). In contrast with most models, which formal@ demand as a potential growth in dry mass
irrespectively of the environmental conditiomsy( Allen et al., 2005; Evers et al., 2010; Letorakt
2009; Mathieu et al., 2009; Pallas et al., 201Gcoeirret et al., 2011), our model is based on a new
concept for C demand formalization. Indeed, we reedcount for a limitation of C demand by limited
organ growth in response to low light exposure.sThe formalized C demand as carbon required for
organ structure building, which is dependent onanrgizes (length and thickness), themselves
controlled by light intensity. Supporting this neancept of demand formalization, we could simulate
well starch accumulation after temporary light liation in rose, compared to permanent comfort light
We demonstrate that this starch accumulation isgbiglt of a lower negative effect of a light temgory
limitation on the photosynthesis-mediated C sugpiypared to the C-demand related to the structural
growth of the organs. This imbalance in favor afrse leads to carbon excess that plant may convert

into starch.

Bud outgrowth stimulation is correlated to higher starch contentsin the vicinity of the bud
Sugar promoting effect on bud outgrowth was denratest till now by exogenous soluble sugar supply,
and by close correlations with soluble sugars audrnitebud and its outgrowth (Henry et al., 2011;9dia
et al., 2014; Barbier et al., 2015; Fichtner et2017; Bertheloot et al., 2020). We demonstratze
positive correlation between stem-located starsérke and bud outgrowth promotion. Similarly, itswa
reported a close correlation between low starobrves in rose stem and repressed bud outgrowthr unde
low light intensity (Corot et al., 2017). The awdile data indicate that starch accumulates in badlg
before the onset of its outgrowth (Maurel et @00£ Bonhomme et al., 2010; Girault et al., 2019).
contrast, the link between starch reserve in tha sthd bud outgrowth ability remains unknown. Two
non-exclusive hypotheses would be possible. Firtitly high starch in stem might play a trophic role
as “sugar source” when sugar is needed for sustporgan growth. In perennial plant, the stem-store
starch is remobilized during unleafy period (at g of ecodormancy) to sustain bud outgrowth
(Bonhomme et al., 2010). The highly stored starckha base of developing flowers as well as in
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stamens, would be critical for reproductive deveiept, by avoiding flower abortion under unfavorable
environmental conditions (McNeil et al., 2015). &adly, this starch accumulation could act as a arark
of the whole-plant carbon status that mediates cgosink interaction. In this context, starch
accumulation-governing processes would be sensbddnally or collectively by plant to adjust its
growth and development. For example, Arabidopsitanta deficient in starch producticsd(l, pgil,
pgml) or degradationséxl, caml) all show late flowering phenotypes (Eimert et 4895; Corbesier

et al., 1998), indicating that starch metabolisnsessed by the plant before the onset of the floral
transition (MacNeil et al., 2017). In maize, lodsiunction id1- (INDETERMINATE), a nuclear-
localized zinc finger protein, results in accumigiatof leaf sucrose and starch, and an extremeg dela
flowering (Colasanti et al., 1998; Coneva et 8002, 2012), pointing out that carbon export sensng
required for initiation of the reproductive staBased on these findings, similar process cannot be
excluded for bud outgrowth because rose stem-ldcsterch accumulation is tightly linked to sugar
supply (Barbier et al., 2005), which is able tcagainize the inhibitory effect of auxin on bud owotgth
through repression of strigolactone pathway (Béothteet al., 2020). All these findings open theraywe

to address the exact role of the stem-stored staetabolism in the regulatory network of shoot

branching adjustment process.

Light effect on bud outgrowth is complex and involves cytokinins and sugars related pathways
depending on light conditions

A recent study on rose demonstrated the main fo&Koin bud outgrowth for rose plants transferred
from comfort light to light limitation before budutgrowth period (Roman et al., 2016; Corot et al.,
2017). Here, many evidence support a central fade@ar in bud outgrowth promotion after plantsever
temporary exposed to light limitation. Firstly, cpamed to those continually placed under comfortable
light condition, those experienced temporary lighttation exhibited concurrently more bud outgrowt
and starch accumulation in vegetative organs (kawd stem) of the primary axis. In consistencé wit
this, a temporary shading period applied earlyrdutihhe growth of rice plants was followed by tiifey
stimulation and sugar accumulation at rates abbueet observed without temporal shading period
(Lafarge et al., 2010). Secondly, decreasing sagarce by inhibiting photosynthesis prevented the
stimulation of bud outgrowth observed for rose tdafter temporal shading. Thirdly, increasing suga
availability by exogenous sucrose supply to plamtsler continuous comfortable light intensity
stimulated bud outgrowth. These results, acquined/d different experimental situations, highligine
role of two distinct regulators in the effect aftit intensity on bud outgrowth: CKs and sugarg, both

act as inducers of bud outgrowth (Barbier et &113; Bertheloot et al., 2019 ; Wang et al., 20T89)s
raises the question of the respective role of theseregulators in light intensity-dependent bud

outgrowth regulation. In case of rose plants tranfsbm comfort light to light limitation, no stintation
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of bud outgrowth was observed in response to examgesucrose supply locally through the stem or
through leaf petioles while exogenous CK supplhallycto the bud or the stem did (Roman et al., 2016
Corot et al., 2017). It was hypothesized that itmitihg amount of CKs prevents sugar to promote bud
outgrowth by limiting bud sink strength for suggRoman et al., 2016; Schneider et al., 2019 for
review). This supports the prevailing role of CKsimk strength establishment within plant (Roitsch
and Ehnel3, 2000). Alternatively to this hypothestsich highlights a preferential role of CK compare
to sugar, we can also suppose that the two regslatt in a complementary way, but the state of the
plant is unfavorable after plants transfer from @mntright to light limitation which prevents anysible
effect of localized exogenous sucrose supply. @noite hand, the low photosynthesis generated by
light limitation compared to high sugar demand @fams initiated under comfort light could divergth
exogenously and locally supplied sugar towardstglke demand of growing organs (i.e. apical part of
plant), and thus does not increase plant overghisstatus and sugar availability in bud neighbodho
On the other hand, these plants displayed low §&Kmontents, which could imply a strong increase in
the plant sugar status to compensate the low G&de®@n the contrary, plants permanently grown unde
comfort light have a favorable sugar and CK statéch could explain the ability of exogenous sueros

supply to promote bud outgrowth.

Conclusion

The outgrowth of axillary buds is a major procesplant adaptation to environment, and in particula
to the amount of light energy the plant receivesh(®ider et al., 2019). It is regulated by a comple
physiological network, involving hormones and sygehich act in a dose-dependent manner on the
bud (Bertheloot et al., 2020). Recent data havhligigted a local pathway of light, which involves a
modulation of the production of stem CKs, a stinmiaf bud outgrowth (Roman et al., 2016; Corot et
al., 2017). We demonstrate a systemic pathway winieblves the regulation of the balance between
sugar supply and use within the plant, and thuarsaxgilability for the buds. Further studies ageded

to identify if such systemic regulation occurs vehatr light treatment, its relationship with the CK-
mediated regulation, and the way by which the divptant sugar status is perceived by the bud. In
addition, our results open the way for studyingnble of sugars in the effect of other environmenta
factors, such as water supply or the quality dftligvhich also regulate plant development and thus

plant sugar status.
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CHAPTER 1- SUPPLEMENTARY DATA
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Supplementary figure 3 : Exogenous
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Supplementary figure 4 : Quality of fittings to leaf variables. Simulated (continued lines)
versus experimental (points) final leaf areas depending on relative leaf rank, for HH (red)
and LH (blue) treatments. Data are from Exp_Mod, and each point is a destructive
measurement. Simulations with parameter values presented in Table 1.
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Supplementary figure 10 : Temporary PAR intensity restriction stimulates bud
outgrowth in primary axis median parts. Impact of LH and HH treatments on the
outgrowth frequency observed at FBV+14d (A, C) and on the date of outgrowth (B, D) of
leaf-bearing buds belonging to different zones along the primary axis (zones Z1 : apical, Z2:
medial, Z3: proximal). Values are means of at least ## plants (Exp_Mod) per treatment +
SEM. Asterisks indicate significant differences between LH and HH treatments ( exact
Fisher test : P < 0.05).
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RESULTS — CHAPTER 3— SUGARS AND HORMONES CONTENTS
EQUILIBRIUM IN THE VICINITY OF THE BUD QUANTITATIVE LY

DETERMINES BUD OUTGROWTH RESPONSE TO LIGHT INTENSIT Y

RESUME DU CHAPITRE 3
Contexte et objectifs

Pour le rosier, les conditions lumineuses pasgéd@stensité lumineuse actuelle percue pendant
la période de phase de croissance du bourgeomantpact sur la précocité et la distribution spatia
du débourrement du bourgeon. Des études antériemtedémontré que les cytokinines (CK) au
voisinage du bourgeon ont un réle majeur dans it du débourrement par l'intensité lumineuse
courante. Dans le chapitre 2, nous avons montrénguéduction temporaire de l'intensité lumineuse
avant la période de débourrement augmentait deeamabrrélée I'état de sucre de la plante et le
débourrement des bourgeons. Cependant, il n'epastele vision claire et unifiée des mécanismes par
lesquels l'intensité lumineuse pergue par la planteours de sa croissance peut réguler le délmoeinte
des bourgeons axillaires. Ici, nous avons chercl{§ atablir un premier ensemble d'hypotheses
mécanistes déterminant comment l'intensité lumim@esit déclencher la croissance des bourgeons, en
incluant les CK et les sucres comme deux acteurgipaux, et (ii) évaluer quantitativement les
contributions respectives des CK et des sucres @angponse du débourrement des bourgeons a
différents régimes d'intensité lumineuse.
Méthode

Pour formaliser nos hypothéses concernant la régaldu débourrement par les hormones, les
sucres et l'intensité lumineuse, nous avons utiBs&éodéle mécaniste de régulation du débourrement
pour un bourgeon développé par Bertheloot et @2@2 Ce modele simule le délai avant le
débourrement d’un bourgeon en fonction des terlecages en auxine, SL, CK et sucres. Nous y avons
ajouté un effet de l'intensité lumineuse couramtelas teneurs en CK. Le modéle obtenu a été éalibr
invitro sur une gamme de teneurs en sucres et en aukgwedifférents traitements lumineux. Nous
avons ensuite vérifié la capacité du modele a orpre des phénotypes de débourrement en réponse a
des traitements lumineur planta. Enfin, nous avons utilisé le modéle pour évalasrcontributions
relatives des sucres et des CK dans la stimuldtictiébourrement par l'intensité lumineuse.
Principaux résultats

Notre approche de modélisation a permis de simaleegulation du débourrement des

bourgeons sous différents traitements de lumiéte ges nceuds isolés duplanta sans modifier les

parameétres du modele. En simulant des traitemémiiels spécifiques nous avons montré que les CK,
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mais aussi les sucres jouent un réle important aréponse du débourrement a plusieurs traitements
d’intensité lumineuse, et que cet effet passe mafiellement par la voie des SL.
Conclusions

Notre étude met en évidence les roles importaag <K mais aussi des sucres dans la réponse
du débourrement a différents niveaux d'intensit@iheuse percu avant et/ou pendant la période de
débourrement. Ces résultats issus de simulationgnques demandent a étre confirmés par des
mesures de variables physiologiques, mais ouveembie & un modéle générique de régulation du

débourrement par la lumiéne planta.
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INTRODUCTION

Shoot branching is an important agronomic trait theectly determines plant architecture and
affects crop productivity (Rameau et al., 2015;daret al., 2019; Shen et al., 2019). Shoot briwgch
is among plant biological processes that is highyulated and implies perception and integration of
endogenous (hormones, sugars, nitrogen), develdpireamd environmental stimuli. Along the stem,
axillary bud either remain dormant or grow outaonh a branch (Greb et al., 2003; Schmitz et aD520
Shen et al., 2019). The light factor is one majori@nmental factor that tightly takes over theligbi
of an axillary bud to grow out, through both itsatity and intensity components (Schneider et 80.9.
Several results underline a bud outgrowth stimaitaliy light intensity, in a way that depends ompla
light history. After apical dominance release bycafstation, rose plant bud requires a local light
perception to grow out because no bud outgrowtbrdsxl when plant shifted into darkness condition
(Girault et al., 2008; Roman et al., 2016). In abalants of many species (ryegrass, grapevineasd),
low light intensity during the tillering or branetg period decreases frequency, and increases ldne de
of bud outgrowth compared to high light intensitjitthell, 1953; Pallas and Christophe, 2015; Corot
et al., 2017). Interestingly, bud outgrowth of ttteose plants is more stimulated (in terms of diestgy
and precocity) when plants grew under low lighemngity during the primary axis organ establishment,
before being transferred to high light intensityndion during the branching stage (light treatment
referred as LH for Low-High), relatively to thoskged constantly under high light intensity (reéeir
as HH treatment) (see Chapter 2; Demotes-Mainaal. eP013). Although these findings indicate a
tight link between light intensity and bud outgrowthe underlying mechanisms are a matter of debate
and deserve to be further clarified.

Bud outgrowth regulation involves an interactiomwEen several branching-related hormones
(auxin, strigolactones (SL) and cytokinins (CK)damutrients (Domagalska, Leyser, 2011; Waldie et
al., 2014; Martin-Fontecha et al., 2017; Gonzalean@io et al., 2018) including sugar which was
demonstrated to act partly as a signaling entitydftierent species (Mason et al., 2014; Barbiealet
2015; Fichtner et al., 2017). These different playeghtly operate both outside and inside the toud
define its ability to grow out. In a very recentnkpBertheloot et al. (2020) quantitatively fornzad
the bud outgrowth response to the regulating né¢wonsisting of local hormones (auxin, CKs, SLs)
and sugars, using isolated stem segmienigro. They highlighted that bud outgrowth occurrenced an
start varied as a function of the quantitative bedabetween the levels of sugar and the different
hormones in the node. However, this model doeacemunt about how light interacts with the hormone
and sugar regulating network.

Since light intensity modulates both bud outgroank photosynthesis, an early hypothesis was
that branching or tillering regulation by light émsity was related to changes in plant sugar status
(Luquet et al., 2006; Evers et al., 2010; for revi8chneider et al., 2019). This assumption wasiridy

challenged when low CK levels were shown to pldseg role in bud outgrowth repression for rose
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plants under low light intensities (Roman et aD1@, Corot et al.,, 2017). Compared to plants
continuously grown under comfortable light intepsthe transfer of decapitated plants to darknass,

of intact plants to low light intensity repressatiloutgrowth and this was preceded by repression of
CK-biosynthesis genes in the stem, and reductiateni CK and sugar contents. The causal role of low
CK level in bud outgrowth repression could be destiated by exogenous synthetic CK supply, which
alleviated bud outgrowth repression (Roman e28i16; Corot et al., 2017). On the contrary, sugk r
was questioned because exogenous sugar supply ootlcestore bud outgrowth under the same
unfavorable conditions.

However, sugar role was demonstrated in the bugrowth promotion reported for rose plants
submitted to temporary light limitation during themary axis establishment and then transferred to
comfortable light intensity conditions during thebching stage (LH treatment, Chapter 2). Compared
to continuous comfortable light intensity (HH treaint, Chapterl), this light treatment resulted in a
reduction of primary axis organ growth, which waaimtained after the end of light limitation, leaglin
to a high ratio source to sink and then to mor@asagailability at the plant scale during bud oatgth
period. Such promoting effect of sugar in caseasofable current light environment, but not in
darkness, have already been documented for rasessigmentsn vitro (Henry et al., 2011; Rabot et
al., 2012).

These experimental observations highlight a rélbath CKs and sugar in bud outgrowth
regulation, and indicate that CK and sugar mayhee¢spective regulators of two different aspetts o
light: (i) bud ambient light intensity promotes dstgrowth through stimulating locally stem CK lé&sze
(i) plant light intensity regime all over its gréfvcontrols carbon source-sink relationships apthat
scale and plant sugar status, that impacts budawitly if local light environment is favorable. Hoves,
this first vision emanates from a qualitative iptetation of a limited number of experimental
observations (Roman et al., 2016; Corot et al. 720d4nd the second one doesn’t completely exclude a
potential role of CKs. It emerges that there isaberent vision of the relative roles of sugars @Gkd
in bud outgrowth response to the different lightemnsity regimes a plant can experiment during its
development.

The objective of the present study is to bettereustand the relative roles of sugars and CKs ifighe
intensity effect on bud outgrowth of rose plantse Wypothesized that light intensity acts on bud
outgrowth regulation at the plant scale througngea the sugar-hormone balance in the vicinithef t
bud. To test this hypothesis and fulfill our objeef we used a quantitative approach combining
biological experiments and modelling. First, we @gptualized a quantitative model of bud outgrowth
regulation by light and local hormones and sugasstents and calibrated it on isolated buds
experimental data. Second, we tested the capdcibeanodel to simulate observed CK contents and

bud outgrowth phenotypes for plants cultivated urditferent light regimes. Third, we analyzed the
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relative role of sugars and CKs in bud outgrowtbpomse to light in planta thanks to specific

experimental and virtual treatments.

MATERIALS AND METHODS

Plant material and growth conditions

Single-node cuttings d®. hybrida ‘Radrazz’ plants were obtained as described in @esMainard et
al. (2013). They were grown in 500 ml pots contagna mixture (50/40/10) of neutral peat, coconut
fibers and perlite, in a temperature-controlledegi®use until the appearance of the third leahef t
primary axis. Then plants were transferred to ghosttamberslight/dark 168h photoperiod; 22/20°C
at day/night; air humidity 60-70%). Plants were-suigated every two or three days with a fertitize
solution (5.0 mM KNO3, 2.0 mM Ca(NO3)2, 2.0 mM NHAR, 2.0 mM KH2PO4, 2.0 mM MgS0O4,
0.25 mM NaOH; additional trace elements: Kaniefmemula 6-Fe at 0.25 ml} (Hydro Azote,
Nanterre, France) to maintain optimal hydric anderal nutrition.

Bud outgrowth starts a few days after the floral becomes visible at the top of the primary axBYF
stage = ‘flower button visible’, see Figure 1 indpker 2 for definition of the plant developmentgsts).
Until FBV stage, plants were exposed to differgghtl intensities: low (L; PPFD =90 pumolistwhen
measured at pot height before the start of thei@)lior high (PPFD between 300 and 400 pniékm

1. At FBV, plants were either kept intact, behehd® a nodal stem segment in primary axis middle
part was excised and cultivatetvitro:

- Intact plants grown till FBV under low light inteétyswere, after FBV, either maintained
under low light (LL treatment) or transferred taghilight intensity (LH treatment). Plants
grown till FBV under high light intensity were méamed after FBV to high light intensity
(treatment HH).

- Plants grown under low light intensity till FBV wedecapitated 2 cm above the fourth
foliated leaf of the primary axis at FBV, and parefoliated so as to maintain only one
lateral leaflet per leaf Apical dominance was relelsshed by applying a NAA agar
(composition: 5 pM NAA, 0.3% agar, 0.25% presemaplant mixture) on the top of the
stem (see Supp. Figure 1A). Plants were maintaumetr low light intensity (treatment
LL) and were supplied with an agueous solution{Wi25% of PPM) of sucrose (25mM),
or an osmotic control, (mannitol 25mM), and/or B@&synthetic cytokinin. 10uM) through
the petiole of each leaving leaflet (see Supp. feidiB).

- Stem segments of 1.5 cm-length were excised at &BWe level of the third foliated leaf
counting from plant base. They were cultivateditro, in the same growth chamber as
intact plants, on classical solid MS medium (1%oge), supplemented with different

sucrose concentrations (50 or 100 mM) and auxintfgtic auxin NAA: 0, 1 or 2.5 uM)
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Light intensity

Biological Light Light intensity after
model treatment before FZB\_II FBV (umol.m2.s%) Other treatments
(umol.m=2.s1)
HH High (340) High (340)
Intact plants LH Low (90) High (340)
LL Low (90) Low (90)
Beheaded Mannitol (25mM) control vs
lants LL Low (90) Low (90) exogenous sucrose (25 mM)
P and/or CK (BAP : 10uM) supply
Sucrose (mM) Auxin (LM)
HH High (340) High (340) 50 1
. 50 0.1.2.5
In vitro buds LH Low (30) High (340) 100 1
LL Low (90) Low (90) 50 0.1.2.5
. 50 1
HL High (340) Low (90) 100 1

Table 1: Summary of treatments applied to intact or beheaded plants before and after FBV and excised
bud bearing nodes cultivated in vitro.
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(Supp. Figure 1C), and under different light inféas (low light, L: 90 pmol.ni.s%; high
light, H: 350 umol.rt.s?). As a result, there was four different light traants for buds
grown with 50mM sucrose and 1uM NAA in the medilth.and HH treatments consisted
in respectively continuous low or high light intégsefore FBV and during then vitro
node culture. Under LH (and HL) treatment, planteravplaced under low (respectively
high) light intensity until nodes excision at FBWhich were then transferred to high
(respectively low) light intensity fan vitro cultivation.

All treatments and experiment conditions are sunzedrin Supp.Table 1.

Primary axis description for intact plants
The foliated part of intact plants primary axis whsgided into three zones, Z1, Z2, Z3 (see
Supp. figure 2 in Chapter 2 for details) for budgpawth patterns and for organs pooling when dosing
nutrients and hormones. The foliated phytomers warsbered from plant base. Zones Z1, Z2 and Z3
were defined as a function of the phytomer relatimek to deal with the variable total number of
phytomers existing in a given light environmentr Each intact plant, relative rankvas calculated as:
i—1
n—1
wherei is the foliated phytomer rank from the plant basdn the total number of foliated phytomers.

T =

The relative ranks corresponding to each zone vierecr < 1 for Z1, 0.4<r < 0.7 for Z2, &xr < 0.4
for Z3.

Monitoring of axillary bud outgrowth

For intact and beheaded plants, the length anda®went stage (dormant or outgrowing) of
each axillary bud along the primary axis were stdheee to four times a week. An axillary bud was
considered to start its outgrowth when its firstf lwas clearly visible between its scales (Giratikil.,
2008; Henry et al., 2011). For intact plants, mbad outgrowth frequency in each zone along the
primary axis was calculated as the mean over alpthnts of the ratio between the number of buds in
zone that had grown out at a given date and tlaénatmber of buds in this zone.

For stem segments vitro, buds were daily photographed during 8 days amtléuogth was
measured using ImageJ software, as described bieBaat al. (2015). The date of bud outgrowth was
estimated as the time at which buds enter a rdpidjation phase (as described in Barbier et @01%2
and Bertheloot et al. (2020)).
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Parameter |Unit |Definition |Va|ue
CK

C, mol.s! Synthesis rate of CK without sucrose and auxin 0.79

b, mol-! Strength of CKsynthesis inhibition by auxin 0.96
a', mol.s? Maximum induction of CKsynthesis by sucrose and PARc 2

K, mol? Parameter of the Hill function relating sucrose and CK synthesis 0.19
K, umol.m2.s1 Parameter of the Hill function relating PARc and CK synthesis 910

d, sl CKdegradation rate 0.99
SL

C, mol.s1 Base synthesis rate of SL without auxin 0.34
a, mol.s? Maximum induction of SL synthesis by auxin 24.89
K, mol? Parameter of the Hill function relating auxin and SLsynthesis 294.58
d, sl SL degradation rate 0.86

|

C, mol.s1 Base production rate of | 0.33
a, mol1.s1 Parameter relating the production rate of I1to SLand sucrose 5.64
u, mol-2 Minimum inhibiting effect of sucrose on SLresponse 4.8 x 1013
u, mol-4 Strength of sucroseinhibiting effect on SLresponse 7.1

a, mol.s! Parameter relating the production rate of I1to CK 287.53
K mol-2 Strength of CKeffect on Iproduction 1000
d. sl Constant degradation rate of | 0.99

=

m, day Intercept of the linear relationship between Tand | -2.2
m, day.mol-! Sensitivity of the time at which elongation starts to | 3.5

Iy mol Threshold of labove which bud elongation is completely prevented 3

S

o mol.umol-1.m2.s! |Sensitivity of S to PAR, 1.50 x 103
B mol Intercept of the linear rélationship between S and PAR, -0.65

Table 2: Definition, units, and estimated values of the model parameters (adapted from Bertheloot et al., 2020).
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Light intensity measur ements

Photosynthetic active radiation (denoted PAR) ligténsity was measured using a quantum sensor (LI-
190 Quantum Sensor, LI-COR, Lincoln, NE, Unitedt&tafor the different experimental devices and
light treatments:

- For intact plants, it was measured at the axieaf IL and 4 (counted from the basis of the
primary axis; corresponding to a node in Z3 ande&sbectively) against the stem at FBV
+3 and FBV+7days. The sensor was positioned omigin of the leaf when its terminal
leaflet was pointing towards the observer (see @na&ofor details). Values are means of at
least 10 plants per light treatment (LL, LH and HH)

- Forin vitro nodes cultivation, PAR intensity was measured atpiate height under low

and high light intensities.

Quantification of endogenous sugar s and hor mones compounds

Sugars (starch, sucrose, glucose, and fructoseh@amdones (auxin and different CK forms)
contents in nodes were quantified for intact plamsvn under LL, LH, and HH light treatments at 3
dates after FBV (FBV, FBV+3d, and FBV+7d). Contealues resulted from the mean of four replicates
(4 to 5 plants per treatment) per light treatmerat per date. Nodal segments with 5 mm of stem each
side of the node were collected in the morningyadahree hours after the beginning of the lighiqak
immediately frozen in liquid nitrogen and stored&3°C. They were pooled in three groups depending
on their position along the axis (Z1, Z2 and Z3described above). Samples were then lyophilizeld an
crushed. Soluble sugars (sucrose, glucose, fryctose starch were determined by colorimetry as

described in Chapterl whereas hormones contenesquamntified as described in Corot et al. (2017).

Statistics
Statistical analyses were performed using R sofiarCore Team, 2014). Treatments were compared
using non parametric tests (Wilcoxon test for cmmius variables, and Exact Fisher test for

frequencies).

Bud outgrowth model

A node-scale model of bud outgrowth regulation impeent light intensity (current PAR, noted
PAR;) was adapted from Bertheloot et al. (2020) (FiglxeThe initial model simulates if an vitro
cultivated bud grows out, and the time at whictgomwth starts, from auxin (A) and sucrose (S) lsvel
in the medium. A and S control the level of cytoks (CK) and strigolactones (SL) in the node, \whic
are integrated by the bud to control quantitativilyputgrowth. We added an effect of the ambiigiht |
intensity of the bud (PA&Ron CK synthesis in the node, as previously detnatesl in planta (Roman
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et al., 2016; Corot et al.,, 2017) and observedhi gresent study (Fig. 6B and Supp. Fig4). As
implemented in Bertheloot et al. (2020), the rdtelmnge in CK level was negatively controlled by
auxin (A) level. Since bud outgrowth stimulationlight requires the presence of sugars in the nmediu
andvice versa (Henry et al., 2011), we assumed a multiplicatiesijve effect of sugar (S) level and
PARc on CK synthesis rate:

dCK 1 . §? PARc
= -|— a 1 X
dt 1+b;.A ki+S? k4 + PARc

The rate of SL level change was implemented asdrthBloot et al. (2020), assuming a positive

—d,CK [Eqn 1]

regulation of SL synthesis by auxin (A) level, as®&SL synthesis rate term and a SL-dependent
degradation rate:

dSL A?
ar =c;t+a; m
Following the model of Bertheloot et al., (2020)thb CK and SL control the level of an integratgr (|

—d,SL [Egn 2]

S represses | positive response to SL level, wBidevel negatively regulates | change rate:
dl SL?

a= C3 +a3m+a41+k—36«2—
with b5 (S) = uy + u,S? [Eqn 4]

| value positively controls bud outgrowth. If | &ove a threshold i{kshois =3), bud outgrowth is

dsl [Eqn 3]

completely inhibited, while belowinleshoig bud outgrowth occurs and the timé€) (at which bud
outgrowth starts is linearly related to I

T =my+myl ifl <1, [Eqn 5]

T =00 otherwise

All parameters of Eqnl to Eqn 5 are described inlda.

Model calibration

The above-described model was calibrated for segments originated from plants cultivated
under different light intensities (noted PARr “past PAR”), and then growim vitro under different
concentrations of sucrose and auxin in the grovatliom and different ambient light intensities (RAR
These experiments (denoted “PAR” experiments irrélsealts) were used for the model calibration on
in vitro bud phenotypes and experimental conditamessummarized in Table 1. Experiments described
in Bertheloot et al. (2020) (denoted “NP” experirtsan the results) were also used to enlarge tingera
of calibration conditions (PAR 130umol m? s?). Since PARimpacts node starch contents in nodes
at the time of their excision (see starch dosag€®8¥ in Z2, Figure 3 in Chapter 2), we assumed a
positive effect of PARon S:
S =a+ B.PAR, [Eqn 6]
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Inputs Outputs

. B h
Model variables| PARc A S CK | Td outgroth
Experimental observations for Z2 nodes at FBV+7d
Units umol/m3/s |ng/g mg/g ng/g days after FBV+7d
LL 44.7 145.49 1.91 41.86 None
LH 204 166.31 20.35 78.33 5.8
HH 158 143.44 8.85 65.91 3.5
Relative observed values (compared to HH treatment)
LL 1.01 0.22 0.64

LH 1.16 2.3 1.19

HH 1 1 1

Absolute values of simulations of Fig. 9 and 10

LL 44.7 2.5 0.22 0.25 4.92 None
LL+sug 44.7 2.5 1 0.31 3.12 None
LL+sug//CK 44.7 2.5 1 0.25 5.48 None
LL+CK 44.7 2.5 0.22 0.49 5.81 None
HH 158 2.5 1 0.49 2.27 5.81
HH+sug 158 2.5 2.3 0.52 1.54 3.24
HH+sug//CK 158 2.5 2.3 0.49 1.71 3.84
LH 204 2.5 2.3 0.59 1.31 2.42
LH-sug 204 2.5 1 0.55 2.02 4.91

Table 3: Values of the model variables as (i) measured directly for nodes in Z2 at FBV+7d and (ii) expressed
relatively to HH treatment; (iii) and implemented (absolute values of Fig9 and Fig 10) in the model for the
different virtual treatments.
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The values of k4, a'lg andf were estimated in this work (Table 2). Other partrs kept
identical values to those in Bertheloot et al. @OExpressions of CK synthesis genes were preljious
shown to be strongly increased (more than tripbgdjght intensity when PAR values ranged between
0 and 47Qumol N2 s (Roman et al., 2016; Corot et al., 2017). We thesumed that CK synthesis
response to PARsaturates at high light intensities and we fixéigha value for k(=910). a’l parameter

value relative to the effect of PARas first approached by assuming that the terSarid PAReffect

52 PARc

2
PR X R+ PARG ) should be equal to the term of S effect on @K;ﬁ%

on CK synthesis in Eqn &g

in Eqnl of Bertheloot et al. (2020) where PARc =180l m? s. Then, the exact value of a'1, and
values ofoa andp were determined by minimizing the differences lestwobserved and simulated bud

outgrowth values (occurrence and date). Parameatres are summarized in Table 2.

Simulations of bud outgrowth and relative CK contents for intact plantsunder LL, HH and LH
treatments

Once the model of bud outgrowth regulation by lightensity was calibrated om vitro
experiments, we aimed to useritplanta to simulate CK contents and bud outgrowth (ocewreeand
delay) under LL, LH and HH treatments from expentaéobservations made at FBV+7d. RARput
values for LL, HH and LH treatments were equalh® tespective light intensities measured for each
treatment at FBV+7d (Table 3). One difficulty laythe differences in sugars and auxin inputs values
dimensions betweem vitro andin planta conditions. Foin vitro conditions, sugar (S) and auxin (A)
inputs were expressed as sucrose and auxin coitehesmedium (unit: Z&mmol.Lt and 1Fpumol.L
! for sucrose and auxin, respectively), whereas boas and sugars dosagesroplanta nodes were
expressed per to dry biomass unit (mg.gbwy mmol.gDW"). Because we lacked some dosage data,
we were not able to build a satisfying conversianction between metabolites contents inithétro
culture medium, and metabolites contents of in so@rr work then consisted in establishing some
(A,S) couples of input values to simulate bud coghin planta under LL, LH and HH treatments. To
respect observed differences of starch and auxitents in Z2 nodes at FBV+7d between LL, LH and
HH treatments (Fig. 6A and 7B, Table 3), we calmdaelative contents of starch (S) and auxin @&) f
LL and LH, in comparison to HH (Table 3). Four saen(A, B, C and D), differing in absolute A and
S inputs values, but both respecting the obseretative contents between light treatments, were
simulated (Fig.8).

Output variables for each light treatment were ©Ktent, the value of the integrator I, and the
delay before bud outgrowth (unit : days after FB®}:7As for A and S variables, simulation of CK
contents were expressed in a unit different froengkperimental dosages made in Z2 nodes of LL, LH
and HH plants. We then calculated relative simdl&& contents and relative observed CK contents

(as made for starch and auxin, see above; Table 8)low a comparison between simulations and
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experimental observations (by construction, retativnulated and observed CK contents were equal to
1 under HH). If applicable (I value ®#shod, the delay before bud outgrowth was deducted freatue
(Egn 5) and expressed in days after FBV+7d.

Simulations of virtual sugar and CK changesfor plantsunder LL, LH and HH treatments

Virtual sugar and/or CK changes under LL, LH artd treatmentsn planta were simulated.
For both virtual treatments, auxin input value Virgsd (A=2.5) and PARwas kept identical to values
used for LL, LH and HH respectively. We creatediiBual treatments consisting in changing sugar
input value (S). For two treatments S input valees wcreased compared to the initial light treatmen
LL+sug, HH+sug corresponded to LL and HH treatmémt$AR: value, but S value was equal to that
of HH and LH treatment respectively (Table 3). Ithisd one, S input value was decreased compared
to the initial light treatment: LH-sug correspondddl treatment for PARvalue, but S value was equal
to that observed in HH treatment.

Virtual CK changes were simulated for LL planteéiment denoted LL+CK). To simulate an
increase of CK contents, we added a constant tér@Kosynthesis in Egn 1, so that simulated CK
contents under LL+CK was similar to simulated Cktemt under HH treatment.

To explore the relative role of the CK synthesithpay in bud outgrowth stimulation by sugar,
we simulated two additional virtual treatments (sug//CK and HH+sug//CK) consisting in freezing
the effect of sugar content on CK synthesis for &ig- and HH+sug virtual treatments respectively.
More precisely, the value of the variable S in @€ synthesis equation (Egn 1) was kept equal to the
S input value of LL and HH treatments, whereasasuncreased to the S input values of HH and LH

treatments respectively for other equations.

RESULTS

A quantitative model integrating local interactions between hormones, sugars and current light
intensity satisfyingly ssimulated observed bud outgrowth response to light intensity for isolated
nodes

To test our hypothesis that light effect on budgoavth at the plant scale results from light-
induced modulation of the levels of hormones, ssigard the ambient light local to the node, weeta
by conceptualizing and calibrating a model of buthoowth regulation by sugars, hormones, and light
intensity at the node scale. This model is baseith@iguantitative model of bud outgrowth response t
sugar and hormone levels at the node scale devkp8ertheloot et al. (2020) and implemented as
described in the Materials and Methods sectionsdkematized in Figure 1, Auxin (A) and sugars (S)
are two inputs of the model. Both act indirectlyotingh regulating the cytokinin (CK) and strigolawo
(SL) pathways that are integrated by the bud. Moeeisely, auxin in the bud-bearing node suppresses
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Figure 1: A node-scale model of bud
outgrowth regulation by current ambient

light intensity in interaction with local bud
SL outgrowth regulators. Local contents in
\ hormones (auxin: A. strigolactones: SL.
/ | — Bud outgrowth cytokinins: CK) and sugar (S) determine a level
/\ . Occurrence of inhibitor (1) which inhibits bud outgrowth. |

. Starting date controls both bud outgrowth occurrence and

the time at which bud outgrowth starts.
Current ambient light intensity (PARc)
positively regulates CK synthesis in the node
(Roman et al.. 2016; Corot et al.. 2017). The
model was calibrated on stem segments in

)] oo -8-

S

Time of bud elongation onset (d)
N

vitro submitted to different level of S. A. PARc.
Related equations are described in Material
and Methods (adapted from Bertheloot et al..
2020).

Figure 2: Current light intensity modulates

: :: :: : : :: : bud outgrowth for stem segments in vitro. in
L [N interaction with past light intensity. auxin.
and sucrose. Stem segments were excised

mLL from rose primary axis when floral bud was

visible (FBV stage). Primary axes were grown

mLH . . . . .
S50  eijther under low or high light intensity (PARp=
OHL L and H. respectively). Excised nodes were then
EHH grown in vitro under: (i) low or high light
intensity. leading to four light intensity
ELH S100

treatments: LL. LH. HH. HL; (ii) 0. 1 or 2.5uM
OHLS100 NAA. a synthetic auxin; (iii) 50 or 100 mM
sucrose (S50 and S$100. respectively). Bud
length measured every day. and time of bud
elongation onset was determined as in
Bertheloot et al.(2020).Data are means of at
least 10 buds per treatment.

NAAO NAA 1.0 NAA 2.5
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CK synthesis and stimulates SL synthesis. SL andif@kice responses that are antagonistically
integrated within the bud, through an integratarated!. Sugar suppresses the SL response and slightly
increases CK level, thus decreasing | level. Vabfighe integrator | determines bud outgrowth
occurrence and date: for | above a given thresfi@lelnot=3), bud outgrowth is completely inhibited;
below this threshold, any decrease in | accelethgeBme at which bud outgrowth starts. We intrcetl

in this model a positive effect of bud ambient tightensity (named current PAR and dend®#dRc)

on CK synthesis. We assumed a multiplicative effetiveen light and sugar on Ck synthesis, to be
able to account for the observations that suggslgup rose nodal segments in vitro grown in dagsne
cannot stimulate bud outgrowth and, inversely,tigpply cannot stimulate the outgrowth of buds not
supplied with sugar (Henry et al., 2011).

For model calibration, we grew rose nodal segmanistro under a range of experimental
conditions which make ambient light varying in cangtion with sugars and auxin (see Table 1 and
Materials and Methods section for details), the tamuts of Bertheloot et al. (2020)’'s model. Nodes
were grown under either low (noted L; @thol nt? s?) or higher light intensity (noted H; 330nol nT
2 51 with 1uM NAA (a synthetic auxin) and 50mM sucrasé¢he medium, a condition that results in a
delayed bud outgrowth (ca. 5 days after excisioaen low light intensity (13mol nt2 st; Bertheloot
et al.,, 2020). In addition, before nodal segmentds®on and transfein vitro, plants received two
different levels of incident light (named past PARI denote®ARp), which result in different amount
of sugar reserves in the nodal stem (Supp FiguréHdre were thus 4 light treatments: LL, LH, HH,
HL, the first letter corresponding BARp and second letter to ambient ligRRc). Moreover, for LL
and LH treatments, NAA level in the medium was abkanged to 0 or 2.5 pM, and sucrose level was
increased to 100 mM for LH and HL treatment. WithM auxin and 50 mM sucrose, increasing bud
ambient light intensity stimulated its outgrowthyofor plants previously submitted to high lighté
(Fig. 2). Bud outgrowth was completely inhibited fd_, LH, HL, but buds grew out at 3.1 days after
excision for HH. The inhibition of bud outgrowthder LH and HL was overcome by increasing sucrose
content in the medium to 100 mM. For nodes of ganbmitted to low light level before node excision
(LL and LH), bud outgrowth remained completely tritkéd with a higher auxin level (2/mM), as
expected due to the dose-dependent inhibiting et#écauxin on bud outgrowth. Bud outgrowth
inhibition was on the contrary alleviated by renmgyvauxin (NAA=OuM), and increasing ambient light
intensity decreased the delay before bud outgrostéinted (3.0 and 2.1 days for LL and LH,
respectively), while this was not visible withul4 auxin.

The model was calibrated under the range of expmariah conditions (denoted “PAR”
experiment) described just above, as well as orexperiments described in Bertheloot et al. (2020)
(denoted “NP” experiments). To account for the effef light history of the plantRARp) on sugar
reserves, the “S” variable of the model was the sfisugar concentration in the growth medium and

nodal stem reserve, expressed as a functioRARp (see Material and Methods for details and
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Figure 3: Quality of the node-scale model calibration on in vitro experiments. Observed vs. simulated
starting date of bud outgrowth for two set of experiments: A/ « NP » . corresponding to experiments
published in Bertheloot et al. (2020); stem segments were grown under a PARc of 130umol/m2/s-1. and
different sucrose (suc. 10-50-100-250 mM). NAA (0-1-2.5 uM). strigolactone (SL). and cytokinin (CK)
levels. B/ « PAR » corresponding to the experiments presented Fig2. For both experiments. red lines
corresponds to the threshold date after which bud outgrowth is completely inhibited. Ecah observed
value of bud outgrowth starting date was calculated for a bud with a median final length.
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equations). The calibration consisted in estimatiagameters relatingARp to nodal stem reserve, and
the effect of bud ambient lighPARc) on CK synthesis. The values of other parameters kept similar

to those in Bertheloot et al. (2020) (see Matesiadl Methods section for details on the calibration
process). Globally, parameter value estimatiorideigood adequacy between simulated and observed
values of bud outgrowth (Fig. 3). For “NP” expermethe model simulated accurately the inhibition
of bud outgrowth by increasing auxin level, andrisguction of auxin effect with an increase in suga
level. For “PAR” experiment, the model simulate@ thbserved promoting effect of PARc on bud

outgrowth, and its dependence to PARp and sugaaaxid levels in the medium.

Past and current light intensity modulated in planta bud outgrowth phenotypes for three light
treatments(LL, LH and HH), in correlation with strong differencesin local light intensity, starch
and total CK contentsin the stem between treatments.

Using the calibrated node-scale model, we aimeddbif bud outgrowth differences observed
for whole plants grown under different light intépsegimes could also be explained by differerices
bud ambient light intensity, and local sugar andralevels in the nodes. For that, we needed totifya
the differences in bud outgrowth along the primaxis, in hormones and sugar contents, and in local
light intensity, for rose plants between differéght intensity treatments. We grew rose plantsaund
three different light regimes: two treatments cstesl in a continuous low (LL) or high (HH) light
intensity applied since plant transfers from gresrges to growth chambers until the faded flowegesta
(noted “FF stage”; see Fig.1A in Chapter 2 for pldevelopment stages), a third treatment, denoted
LH, consisted in growing plants under low lightansity until the flower bud was visible on the paimy
axis (FBV stage, see Fig1A in Chapter 2), and theswitch to a high light intensity until FF stader
each light regime, we measured if buds along timagyy axis grew out and when they started their
outgrowth, as well as sugar, auxin, and cytokimnaentrations in the bud-bearing nodes before bud
outgrowth started. SL could not be quantified. Resof individual nodes and buds were pooled and
presented according to three location zones (Z1ari¥Z3) along the primary axis. Only leaf bearing
phytomers were integrated in these zones. Z1 raddhe most apical ones, while Z3 are the mosilbas
leaf bearing phytomers of the primary axis (refeMaterials and Methods section for details, and
Supp.Fig 2 in Chapter 2).

The three light intensity regimes presented catdch axillary bud outgrowth phenotypes
along the primary axis of intact plants (Figureld). stimulated bud outgrowth in Z2 and Z3 compared
to HH, both in terms of bud outgrowth frequency%8ts 66% in Z2, and 36%s 8.9% in Z3 for LH
and HH, respectively) and precocity (10M012.8d in Z2, and 14.0s 15.4d in Z3 for LH and HH,
respectively) (Figure 4), as previously observedCimapterl. On the opposite, LL repressed bud
outgrowth compared to HH. On the one hand, budroutily frequency was repressed in all zones: 71,
Z2 and Z3 buds grew out at less than 70%, 25% ead0%, respectively, for LL, while they grew out
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Figure 4: Past and current light intensity
modulate frequency (A) and precocity (B)
of axillary bud outgrowth along rose
primary stems. Buds were pooled
according to their belonging zone along
the stem (Z1. Z2 and Z3; see chapter 1
Materials and Methods section for more
details). Three light treatments were
applied: LL refers to a continuous low light
intensity (green bars). HH refers to a
continuous high light intensity (red bars).
and LH refers to a shift from low to high
light when primary axis floral bud is visible
(FBV stage; blue bars). Data are means *
SE of at least 14 plants per treatment.
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at 92%, 66% and 8.9%, respectively, for HH. Ondtieer hand, for Z1 and Z2, in which buds grew out
at more than 20%, bud outgrowth was significantiaged for LL compared to HH (bud outgrowth at
11.3dvs5.3d in Z1 and 15.7d 12.8d in Z2 for LL and HH, respectively).

Bud outgrowth phenotypes differences between ligisitments were associated to differences
in ambient light intensity values in the vicinity lmuds (Figure 5) and to contrasted levels in stigad
hormones in the primary axis stem (Figure 6). Ambight intensity (PARc) was measured at the
vicinity of the bud 4 (comprised in Z2; see matsrend methods for details) at FBV+3d and FBV+7d
for the three light treatments LL, HH and LH (Figus). Ambient light intensity measured at the node
4 level was slightly higher for LH plants compateddH plants, and this difference was more marked
at FBV+7d (204 and 158 umolhs?! at FBV+7d for LH and HH respectively), while lighttensity
was strongly lower for LL plants (45 pmolis?). Contents of sugars (sucrose, hexoses and stardh)
hormones (auxin, cytokinins) were quantified in tiedes of Z2 and Z3, where differences of bud
outgrowth between treatments were more markedaeaéew dates before bud outgrowth started: FBV,
FBV+3 days, FBV+7days for LH and HH, and FBV and\WB days for LL. The light treatments
affected significantly the hormonal and sugar dyicanduring the 7 days after FBV. Auxin contents
were lower at FBV for plants grown before FBV untiew light (LH and LL treatments) than under
high light (HH) (1.81 and 3.03 nmol/g respectividy Z2) (Figure 6A). After FBV and in particular at
FBV+7 days, differences between treatments becassenharked due in particular to the higher rate of
decrease for HH, compared to LL and LH. LL and Hbepthyed almost the same decreasing rate,
however, auxin decrease was slightly slower forthéh LL, leading to slightly higher auxin contents
(0.95 nmol/g in Z2 at FBV+7days) for LH compared-toand HH (0.83 nmol/g in Z2 at FBV+7days).

For CK, active forms, iP and Z, were not detec®d.thus compared between treatments the
contents of intermediate forms, iPRMP, iPR, ZRMB ZR. Similarly to auxin, total CK contents were
higher at FBV for plants grown before FBV underthlgght (HH), compared to plants grown before
FBV to low light (LL and LH) (Figure 6B). BetweerBW and FBV+7 days, total CK contents increased
for all treatments but with different extents. Tiherease was the smallest for LL. For LH, it wag/on
visible between 3 and 7 days, while it was visti@éween 0 and 3 days for LH. This resulted, at FBV+
days, in higher total CK contents for LH, compate¢iH (78.3 vs 65.9 ng/g respectively) and for HH
compared to LL (65.9 vs 41.9 ng/g respectively)r8se, starch, and hexoses contents at FBV were
slightly lower for plants grown before FBV undemidight (LH and LL) than high light (HH). After
FBV, sucrose and starch displayed similar dynanigkile their contents were stable for LL, it
increased slightly and continuously for HH, leadatd-BV+7 days to higher values for HH compared
to LL (sucrose: 55.9 and 36.5 mg/g; starch: 8.8b101 respectively in Z2). As for HH, sucrose and
starch contents in LH increased but this increasgstronger and occurred mainly during the finseh
days. This was in particular strong for starch vehosntent at FBV+7 days in LH was more than twice
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higher than HH starch contents (20.4 and 8.85may/gl and HH, respectively in Z2). Sucrose content
reached almost similar value in LH compared to HIFBV+7 days (54.6 and 55.9mg/g respectively
for Z2). Hexoses dynamics differed from sucrose stacch dynamics. For Z2, hexoses contents of LH
and HH plants increased between FBV and FBV+3d.@L8%y/g at FBV+3d for both LH and HH
treatments) and then decreased to reach valuéB\&t /e close to those observed at FBV (50.4 and
45.5 mg/g for HH and LH, respectively). For Z3, bs&s contents remained quite stable during the
period for both LH and HH treatments. Despite tidiferent dynamics compared to starch and sucrose,
at FBV+7 days hexoses contents under LH and HHntwexats were higher in Z2 compared to LL
treatment as found for sucrose contents (45.5, 32.2 and gy in Z2 for LH, HH and LL
respectively), and equal in Z3.

In summary, bud outgrowth phenotypes (occurrereguiency and delay before bud outgrowth)
under LL, LH and HH treatments for intact plantseveorrelated to changes in sugars and hormones
contents in the period before the bud outgrowthiogenn particular, starch and total CK contents at

FBV+7d were correlated to the intensity of bud ootgh stimulation under the three light treatments.

Simulations of in planta bud outgrowth regulation by local light intensity, auxin, and starch levels
explained observed differences in total CK contents and bud outgrowth dates between the
different light treatments (LL, LH, HH).

We implemented observed differences of ambient RARd relative differences of auxin and
sugar contents between light treatments as indutiseonode-scale model (schematized in Fig.1) to
determine if they can quantitatively explain thes@dyed cytokinin contents and the contrasted bud
outgrowth phenotypes observed under LL, LH and ltiments (see Materials and Methods for
details). Values of PARc inputs were equal to treasured ambient PAR Z2 at FBV+7d for each
light treatment. Since the bud outgrowth model watbrated for sugar and auxin contents brought in
the medium of ain vitro cultivated bud, we could not directly use the &lteovalues of auxin and
sugar concentrations obsenviedplanta as model inputs. Instead, we used relative valitts ratios
between light treatments corresponding to obseorexs. The idea was to test if, by conserving the
observed ratios in sugar and auxin between liglatinents, it was possible to simulate accuratay th
observed ratios of CK concentrations and datesidfdutgrowth between light treatments. These ratios
were calculated from measurements in Z2 at FBV+#&dand HH treatment was set as the reference
treatment (value=1 for auxin, sugar and CK) (selelel'8 for ratio values). For sugar, we used starch
whose content in the nodes of Z2 and Z3 was sagmifly different between LH and HH, and which
was demonstrated to correlate well with bud outghopatterns observed in both treatments. The
calculated starch contents ratio used for inputsated these observations since it was higher e
(2.3) compared to HH (1) and LL (0.22). For CK, eed¢culated ratios of simulated CK contents to gatio

of measured total CK contents (including iPR, iPRNER and ZRMP, as described above). We then
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Figure 10: Impact of exogenous supply of cytokinins (CK) and/or sucrose (Suc) on bud outgrowth for
decapitated rose stems grown under LL light treatment. Rose primary axes were decapitated above the
fourth leaflet-bearing node when floral bud was visible (FBV) and supplied with 5 uM NAA at their top. and
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simulated CK contents and bud outgrowth occurremzktiming to a range of absolute auxin values
(3.5, 2.5, 2, and 1 for HH), conserving calculatdtberved ratios between light treatments. Bud
outgrowth occurrence and timing being dependergwin/sugar balance (Bertheloot et al., 2020), we
adjusted sugar levels to fit well the observed hltealelay of bud outgrowth since FBV+7d for HH
treatment for each input auxin level (Fig 8). Th&ve four simulation scenarios, A, B, C and D, for
each of the three light treatments (Fig 8).

For all simulation scenarios, observed differericEdevels and bud outgrowth dates between
light treatments were qualitatively well simulatéeig. 8). Compared to HH (CK level=1 and bud
outgrowth date =6 d after FBV+7d), LH simulatiotigjlstly increased CK levels and accelerated the
start of bud outgrowth; LL strongly decreased Cleleand completely repressed bud outgrowth.
Simulations were quantitatively very close to olagons for HH treatments by construction. Whatever
the simulation scenario, LH ratios and delay befouégrowth were accurately simulated: the gap
between observations and simulations was infedot% for CK contents and to 1.1 day for bud
outgrowth delay. In contrast, the accuracy of CHoraetween LL and HH was dependent on input
values on auxin and sugar. Simulated CK in LL iaseal when auxin level decreased (and thus sugar
level). As a consequence, simulated relative CKiertnwas underestimated in scenarii A, B and C
(0.47vs 0.64 for simulated and observed ratios respegliy@lhen auxin content was high ¢A2),
while it was slightly overestimated in scenario @7Q vs 0.64 for simulated and observed ratios
respectively), when auxin input value was lower {AfFig. 8). Interestingly, as observed for CK, the
value of the integrator | under LL treatment wasatlly variable between simulation scenarii (Figl8):
value decreased with the decrease in auxin legehégio A: A=3.5, I=11.2; B: A=2.5,1=9.0; C: AF2
I=6.8) to reach values close to the bud outgroWwtbshold (hresnois= 3) for the lower auxin level tested
(scenarioD: A=1, 1=3.4).

In summary, by using observed differences betviese light treatments (LL, HH and LH)
in current light intensity, auxin and starch comsan the vicinity of the bud (Z2), the model sbfiisgly
simulated observed differences in total CK contamd bud outgrowth phenotypes between the light
treatments for intact plants. This suggest thaintbeel is valuable for in planta use, and thatused

input variables are pertinent.

Sugar contribution in explaining bud outgrowth differences between LH and HH treatmentsis
higher than CK s contribution: experimental results are confirmed by in planta simulations
The results above have highlighted that the ovemsation of bud outgrowth in LH, compared to HH,
was mainly correlated to sugar accumulation infthen of starch (Fig.7). In Chapter 2, experiments
strongly support the hypothesis that sugar accuronlés responsible for bud outgrowth stimulation
under LH (Chapter 2, Fig.4). On the one hand, hudrowth frequency was highly repressed for auxin-
fed decapitated plants grown under LH and submittgghotosynthesis inhibitors on leaflets. On the
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other hand, for both intact and auxin-fed decapitgblants under HH, sucrose exogenous supply
stimulated bud outgrowth frequency to reach vatlese to those observed under LH.

However, stimulation of bud outgrowth under LH cargd to HH was also accompanied by a
stimulation of node CK contents (Fig 6B). To furthest our assumption of sugar major role, we used
the model to quantify the contribution of sugarsl &Ks in bud outgrowth stimulation under LH
compared to HH. We simulated LH and HH treatmentden the simulation scenario B (with A=2.5),
and created two other virtual treatments: (i) HHyesuwhere sugar level was increased to that of LH,
(i) LH-sugar where sugar level was decreasedabdhHH (in each case, PARc was kept identical as
in HH and LH, respectively) (Fig.9A). The simulatsthrt of bud outgrowth occurred earlier for
HH+sugar compared to HH (3.24 versus 5.81 daypertively), in line with the stimulation of bud
outgrowth frequency observed experimentally aftevgenous sucrose supply to HH. However, the
simulated bud outgrowth delay remained higher thehone (delay =2.42 days under LH). This
indicates that sugar contribution has a main doutiéon (76%) in bud outgrowth stimulation under LH
compared to HH, but that CKs, which are the onlyahbelite varying between LH and HH+sugar, also
played a role. Similar conclusions were found biyparing simulated bud outgrowth start between LH-
sugar and HH. Bud outgrowth was delayed under L¢ghsucompared to LH (4.92d and 2.42
respectively), in line with our previous experimanbbservations. However, bud outgrowth delay
remained lower than HH one (delay = 5.81 days umtid)), and sugar contributes to 74% to bud

outgrowth stimulation under LH compared to HH.

Simulations of in planta bud outgrowth highlighted the strong contribution of sugars in bud
outgrowth differences between LL and HH treatments, and confirmed the requirement of high
CK content for budsto grow out

The results above have highlighted that bud omttiranhibition observed for intact rose
plants grown under LL compared to HH was accompghhiemuch lower node CK and sugar (starch
and sucrose) contents (Fig. 6B and Fig 7A,B). B éxperimentally the role of low sugar and CK
levels in bud outgrowth inhibition under LL, we gemously supplied sucrose and CKs to plants under
LL. We used auxin-fed decapitated plants with 4aemng leaves (Supp Fig. 1A,B), instead of intact
plants, to avoid interactions with plant growinggans other than buds. As for intact plants, bud
outgrowth was strongly inhibited under LL compatetHH for auxin-fed decapitated plants (Supp Fig.
6). Bud outgrowth frequency was lower under LL cangal to HH: for the @ and 3 buds bud
outgrowth frequency was reduced from 50% under BHes$s than 30% under LL. Similarly, bud
outgrowth of the 1rst and thd"Buds was strongly inhibited under LL (frequencybafl outgrowth
lower than 10%) compared to HH plants (frequenouad 30%; Supp. Fig 6). Exogenous sucrose
supply under LL did not stimulate bud outgrowth wiseipplied alone, on the contrary to exogenous

CK supply, but sucrose supply promoted bud outgnaftter CK supply (Fig. 10). Indeed, whatever 25
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mM sucrose or 25 mM mannitol, an osmotic contrasveupplied through the petioles of all leaves,
bud outgrowth was completely inhibited for the dhand fourth position from the top, while bud
outgrowth frequencies of the first and second pmsivere inferior to 40%. On the contrary, the pleti
supply of 10uM BAP, a synthetic cytokinin, together with 25 mMamitol, triggered bud outgrowth
of the 3% and 4" buds (frequency between 50% and 60%), and budawty frequency was over
increased when CK supply was coupled with 25 mMaae supply instead of 25 mM mannitol (95%
and 80% for the '3and 4" buds, respectively). These results indicate anpialerole of both low CK
and low sugar in nodes in bud outgrowth inhibitiohL treatment compared to HH.

To quantify the contributions of sugar and CK,wsed our node-scale model. We simulated
LL and HH treatments under the simulation scenBrigvith A=2.5; Fig. 8B), and created two other
virtual treatments: (i) LL+sugar, where sugar lewak increased to that of HH, (ii) LL+CK where CK
level was increased to that of HH (in each caséR®¥Was kept identical as in LL) (Fig 9B). For LL,
bud outgrowth was inhibited and the integratorlligavas around 9.0. LL+sugar and LL+CK treatments
could not trigger bud outgrowth but did reduce thkie of the integrator | (from 9.0 under LL, t®4.
under LL+sugar, and 4.57 under LL+CK). Howevereduction was not sufficient to drop below the
threshold for bud outgrowth triggeringnidshoie3). By comparing | values between LL, LL+sugar an
HH, we calculated a contribution of sugar of 75% differences between LL and HH. Interestingly,
the simulated behavior for LL+sugar was similathiose observed experimentally after exogenous
sucrose and CK supply, while this was not the éaiseL+CK (Fig. 9 and 10).
All together, these experimental and simulatiouteshave highlighted a high contribution of sugars
(75%) in the observed bud outgrowth differencesvbet HH and LH on the one hand, and LL and HH

on the other hand.

Simulations indicate that sugars would act preferentially via SL, rather than CK pathway, to
stimulate bud outgrowth

According to our node-scale model (Fig. 1), sugets via two distinct ways on bud
outgrowth: on the one hand, sugar stimulates Ckhggis, and on the other hand, sugar represses bud
outgrowth response to SLs. To determine in the inbgenvhich way sugar acts in bud outgrowth
promotion between LL and HH, we removed the effédugar on CK synthesis in LL+sugar treatment
(treatment “LL+sugar//CK”; see Material and Methdds details), and quantified if that abolished or
not the effect of sugar supply to LL on the intégrd value (Fig. 10A). | value of LL+sug//CK was
slightly higher than | value of LL+sugar (5.48 wess4, respectively) but remained much lower than |
value of LL (9). Removing the effect of sugar on €fathesis only explained 30% of | value variation
between LL and LL+sugar, indicating that SL conitédl to 70% of the variation and was a main

contributor of the effect of sugar supply underarn_I.
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Similarly, we simulated HH and HH+sug treatmengspaeviously done above (Fig 9A,
A=2.5), and created another virtual treatment HHesUCK (Fig. 10B), where sugar level was
increased to that of LH and the effect of sugaClrsynthesis was removed (see Materials and Methods
for details; in each case PARc was kept identisahaddH). In contrast to simulations made under low
light intensity (LL ; Fig10B), the three virtuaktatments under HH presented simulated | valuesanfe
to the lneshoig leading to bud outgrowth in delays inferior ta®ys. Delay value of HH+sug//CK was
slightly higher than delay value of HH+sugar (3v@sus 3.24, respectively) but remained much lower
than | value of HH (5.81 days). Removing the eff@ictugar on CK synthesis only explained 23% of |
value variation between HH and HH+sugar, indicathmg SL contributed to 77% of the variation and

also was a main contributor of the effect of suggply under HH on bud outgrowth phenotype.

DisCuUssION
The current knowledge relative to the basic meishas behind light effect on bud outgrowth

remains fragmentary and qualitative. The so-farilabie results bring out the role of two major
regulatory pathways (i) sugar-based mechanisms Vifpeindrives a modification in the source / sink
relationship of the primary axis, (ii) CKs-basedamanisms, when light acts locally on bud outgrowth.
Using a quantitative model and experiments, we detnate that each of these two pathways
contributes to the differences in bud outgrowthesbasd along the primary axis for rose plants grown

under different light intensity regimes.

At the node scale, local light and sugar availability act synergistically and through two different
pathways on bud outgrowth

In rose, light is perceived as a local signal psing bud outgrowth (Girault et al., 2008). As
observed for isolated apical meristematic actigliiyet al., 2017), light acts synergistically wihigars
since both are required to trigger bud outgrowthdolated stem segments in vitro (Rabot et all220
2014). We have highlighted a dose-dependent symefiect of local light intensity and sugar.
Increasing light intensity ofn vitro-cultured rose stem segments stimulated bud outbrewd this
effect was amplified by raising stem carbohydra#tus, either by taking stem segments from plants
grown under higher light intensity or by supplyingre sugar to the in vitro growth medium. This
synergic effect between sugar and light for isalatiem segments could be related to the actioaaif e
regulator on two different pathways of bud outgtowdgulation, CK and SL, as we demonstrated by
computer modelling. CK and SL are two opposite k&ipus of bud outgrowth (repressor for SL, inducer
for CK), whose balance is integrated dose-depehdenthe bud (Dun et al., 2012, Wang et al., 2019)
Changes in levels of both CK and SL mediate augtioa on bud outgrowth, while sugar operates
through suppressing SL pathway rather than thraudtancing CK level (Barbier et al., 2015; 2019;

Bertheloot et al., 2020). Using a computer impletaton of this network and assuming a local light o
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stem CK contents as obseniaghlanta (Fig. 1, Roman et al., 2016; Corot et al., 2008 demonstrated
that this network quantitatively explained the wigdange of observed interactions between locat ligh
environment, sugar, and hormones on bud outgrdvitine interestingly, it takes into account of sugar
and light synergic effect. Experimental measuresieftlight effect on sugar, and hormones (auxin,
ABA, SL) would be necessary to bring additionaldevice for this regulatory network. However, early
results showed clearly a low photosynthetic activit rose stems, supporting our assumption of non-
effect of light on sugar (J. Lothier, personal commncation). As a complementary mechanism, the
synergic effect of light and sugar on bud outgromity also involve a positive feedback of CK on the
sink strength of node and buds, which would inaeagyar availability and thus stimulate sugar-eelat
regulatory pathway (Barbier et al., 2019). The mi€CK in sink strength has been reported in many
biological contexts (for review: Roitsch and Ehné€0), including bud outgrowth in rose (Roman et
al., 2016). These authors showed that CK upreguthteexpression éthVI1, Rosa hybrida Vacuolar
Invertase, a well-known marker of both sink stréreytd bud outgrowth (Girault et al., 2010; Rabot et
al. 2012; 2014). In addition, and even though utigat condition, CK fails to promote the outgrowth
of in-vitro cultured bud fed with mannitol (non rabblizable sugars) in contrast to those placed on
sucrose (metabolizable sugars), indicating thateffikct depends on sugar availability for bud (M.
Wang, personal communication). Taken togetherhéurinvestigation are needed to dismantle the role

of this putative mechanism in the light and sugaesgic effect observed.

At the plant scale, light regime acts on bud outgrowth by modulating both bud local light
environment and plant source-sink relationship for carbohydrates.

Plant light regime has multiple impacts on thenplaincluding its physiology and
morphology, which should influence bud outgrowtihchapter 2, we reported for rose that, compared
to continuous high light (treatment HH), tempordight limitation before bud outgrowth period
(treatment LH) reduced primary axis growth incluygituring bud outgrowth period, which increased
sugar availability for buds. Other studies in ragported lower sugar and CK levels in bud
neighborhood for decapitated plants transferredbtiness compared to those maintained under light,
and for intact plants transferred from high to llight intensity compared to those maintained under
high light intensity (Roman et al., 2016; Corotkt 2017). More importantly, we provide here, thoe
first time, a quantification of light regime impagmultaneously on auxin, CKs, sugar, and bud anmbie
light intensity. We demonstrate that CKs, sugar ambient light levels were all stimulated in the
median leafy zone of rose primary axes under coatia high light (HH) compared to continuous low
light (LL), and under LH compared to HH. CK vara@is between light treatments were correlated to
changes in local light levels, in line with previotesults and our node-scale model described above

(Roman et al., 2016; Corot et al., 2017). The argfisugar variation was not investigated in trespnt
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study, but as demonstrated for LH in Chapter &ydtuld be related to changes in light-induced caang
in plant morphology and photosynthesis, that medifiource-sink relationship within the plant.

These local light-triggered variations in CK levalsd global light-induced variations in sugar level
both explained the different bud outgrowth intaasibetween LL, LH, and HH. Indeed, including these
differences in CK and sugar as input of the noddesmodel described above was sufficient to sireulat
the observed differences in bud outgrowth in theliareleafy zone of the primary axis between light
treatments. We bring here that both light-induckdngies in CK and sugar levels contributed to bud
outgrowth differences between light treatments. t contrary, early results showed only that the
limited CK level, and not the limited sugar lewehs responsible for bud outgrowth repression i bot
experimental model (decapitated rose plants undemess and intact plants transferred from high to
low light intensity) (Roman et al., 2016; Corotét 2017). In this case, only exogenous CK supply

not exogenous sugar supply was sufficient to resbard outgrowth under unfavorable conditions.
However, CK could not restore completely bud outdho activity, indicating that additional
components of branching regulatory network woukeketpart in this mechanism. One possible actor
would be sugar because the sugar level under thesictive conditions remains lower, and for stem
segment in vitro, CK requires sugar to promote dutgrowth (M. Wang, personnel communication).
On the other hand, we cannot exclude that in thdiext light conditions, local bud conditions (sugar
light-induced CK) may be too unfavorable so thaigenous sugar supply alone was not sufficient to
induce any visible effect on its outgrowth. We siated this behavior in response to virtually insing
sugar levels for LL plants. Interestingly, thisifecial situation modified the balance between the
different signals controlling bud outgrowth, retied through the value of the model-related signal
integrator, but still not sufficient to reach thedshold required for bud outgrowth. However, such
behavior was also simulated after virtual increageK for LL plants. Indeed, the model did not pctd
any positive effect of exogenous CK suppiyplanta which differs from experimental data (Ramon et
al., 2016; Corot et al., 2017). One explanatios lrethat CK supply results in an increase in sugar
locally in the node and bud, due to CK effect orboa sink strength (Roitsch and Gonzalez, 2004), a
not-yet considered behavior in our model yet. Tiagklthese questions would require a deeper
confrontation between simulations and observationsther light conditions (darkness vs light).
Monitoring bud expression &RC1, a dormancy-related gene that integrates bothrigksagar (Wang

et al., 2019) or the consequences of sugar andx@gemous supply in planta to CK and sugar contents

in nodes would also be of a great interest.

Both iP- et Z- types CK in stemsareinvaolved in thelocal bud outgrowth stimulation by light.
Several CK forms are present in plants (Hirosealet 2008, Kamada-Nobusada and
Sakakibara, 2009). Two main groups are distinguistietypes and Z-types, the first one being mostly
synthetized in shoots, the second one mostly synékin roots (for review Daviere and Achard, 2017
96




RESULTS— CHAPTER 3 — SUGARS AND HORMONES CONTENTS EQUILIBRIUM IN THE VIQNITY OF THE BUD
QUANTITATIVELY DETERMINES BUD OUTGROWTH RESPONSE TQIGHT INTENSITY

Our simulation results for rose plants under dédferlight regimes indicate that the total pooltudge
two types of CKs, is involved in bud outgrowth atilation by local light environment. Indeed, measdure
total CK (iP types and Z-types) contents in stentchied with the local-light driven CK simulations
(Fig.8; data not shown). Previous studies on rtseraported the involvement of both CK-types il bu
outgrowth regulation by light (Roman et al., 200@yot et al., 2017). Submitting decapitated plants
darkness or intact plants to low light intensityidg bud outgrowth period repressed bud outgrowth a
well as both iP- and Z-types CK in stems, and eroge supply of both CK types to decapitated plants
under darkness could trigger bud outgrowth. Thpeetsve role of both CK types in bud outgrowth is
unknown yet. For rose decapitated plants undet, lightypes preferentially accumulated in node and
tZ-types in bud (Roman et al., 2017), indicatinat tbnly tZ-types may be transferred to buds androbn
bud outgrowth (Osugi et al., 2017). In this cagetypes accumulation in node was related to light-
upregulation of the CK biosynthesis genes (IPT3 #Rd@5). However, the origin of Z-types
accumulation was not studied. The adequacy betwessured iP- and Z-types and local light-driven
CK simulation indicate that synthesis of these tymes of CK may also be stimulated by local light
environment in stem. In line with this, the presentboth iP- and Z- forms was observed for rosmst
segments in vitro (Bertheloot et al., 2020), andalge recently showed an alteration of the expoessi
of CYP735A gene, responsible for Z-type CK synthdgim iP-type CK, in rose stem in response to
different light treatments (data not shown). Iarigture, plant light regime was reported to corrwot-
derived CK (Boonman et al., 2007) and their systetransport was recently shown to regulate leaf
expansion and meristem activity (Osugi et al., 20Aditout et al., 2018). Further studies are rexglir
to decipher the roles of root-derived CK (Z-typesinpared to shoot-synthetized CK (iP-types) in bud
outgrowth regulation by plant light regime, and theolvement of Z-type CK in the control of bud

outgrowth by root-to-shoot signaling.

Conclusion

Our results support the hypothesis that lightrisiig-driven bud outgrowth regulation at the
plant scale relies on two concomitant pathwaysCHKp, whose synthesis is controlled by local light
intensity at node scale, and (i) the availabitifysugars, through light-driven changes in morphege
and photosynthesis at plant scale. Both are bragdhducers that operate through two independent
pathways contributing to their synergistic effentud outgrowth. This was demonstrated by using (i)
a guantitative computer node-scale model of budroutth regulation by the local balance in sugar,
hormones, and light, and (ii) measurements of ffexteof three light treatment at plant scale ais th
local balance. To further support our regulatiopdthesis at plant scale, it would be necessary to
include measurements of more physiological varalitemore experimental conditions. In addition,

coupling the node-scale model in a virtual plartegnating sugar and hormones fluxes between
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compartments could be helpful for understandingctirtribution of other organs (root, leaves...) on
bud outgrowth.
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CHAPTER 2 - SUPPLEMENTARY DATA
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Supp. Figure 1: Modified biological models used after FBV stage. A/Plant decapitated
2cm above the fourth leaf of the primary axis at FBV. and partly defoliated keeping only
one lateral leaflet per leaf. An auxin agar (NAA 5uM) is places at the tope of the cut stem.
B/ Exogenous sucrose or cytokinin supplu to beheaded plants through the petiole of each
kept leaf. C/Single bud berring nodes cultivated in vitro.

50 Supp Figure 2: Light intensity of rose primary axes
positively controls stem sugar contents. Plants
40 were grown either under low light intensity (green

bars) or high light intensity (red bars) before floral

30 Light intensity ~ bud was visible on the primary axis (FBV stage).
B High Sucrose. hexoses (Glucrose + Fructose). and starch
20 r were measured in nodes collected in the most leaf-
E Low bearing basal part of the primary axis (Z3. for more
10

details: see Chapter 1). where stem segments were
excised for in vitro cultivation. Data are means +
SEM of 4 repetitions (4 to 5 plants per repetition).
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Supp. Figure 3: Effect of light intensity treatments (LL. LH
and HH) on auxin contents for nodes taken from Z3 of rose
primary axes. Nodes were taken when floral bud was visible
on the primary axis (FBV) and at 3 and 7 days later. Data are
means SE of 4 repetitions of at least 4 pooled plants each.
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Supp. Figure 4: Effect of light intensity treatments (LL. LH and HH) on cytokinins (t-ZRMP, t-
ZR, IPRMP and IPR) contents for nodes taken from Z2 and Z3 of rose primary axes. Nodes
were taken when floral bud was visible on the primary axis (FBV) and at 3 and 7 days later. Data
are means of 4 repetitions of at least 4 pooled plants each.
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Supp. Figure 5: Effect of light intensity treatments (LL. LH and HH) on cytokinins (t-ZRMP,
IPRMP) contentsin roots. Roots were taken when floral bud was visible on the primary axis
(FBV) and at 3 and 7 days later. Data are means of 4 repetitions of at least 4 pooled plants

each.
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Supp. Figure 6: Impact of light intensity treatments (LL, LH and HH) on bud outgrowth for
decapitated rose stems. Rose primary axes were decapitated above the fourth leaflet-bearing
node when floral bud was visible (FBV). and supplied with 5 uM NAA at their top. and either 25
mM mannitol. Buds are numbered from decapitated plant top. Data are means of at least 11
plants per treatment at FBV+17d.
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DISCUSSION GENERALE, CONCLUSION ET PERSPECTIVES

RAPPEL DU CONTEXTE ET DESOBJECTIFS

L’analyse de la littérature scientifique présergéeintroduction (review : Schneider et al.,
2019) soulignait le caractere fragmenté des cosaages actuelles sur la régulation du débourrement
des bourgeons axillaires par I'intensité luminel&effet positif d'une forte intensité lumineuserant
la phase de ramification sur le débourrement (feéga et précocité) des bourgeons axillaires esticon
chez plusieurs especes herbacées et ligneuseh@Mitt953 ; Su et al, 2011 ; Leduc et al., 2014).
Durant la derniere décennie, il a aussi été obspowg le rosier que I'historique des conditions
lumineuses expérimentées par la plante au coursaderoissance pouvait moduler la réponse du
débourrement a l'intensité lumineuse. Ainsi, dess de rosiers ayant subi une restriction tempeorai
de lumiere pendant la croissance de I'axe primairésentent une stimulation du débourrement des
bourgeons axillaires plus importante que des pfaag@nt toujours été sous de bonnes conditions
lumineuses (Demotes-Mainard et al.,, 2013). Parewaf, la compréhension des mécanismes
physiologiques impliqués dans la régulation du détemment et de la dominance apicale a fortement
progressé ces derniéres années, avec la décodveriée de messagers intermédiaires des SL et des
CKs, relais de l'auxine apicale (Domagalska andskey2011), et de I'effet stimulateur des sucres
(Mason et al., 2014 ; Barbier et al., 2015, Bedbetlet al., 2020). Plus récemment, des études
expérimentales sur le rosier ont montré I'imporeade la synthésde novo de CKs de type iP dans le
nceud porteur du bourgeon lors de la stimulatioml@wurrement par l'intensité lumineuse courante
(Roman et al., 2016 ; Corot et al., 2017). Pamatt@nt, plusieurs modéles de croissance des plantes
faisaient I'nypothese d'un contrdle de la ramifiocatou du tallage des plantes par l'intensité lenie,
via le statut carboné global de la plante (Luquedle 2006). Malgré la modification observée des
teneurs en sucres (saccharose et amidon) dage lloits de traitements lumineux pendant la phase de
débourrement, le role des sucres dans la réponiserdmification a l'intensité lumineuse a été éear
expérimentalement. Des apports exogenes de suei@smpensaient pas I'inhibition du débourrement
observée dans des conditions lumineuses défaverdfaible intensité ou obscurité), comparé au
débourrement observé sous forte intensité luminélsean et al., 2016 ; Corot et al., 2017). Les
acteurs régulateurs du débourrement et les mécasighysiologiques mis en jeu pour expliquer I'effet
a long terme d'une restriction temporaire de lumiggstaient cependant inconnus. Sachant qu’'une
modulation de l'intensité lumineuse pendant le tEy@ement des organes de I'axe primaire pourrait
modifier leur croissance et donc la compétitionrege par I'axe primaire sur les bourgeons axilfaire
pendant la période de débourrement, I’hypothese idile des sucres n’étaient pas a écarter daresce ¢
Notre objectif était de comprendre le role que jenmtles sucres, en interaction avec les autreadioes
régulatrices du débourrement, dans la régulatiodéthwurrement par la lumiére.
Pour y répondre, nous avons orienté nos rechestinés compréhension de trois principaux phénotypes

in planta, consistant & moduler I'intensité lumineuse awrmendant la période de débourrement. Les
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Figure Bilan : Effets de I'intensité lumineuse sur la régulation du débourrement mis en évidence a la fin de cette thése.

Le débourrement des bourgeons axillaires est stimulé par une forte intensité lumineuse pendant la phase de ramification
(H) - comparé a une faible intensité lumineuse-, et cette stimulation est accentuée par une faible intensité lumineuse
passée (Lp). Nous montrons que les effets de H et Lp sur le débourrement peuvent étre expliqués par une modification de
I’équilibre quantitatif entre les teneurs d’hormones et sucres au voisinage du bourgeon (Chapitre 3; fleches en pointillés).
Dans les deux cas, la lumiére agit en augmentant les CK et le sucre au voisinage du bourgeon, ce qui contrecarre I'effet
négatif de I'auxine sur le débourrement et ainsi le stimule. Pour Hc, nous démontrons qu’en plus du réle promoteur des CK,
stimulées localement par la lumiére (Corot et al., 2017; Roman et al., 2016), le sucre, stimulé par une augmentation de la
photosynthése, contribue également a la stimulation du débourrement. Pour Lp, la croissance des organes apicaux est
réduite, y compris apres la fin de a restriction lumineuse, ce qui diminue leur force puits et augmente le sucre au voisinage
du bourgeon (chapitre 2). En plus, cela augmente la lumiére arrivant au niveau des organes sous-jacents et leur teneur en
CK (chapitres 2 et 3).
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expériences biologiques (phénotypages, apportsratalogiques, dosages) ont été couplées avec une
démarche de modélisation pour mieux appréhendiéaleen sucres des plantes par exemple, et pouvoir
quantifier les rdles de chaque acteur dans la s&pdn bourgeon a l'intensité lumineuse.

Ci-dessous, nous résumons les principaux résutatsis dans ce travail de thése, en regard des
connaissances de la littérature, et complétonghémnsa de compréhension global de régulation du

débourrement par l'intensité lumineuse (Figure Milale détaillerai les avantages et limites de la

démarche couplant expériences et modélisation.nEnfius évoquerons plusieurs perspectives de

recherche dans la prolongation de ce travail deethe

PRINCIPAUX RESULTATS ET APPORTS A LA COMPREHENSION D E LA REGULATION DU
DEBOURREMENT AXILLAIRE PAR L 'INTENSITE LUMINEUSE

La réponse du débourrement des bourgeons axillaisea I'intensité lumineuse implique

des régulations systémiques a I'échelle de la plant

Le rble de la synthése de novo de CKs de type i3 ¢tka nceud portant le bourgeon a été
démontré chez des plants de rosiers soumis a ddgtioas lumineuses défavorables pendant la période
attendue de débourrement (Roman et al., 2016 jt@obad., 2017). En étudiant la réponse de la plant
lors de variations de l'intensité lumineuse avampesdant la phase de débourrement, nous avonsénont
gue d'autres mécanismes de régulation, a I'échadlda plante, interviennent dans la réponse du
débourrement a l'intensité lumineuse pergue penldacrbissance de la plante et impliquent plusieurs

organes.

L’effet de l'intensité lumineuse passe en partiarpune modulation de la compétition pour

les sucres entre les organes préexistants et lesdmons axillaires

Grace a la quantification du statut en sucres ligggs, et a des expériences de modulation des
teneurs en sucres dans la plante sous différamitenrents lumineux, nous avons démontré le role
important de la compétition pour le sucre entre Hegsrgeons axillaires et I'axe primaire dans la
régulation de la dominance apicale par I'intersitéineuse (Chapitre 2). Jusqu’alors, plusieurs nesdé
de croissance des plantes avaient implémenté gotaté&n du débourrement par l'intensité lumineuse
via la compétition avec les autres organes etleitstarboné global de la plante (Luquet et al0620
L'effet inhibiteur de la compétition pour les sueide I'axe primaire sur le débourrement des bourgeo
avait été montré expérimentalement (Kebrom et2812 ; Mason et al., 2014 ; Kebrom, 2017).
Cependant, aucun résultat expérimental ne confirfiraplication de la compétition pour les sucres
entre I'axe primaire et les bourgeons dans la gégud du débourrement par I'intensité lumineuseusNo
avons ici démontré son role dans le cas particdliene restriction temporaire de lumiére avant la
période habituelle de débourrement, suivie d’'ungefontensité lumineuse pendant la phase de

débourrement (LH versus HH dans Chapitre 2). Dareas particulier, les teneurs en CKs n’étaient pas

107



DISCUSSION GENERALECONCLUSION ET PERSPECTIVES

limitantes dans la tige (Fig. 6B Chapitre 3), et HWifférences de disponibilité en sucres pour le
débourrement menaient donc a des phénotypes difééeatre les traitements lumineux.

Au contraire, lors d’'une restriction de lumiere gent la phase de débourrement (HL versus
HH dans Corot et al., 2017), le rbéle des sucres darrégulation du débourrement par lintensité
lumineuse percue pendant la phase de débourremahété jugé négligeable par rapport au role des
CKs qui étaient en concentrations limitantes saildld intensité lumineuse (HL) (Corot et al., 2017)
En effet, des apports exogénes de sucres ne parenétbas de lever la dominance apicale sous faible
intensité lumineuse (HL). Nous avons aussi obsexpérimentalement I'incapacité d’apports exogenes
de saccharose a stimuler le débourrement chezlaleep placées sous faible intensité lumineuse (LL
chap?2). Cependant, l'intervention d’une compétifpmur les sucres dans le maintien de la dominance
apicale sous faible intensité lumineuse n'est pasx@ure totalement. En effet, les techniques
expérimentales d’apports de sucres sur des plataedes sous faible intensité lumineuse (HL ou LL)
n'excluent pas une diversion des sucres initialérmgportés pour le bourgeon par les organes de I'ax
primaire. Des apports exogenes de sucrpkanta inefficaces pour stimuler le débourrement n’exctue
donc pas totalement un possible réle des sucresqUantification du statut global en sucres dédatp
lors d'une restriction de la lumiere pendant lagghde débourrement, comme réalisé dans le ch@pitre
pour les traitements LH et HH, permettrait de écie niveau de compétition entre I'axe primaire e
les bourgeons axillaires dans ce contexte luminBexplus, les simulations de débourrement menées
dans le Chapitre 3 suggerent que les sucres jemenan réle important pour expliquer la différemiee
débourrement entre des plantes placées sous Unle fiaiensité lumineuse continue comparé a des
plantes sous forte intensité lumineuse continuanenéi apportés seuls, les sucres ne ménent pas un
phénotype visible de débourrement. Suite a ceslations numériques, l'implication des sucres dans
la différence de débourrement entre une forte efaible intensité lumineuse courante (HL versug HH
mérite d'étre validée expérimentalement. La quimatifon par exemple d’expression d’'un des génes
marqueurs du débourrement, comme lintégrateur TREOS/BRANCHEDL1, suite a I'apports de
sucres sous HL ou LL permettraient de quantifierdponse du bourgeon aux sucres, méme si le

débourremendtricto-sensu n'est pas observé.

Les CKs d'origine racinaire sont impliqguées dana réponse du débourrement a des
variations d’intensité lumineuse passée ou courante

De facon inattendue, les teneurs totales en CKsnfe iP et tZ) permettaient de mieux
discriminer les 3 traitements lumineux (LL, LH didHconsistant & moduler I'intensité lumineuse avant
et/ou pendant la phase de débourrement (Chapijtedod3$ que les teneurs CKs de type iP prises seule
ne permettaient pas de distinguer une restricéorpbraire de lumiere (LH) du traitement consistant
appliquer une forte intensité lumineuse continuélXHNous avons tout d’abord observé dans le
Chapitre 3 une corrélation positive entre l'intédsiu débourrement (fréquence et précocité) et les

teneurs totales en CKs dans les nceuds portanblegdons sous trois traitements lumineux. De plus,
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lors des simulations numériques du débourremeatta ges valeurs observégsplanta de teneurs en
sucres et auxine au voisinage du bourgeon, etalearg locales d'intensité lumineuse, les simutetio
des teneurs en CKs sont cohérentes avec les tdntales de CKs observées expérimentalement. Ces
éléments suggérent donc un réle des CKs de typentplus des CKs de type iP, dans I'obtention des
phénotypes de débourrement sous différents traitemtemineux. Ces résultats sont cohérents avec
ceux de Roman et al. (2016) et Corot et al. (2@1r)e rosier : la stimulation du débourrement sous
forte intensité lumineuse est corrélée a des tenenirCKs de type tZ dans la tige plus importantes,
comparé a des conditions lumineuses défavorableslls, I'application de CKs de type tZ sur la
blessure de plants de rosiers décapités placébsclrité permet de lever I'inhibition du débouresi

de la méme fagon que l'application de CKs de typéRoman et al., 2016). Cela démontre le caractére
suffisant des CKs de type tZ pour stimuler le détmuent des bourgeons dans des conditions
lumineuses défavorables.

Les mécanismes expliquant la modulation des tenemiICKs de type tZ dans la tige selon
les traitements lumineux restent flous. Contraineimeeux CKs de type iP, celles de type tZ sont
majoritairement synthétisées dans la racine (Shkakj 2006 ; Hirose et al., 2007). Toutefois, des
premiers résultats de dosages des transcrits del ggolant 'enzyme CYP735A, responsable de la
transformation des formes iP en tZ ont montré uxgression dans les noeuds (comm. pers. J.
Bertheloot). De plus, les résultats de simulatiantrent une relation étroite entre la teneur en CKs
totales (iP+tZ) au niveau du noeud et la lumiéreiante. L’ensemble de ces résultats suggéerent que la
lumiére locale pourrait agir sur la production d€ d& forme tZ au niveau des nceuds. D’autre pagt, le
dosages de CK réalisés dans les racines (Chap®gp. Fig.5) montraient une modulation des teneur
en CKs de forme iPRMP et tZRMP entre les troigdraents lumineux (LL, LH et HH), suggérant une
modulation par la lumiére des CKs dans les racldagmessage de type « tige vers racines » pourrait
exister avec une modification des teneurs en syme$es traitements lumineux qui constituerait un
signal pour la modulation de synthése de CKs desisdcines (Foo et al., 2007). Un tel mécanisme a
déja été observé dans le cadre de la floraison Shepsis alba (Havelange et al., 2000). Cette
hypothése serait cohérente avec la corrélationredseentres les teneurs en amidon et les teneurs en
CKs dans les racines sous les trois traitementineum (Chapitre 3, Supp.Fig. 5). Plus récemment,
I'importance des sucres d’origine photosynthétidaas la stimulation des genes de synthese des CK
de type IP et tZ, ainsi que du transporteur de ZKABCG14) dans les racines a été démontrée chez
Arabidopsis (Kiba et al., 2019). Des plantes placsis fortes concentrations de@@nosphérique,
ou supplémentées en sucres présentent des expeesigiogenes de syntheses des CKs (AtIPT3 et
CYP735A2 pour la synthése des formes iPRMP et lgansformation en formes tZRMP,
respectivement) plus importantes dans les radésiproquement, cette stimulation de I'expressin d
ces génes sous forte [gJ@st inhibée par I'application d’un inhibiteur ghotosynthese (DCMU) sur

la plante. Cette étude révele aussi que la stiioulaie I'expression des génes de synthése des &Ks p
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les sucres est indépendante de la nutrition azqgertée a la plante, suggérant que les sucreseagis
par une voie indépendante des nitrates sur la lstiion de la synthése des CKs dans les racines.

Pour résumer, les organes de I'axe primaire (phgtes et fleur) ainsi que le compartiment
racinaire viennent enrichir le schéma de comprébere la régulation du débourrement par I'intensit
lumineuse. Une restriction de l'intensité luminepsecue pendant le développement de I'axe primaire
affecte de facon irréversible la croissance desrmrg aériens et racinaires, et ainsi diminue la
compétition exercée par I'axe primaire pour lesrasisur les bourgeons axillaires. D’autre part, le
compartiment racinaire pourrait avoir un réle pbsitr le débourrement via la synthése de cytokigin
de type tZ, qui serait sous le contrdle du staadbané de la plante. Cette hypothése mérite cependa
d’étre évaluée.

La régulation du débourrement par la lumiére résute d’une modification de I'équilibre
quantitatif entre les teneurs des différents actews régulateurs du débourrement dans le nceud

Dans le troisieme chapitre, nous avons simulé oaéement de bourgeois planta sous
différents traitements lumineux, en prenant comragables d’entrée et intermédiaires les teneurs
locales en auxine, amidon, CKs totales et les valéacales de lintensité lumineuse ambiante du
bourgeon.

La bonne adéquation entre d’'une part les valeudgdeurrement et de teneurs en CK simulées,
et d'autre part les valeurs observées expérimentale suggére que les variables et les mécanismes
choisis et implémentés dans le modéle sont suffigaour expliquer la réponse du débourrement des
bourgeons a des variations d’intensité lumineudeaf@re 3). Plus particulierement, nos résultats
suggerent un réle important de 'amidon pour exgigles phénotypes de débourrement observés, au
lieu du saccharose initialement utilisé comme enthé modélen vitro (Bertheloot et al., 2020). En
effet, les dosages des teneurs en amidon dansodesisin planta (Chapitre 3) permettaient de
discriminer les trois traitements lumineux étudiés, LH et HH), alors que les teneurs en saccharose
étaient similaires lorsque lintensité lumineusaitétforte pendant la période de ramification,
indépendamment de I'historique lumineux (LH et HHhe corrélation entre les teneurs en amidon et
le débourrement avait aussi été observée par @orat. (2017) lors de la variation de l'intensité
lumineuse pendant la phase attendue de débourrearetaint que molécule de stockage, I'amidon sert
tour & tour de puits et de sources de sucres (MicR@17) et les teneurs en amidon peuvent alorgdree
compte du statut en carbone global de la plantdilisation de I'amidon comme variable d’entrée du
modéelein planta est donc cohérente avec les modéles de plantam®ts, et basés sur le carbone, dans
lesquels la ramification est contrblée par le stedwboné de la plante (Luquet et al.,2006 ; EgtH.,
2010).

D’autre part, la modélisation de la réponse du délement par les teneurs locales en hormones
et en sucres, a permis de quantifier les rélegifieldes sucres et des CKs dans la stimulation du

débourrement sous différentes intensités lumine(Bkapitre 3) et de dépasser I'opposition entre les
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sucres et les CKs pour leur réle majeur dans langpdu débourrement a l'intensité lumineuse. Nous
avons montré que les sucres locaux jouaient urdaiis la stimulation du débourrement par I'inténsit
lumineuse courante (LL versus HH) ce qui avait étarté lors de précédentes publications
expérimentales (Roman et al., 2016 ; Corot et28l1,7). De plus, la comparaison de simulations du
débourrement avec apports de sucres sous diffé@raittsments lumineux, nous a permis de montrer
que les sucres et les CKs stimulent le débourrermpantdes voies en partie distinctes. Selon les
simulations, I'effet des sucres dans la stimulaiardébourrement par I'intensité lumineuse passerai
majoritairement par la voie des SLs. Ce résultahtvdans la continuité des études sur la levée de
I'inhibition du débourrement par I'effet des suses le signal des SLs (Barbier et al., 2015 ; Baaibt

et al., 2020). Cependant, le modéle construit mmeepas de prendre en compte I'effet que pourraien
avoir localement la présence de CKs dans la tigéasierce puits du bourgeon, et donc I'effet pibsit
des teneurs en CK dans la tige sur les teneursoeass(Roitsch and Ehnef3, 2000).

Les acteurs et mécanismes mis en avant dans l&tiégudu débourrement par l'intensité
lumineuse dans les simulations du Chapitre 3 nmérit@tre vérifieés expérimentalement. La validation
du modéle sur les donnéesvitro etin planta des teneurs en CKs et des phénotypes de déboutreme
ne permettent pas d’affirmer que les mécanisnies atteurs implémentés sont exacts. Des expésience
de dosages des SL et des transcrits des génegligplilans leur signalisation (MAX2) permettraient
de confirmer leur forte implication dans la répodaalébourrement a I'intensité lumineuse. Paraiie
I'utilisation du modélén planta n’exclue pas que certaines fonctions du modelanee la synthese des
CKs et des SLs, confondent des mécanismes ayarddies le nceud et dans les racines. On peut enfin
s'interroger sur I'absence de prise en compte ABA dans la régulation du débourrement par la
lumiére dans ce modéle. L'augmentation des tenenr8BA dans le nceud est en effet corrélée a
l'inhibition du débourrement sous faible intensitémineuse chez le rosier (Corot et al.,, 2017),

cependant la compréhension des mécanismes soussjast encore floue.

AVANTAGES ET LIMITES D 'UNE DEMARCHE COUPLANT EXPERIMENTATIONS

BIOLOGIQUES ET MODELISATION

L’objectif principal de la thése était de mieux qmendre les réles relatifs des sucres et des
hormones dans la réponse du débourrement & difééreariations de l'intensité lumineuse. Pour ce
faire, je me suis concentrée sur la compréhengemgbcanismes sous-jacents aux phénotypes observés
en plante entiére sous trois traitements lumindiux {H et HH) consistant a moduler l'intensité
lumineuse avant et pendant la période de débounterd&@i dans un premier temps travaillé a
comprendre les mécanismes expliquant les difféeerd® débourrement suite a une restriction
temporaire de lumiére (LH versus HH) (Chapitrefis j'ai travaillé sur une vision harmonisée de la

régulation du débourrement par des variations etisité lumineuse (Chapitre 3).

111



DISCUSSION GENERALECONCLUSION ET PERSPECTIVES

La démarche et les résultats de modélisation perrtient d’orienter les expériences et les
mesures conduites pour répondre a la problématique

La réflexion de ma thése s’est faite par des salletours successifs entre la démarche de
modélisation et la vérification d’hypotheses pas dgpériences biologiques. Les premiers résulats d
dosages effectués en 2011 révélaient des diffésedeatatut en sucres entre les plantes du traiteme
LH et du traitement HH. Deux questions se sontsamsées : (i) a quoi était due I'accumulation de
sucres sous LH par rapport & HH, et (ii) quel éaible des sucres dans la stimulation du débmene
observée ? La premiére question supposait de cemigarsources et les puits de sucres dans laeplant
De nombreux modeéles de croissances des plantesas®g sur le bilan sources-puits en carbone (Letor
et al., 2008 ; Mathieu et al., 2009). C’est en mgifppnnant dans une démarche de conceptualiségion
modeéle sources-puits en carbone pour compareraiésnents LH et HH, que j'ai décidé de plusieurs
mesures a réaliser. La création du modéle néciesiEtadonnées pour quantifier les sources etuis p
de facon dynamique et a chaque étage foliaire gialete. Nous avons donc suivi de fagon fine les
cinétiques de croissance des organes en masselgh@msions pour pouvoir calculer des vitesses de
croissance et donc la demande en carbone des erd@natre part, nous avons réalisé des mesures de
taux de chlorophylle pour toutes les feuilles, e thesures d'intensité lumineuse a différenteschiasit
le long de la plante. Sans la perspective de agrstuin modéle architecturé et dynamique de latgjan
nous n'aurions srement pas suivi le développermielat photosynthése de la plante de maniere aussi
fine, et nous n'aurions pas pu trancher sur la Hadidu du statut carboné entre les traitements tH e
HH.

Par ailleurs, les simulations de débourrementé&ponse a des teneurs en sucres et en
hormones obtenues dans le Chapitre 3 ouvrent degquaives de recherche qui avaient jusqu’alors été
fermées. Alors que les résultats expérimentauxptep de sucres sous faible intensité lumineuse
n'étaient pas concluants, la quantification de&éfzonse du bourgeon par les simulations incite bbesp
expérimentalement le réle des sucres dans ce ¢entx quantifiant les expressions de genes liés au
débourrement par exemple.

La modélisation permet de s’affranchir en partie @s conditions expérimentales
spécifiques et de proposer une vision générique ieréponse du débourrement a la lumiére

Le modele de débourrement utilisé dans le chaBimgpermis de simuler le débourrement de
bourgeons cultivés in vitro ou sur la plante saffémrentes intensités lumineuses. Cela suggéerengu’u
compréhension du systeme de régulation du déboantencommune aux différentes conditions
expérimentales, existe. Cependant, le passagesgiatéme étudié in vitro au systeme in planta n'étai
pas évident et demandait de modifier les variattlestrées (amidon a la place du saccharose pour la
variable de sucres) et leurs dimensions. La ditiicdu passage de résultats obtenus sur des sygsteme
in vitro a des résultats obtenus in planta estigesgue dans les études de manipulations destappor
d’auxine et/ou de CK exogenes au nceud ou a lagp{Batrbier et al., 2015 ; Roman et al., 2016 ; €oro
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et al., 2017). Les concentrations de ces compoppertgs dans les solutions sont difficilement
comparables aux concentrations qui peuvent étrérempntées par un bourgeon dans la plante, d’'une
part parce qu’'elles sont exprimées dans des udité&yentes (mM pour les apports exogenes, et
mol/gMS pour les concentrations dans la plantel,aattre part car il est difficile de déterminerplart

de l'apport en auxine ou CKs qui va étre absorbg lpaplante. La réalisation de courbes de
« conversion » entre les apports exogénes d’horsenies concentrations retrouvées dans le nceud in
vitro ou in planta permettrait d’'une part de miedapter le modele de débourrement proposé dans le
Chapitre 3 a différents modeéles biologiques, eutréa part de recentrer les études de réponse du
débourrement sur des valeurs d’hormones apportébgérentes avec ce qui est naturellement
expérimenté par la plante. Ainsi, les simulatioesdébourrement faites dans le Chapitre 3 pour des
bourgeons in planta avec une forte valeur d’auxneentrée (correspondant a une valeur absolue
supérieure a 2uM dans une gélose) suggére queiastgaxpérimentée par le bourgeon in planta
correspond au haut de la gamme de teneurs en aappuetées dans les expériences in vitro (Barbier
et al., 2015 ; Bertheloot et al., 2020).

Le modéle de bilan sources-puits en carbone cahdtans le chapitre 2 pour estimer le statut
en sucre des plantes sous LH et HH pourrait émérgésé a d’autres traitements lumineux consistant
a faire varier I'intensité lumineuse au cours derlgissance de la plante. En effet, ce modéle peend
compte les différences de croissance et de phdtusym établies par des variations d’intensité
lumineuse précoces. Cependant, pour étre aiséngamdrajisable a d’autres traitements lumineux
(comme les traitements LL et HL par exemple), 8effe I'intensité lumineuse sur la variation du LMA
et de la vitesse d'expansion des feuilles devtaititnplémenté de facon mécaniste, et non a tralesrs
valeurs de parametres différentes entre les traitégsriumineux. Cela demande un travail important de
modélisation et de validation des mécanismes, nmotmh pour implémenter I'effet de variations de la
lumiére sur le LMA (Bertin and Gary, 1998). Danstedhese, nous avons choisi un modéle moins
générique mais qui permettait de répondre aux mumsstirectes liées a la compréhension des trois

traitements lumineux étudiés.

PERSPECTIVES

Vers un modele dynamique et intégré de réponse ddébourrement a lintensité
lumineuse
A l'issue de cette these, nous disposons d’'un neodel quantification du bilan source-puits en
carbone établi sur des plantes entieres pour dait@rhents lumineux (HH et LH ; chapitre 2), etrd’u
modele de réponse du débourrement aux conditiaasel® en hormones, sucres et intensité lumineuse
(Chapitre 3). Dans l'optiqgue de créer un modelegmnse du débourrement a l'intensité lumineuse

générique pour différents traitements lumineux xdenjeux sont a considérer.
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Le premier est de proposer un modéle de réponbeuhgeon aux conditions locales en hormones,
sucres et intensité lumineuse qui puisse intégaas de temps des variations des valeurs d’entmée. E
effet, le modele utilisé dans le Chapitre 3 preoichime entrées des variables constantes dans le,temps
et sa conception ne permet pas de rendre compig@t&notype de débourrement si ces valeurs varient.
Pour intégrer dans le temps la réponse du bourg@oronditions fluctuantes expérimentéeplanta,
on peut choisir de modéliser non pas directementlirrence et la date de débourrement s’il y g lieu
mais plutét la croissance du bourgeon. En effdiile du bourgeon (en masse ou volume) serait une
variable de sortie continue, et la vitesse de samise du bourgeon pourrait rendre compte des \msat
des régulateurs du débourrement dans le nceud. lAwde volume seuil atteint, le bourgeon pourrait
étre considéré comme débourré et la date de démoent déduite. Pour conceptualiser un tel modéle,
le bourgeon pourrait étre assimilé & une grossdeleelégétale dont le volume augmente selon le rati
entre la pression exercée par le volume d’eau agiéudans la vacuole et la pression de paroi, stivan
la loi de Lockhart pour I'accroissement cellulaiteockhart, 1965 ; Cosgrove, 1986). L'invertase
vacuolaire et les expansines sont deux genes @aptéssion est corrélée au débourrement (Rabot et
al., 2012 ; Roman et al., 2016). Le taux d’'investaacuolaire pourrait réguler I'entrée d’eau dans |
cellule par osmose apres une entrée de sucréaseaagmenter la pression osmotique dans la eellul
Les expansines réduiraient quant a elles la prestqaroi de la cellule-bourgeon (Cosgrove, 1993 ;
2000). Etant sensibles aux hormones, au sucrdadumiéere, ces deux génes pourraient agir en amon
d’'un ou de plusieurs génes clé de I'activité durgean.

Un autre défi est d'intégrer dans un modéle a Bdetde la plante les effets de l'intensité lumiseu
sur la synthese et les flux des hormones danalag(Rameau et al., 2015). Trois types d’hormones
pourront étre considérées dans un premier temgsxilie, les cytokinines, et les strigolactones, qui
jouent un réle majeur dans la dominance apicagietst elle-méme modulée par l'intensité lumineuse
Des connaissances physiologiques ciblées existemmtga la biosynthése et au transport de ces
hormones dans la plante (Schneider et al., 201€5. dnjeux seront de rassembler et d’'intégrer ces
connaissances au sein d’'un modele a I'échelle plate, de caractériser I'effet de I'intensité Inause
sur les différents parameétres du modele, et dertéstrobustesse de ce modele. Dans ce modele, les
organes apicaux en croissance, source d'auxingj gure les racines, sources de cytokinines et
strigolactones seront représentés. Nos résultatshdpitre 2 ont montré que l'intensité lumineuse
modifie la croissance aérienne et racinaire. Naus/pns donc nous attendre a une modification de la
synthése et ainsi des flux hormonaux au sein dddate en réponse a lintensité lumineuse. Ceci

pourrait impacter indirectement le débourrement.

114



DISCUSSION GENERALECONCLUSION ET PERSPECTIVES

REFERENCES

Barbier, F., Péron, T., Lecerf, M., Perez-Garcia;I\M Barriere, Q., Raik, J., Boutet-Mercey, S.,
Citerne, S., Lemoine, R., Porcheron, B., et al1lB)0Sucrose is an early modulator of the key horho
mechanisms controlling bud outgrowth in Rosa hydridExp Bot 66, 2569-2582.

Bertheloot, J., Barbier, F., Boudon, F., Perez-@aid.D., Péron, T., Citerne, S., Dun, E., Beveeidg
C., Godin, C., and Sakr, S. (2020). Sugar avaitgbduppresses the auxin-induced strigolactone
pathway to promote bud outgrowth. New Phytologk,866—879.

Bertin, N., and Gary, C. (1998). Short and longntéiuctuations of the leaf mass per area of tomato
plants—implications for growth models. Annals oft&wy 82, 71-81.

Corot, A., Roman, H., Douillet, O., Autret, H., BerGarcia, M.-D., Citerne, S., Bertheloot, J., S&kr
Leduc, N., and Demotes-Mainard, S. (2017). Cytaldnind abscisic acid act antagonistically in the
regulation of the bud outgrowth pattern by ligthtemsity. Frontiers in Plant Science 8, 1724.

Cosgrove, D. (1986). Biophysical Control of PlaliGGrowth. Annual Review of Plant Physiology
37, 377-405.

Cosgrove, D.J. (1993). Wall extensibility: its n@umeasurement and relationship to plant cell grow
New Phytologist 124, 1-23.

Cosgrove, D.J. (2000). Loosening of plant cell svaly expansins. Nature 407, 321-326.

Demotes-Mainard, S., Huché-Thélier, L., Morel, Boumaza, R., Guérin, V., and Sakr, S. (2013).
Temporary water restriction or light intensity ltation promotes branching in rose bush. Scientia
Horticulturae 150, 432—-440.

Domagalska, M.A., and Leyser, O. (2011). Signagnation in the control of shoot branching. Nature
Reviews Molecular Cell Biology 12, 211-221.

Evers, J.B., Vos, J., Yin, X., Romero, P., vanietten, P.E.L., and Struik, P.C. (2010). Simulatén
wheat growth and development based on organ-lévatiopynthesis and assimilate allocation. J Exp
Bot 61, 2203-2216.

Foo, E., Morris, S.E., Parmenter, K., Young, N.,naH., Jones, A., Rameau, C., Turnbull, C.G.N.,
and Beveridge, C.A. (2007). Feedback Regulatiofytém Cytokinin Content Is Conserved in Pea and
Arabidopsis. Plant Physiology 143, 1418-1428.

Havelange, A., Lejeune, P., and Bernier, G. (208@icrose/cytokinin interaction in Sinapis alba at
floral induction: a shoot-to-root-to-shoot physigical loop. Physiologia Plantarum 109, 343-350.

Hirose, N., Takei, K., Kuroha, T., Kamada-Nobusatla,Hayashi, H., and Sakakibara, H. (2008).
Regulation of cytokinin biosynthesis, compartmenégdion and translocation. J Exp Bot 59, 75-83.

Kebrom, T.H. (2017). A growing stem inhibits budtgnowth—-the overlooked theory of apical
dominance. Frontiers in Plant Science 8, 1874.

Kebrom, T.H., Chandler, P.M., Swain, S.M., King\\R, Richards, R.A., and Spielmeyer, W. (2012).
Inhibition of Tiller Bud Outgrowth in the tin Mutarf Wheat Is Associated with Precocious Internode
Development. Plant Physiology 160, 308—-318.

Kiba, T., Takebayashi, Y., Kojima, M., and SakakiéyeH. (2019). Sugar-induced de novo cytokinin
biosynthesis contributes to Arabidopsis growth uredevated CO 2. Sci Rep 9, 1-15.

Leduc, N., Roman, H., Barbier, F., Péron, T., Hu€hélier, L., Lothier, J., Demotes-Mainard, S., and
Sakr, S. (2014). Light signaling in bud outgrowtiddoranching in plants. Plants 3, 223-250.

115



DISCUSSION GENERALECONCLUSION ET PERSPECTIVES

Letort, V., Cournéde, P.-H., and de Reffye, P. @00mpact of Topology on Plant Functioning: A
Theoretical Analysis Based on the GreenLab Modeligns. In 2009 Third International Symposium
on Plant Growth Modeling, Simulation, Visualizatiand Applications, pp. 341-348.

Lockhart, J.A. (1965). An analysis of irreversiplant cell elongation. Journal of Theoretical Bpjo
8, 264-275.

Luquet, D., Dingkuhn, M., Kim, H., Tambour, L., aBttment-Vidal, A. (2006). EcoMeristem, a model
of morphogenesis and competition among sinks & tic Concept, validation and sensitivity analysis.
Functional Plant Biology 33, 309-323.

MacNeill, G.J., Mehrpouyan, S., Minow, M.A A., Raton, J.A., Tetlow, 1.J., and Emes, M.J. (2017).
Starch as a source, starch as a sink: the bifuradtiole of starch in carbon allocation. J Exp B8t
4433-4453.

Mason, M.G., Ross, J.J., Babst, B.A., Wienclaw, .Baxd Beveridge, C.A. (2014). Sugar demand, not
auxin, is the initial regulator of apical dominan&oceedings of the National Academy of Sciences
111, 6092-6097.

Mathieu, A., Cournede, P.-H., Letort, V., Barthélgem., and De Reffye, P. (2009). A dynamic model
of plant growth with interactions between developiand functional mechanisms to study plant
structural plasticity related to trophic competitidnnals of Botany 103, 1173-1186.

Mitchell, K.J. (1953). Influence of Light and Temp&ure on the Growth of Ryegrass (Lolium spp.).
Physiologia Plantarum 6, 21—-46.

Rameau, C., Bertheloot, J., Leduc, N., AndrieuBycher, F., and Sakr, S. (2015). Multiple pathsvay
regulate shoot branching. Frontiers in Plant S@enc/41.

Roitsch, T., and Ehnel3, R. (2000). Regulation afrc®'sink relations by cytokinins. Plant Growth
Regulation 32, 359-367.

Roman, H., Girault, T., Barbier, F., Péron, T., Baod, N., Bn¢ik, A., Novak, O., Vian, A., Sakr, S.,
and Lothier, J. (2016). Cytokinins are initial targ of light in the control of bud outgrowth. Plant
Physiology 172, 489-509.

Sakakibara, H. (2006). CYTOKININS: Activity, Biostmesis, and Translocation. Annual Review of
Plant Biology 57, 431-449.

Schneider, A., Godin, C., Boudon, F., Demotes-Main&., Sakr, S., and Bertheloot, J. (2019). Light
regulation of axillary bud outgrowth along plantaxan overview of the roles of sugars and hormones
Frontiers in Plant Science 10, 1296.

Su, H., Abernathy, S.D., White, R.H., and FinlaysBrA. (2011). Photosynthetic photon flux density
and phytochrome B interact to regulate branchingrabidopsis. Plant, Cell &s Environment 34, 1986—
1998.

116



APPENDIX1— ACTA HORTICULTURAE GREENSYS2019— ACCEPTED VERSION

APPENDIX 1—ACTA HORTICULTURAE GREENSYS2019—ACCEPTED VERSION

Sugar availability is involved in rose bud outgrowth
stimulation following a temporary light intensity restriction
during the vegetative development of the main stem

A. Schneider?, F. Boudonz, S. Demotes-Mainard?, L. Ledroit!, MD. Perez-Garcia?, N. Brouard?,
C. Godins, S. Sakr?, ]. Bertheloot!

1[RHS, INRA, Agrocampus-Ouest, Université d’Angers, SFR 4207 QuaSaV, 49071 Beaucouzé, France ; 2CIRAD,
UMR AGAP & Univ. Montpellier, Avenue Agropolis, TA A-108/01, F-34398 Montpellier, France; 3Laboratoire
Reproduction et Développement des Plantes, Univ Lyon, ENS de Lyon, UCB Lyon 1, CNRS, INRA, Inria, F-69342, Lyon,
France
Abstract

Branching is a major agronomic variable determining yield and quality, and is very
sensitive to environmental conditions. Previous studies on rose showed that a continuous
high light intensity perceived during the bud outgrowth period stimulated bud outgrowth
compared to a continuous low light intensity. This effect was related to higher cytokinin
contents in the nodes. Interestingly, a temporary light intensity restriction applied before
the bud outgrowth period over-stimulated bud outgrowth, but the mechanisms involved
remain unknown. In this case, we assume a non-limitation in cytokinins because of the
current high light intensity during the bud outgrowth period, but an increase in sugars that
would explain bud outgrowth stimulation. To test sugar involvement, we quantified bud
outgrowth, sugar contents, and the balance between sources and sinks for sugars in the bud
outgrowth period of plants grown under either continuous high light intensity or under a
temporary light restriction followed by a high light intensity. In addition, we quantified the
effect of exogenous sugar supply on bud outgrowth for plants under continuous high light
intensity, and the effect of leaf masking under the non-continuous treatment. Our results
showed that after a temporary light intensity restriction and return to high light intensity;,
sugars accumulated compared to a continuous high light intensity. Furthermore, the
growth of apical organs was reduced indicating that sugar accumulation might be due to a
higher balance between sources and sinks for sugars. Exogenous sucrose supply through
the petiole of intact plants grown under high light intensity stimulated bud outgrowth.
Conversely, leaf masking after a temporary light intensity restriction inhibited bud
outgrowth. This supports that sugar accumulation is an important trigger of bud outgrowth
after a temporary light intensity restriction. Together these results indicate that an
anterior low light intensity applied during the main stem development reduces growth of
apical organs while higher sugar availability afterward favors lateral bud outgrowth.

Keywords: bud outgrowth, light intensity, branching, sugar, source-sink

INTRODUCTION

Plant branching is an important agronomic trait as it determines final yield (Whiting et al,,
2005), and is involved in sanitary (Simon et al., 2012) and visual quality (Boumaza et al., 2010) of
productions. Branching is highly responsive to environmental factors such as nitrogen
fertilization, water supply, temperature, or light (Lafarge et al., 2010; Djennane et al., 2014; Furet
et al.,, 2014; Li-Marchetti et al., 2015; Corot et al., 2017;). Thus, understanding and predicting
branching response to environmental conditions is essential to improve technical itineraries and
culture ideotypes. We focus our study on the impact of light intensity on bud outgrowth, which
determines early steps of branching.

Bud outgrowth is inhibited by low (versus high) light intensity imposed during bud
outgrowth period, as observed for rose (Roman et al., 2016; Corot et al., 2017). This inhibition was
correlated to low cytokinin biosynthesis and level, and to low sugar level in the stem. However,
only cytokinins were shown to be involved in bud outgrowth regulation in response to low light
intensity, since exogenous sugar supplies did not restore any bud growth under this non-
permissive light condition (Roman et al,, 2016; Corot et al., 2017).
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Bud outgrowth is also sensitive to anterior light intensity. Demotes-Mainard et al. (2013)
reported for rose an overstimulation of bud outgrowth under high light intensity after a
temporary restriction of light intensity (LH treatment), compared to continuous high light
intensity (HH treatment). The limiting role of cytokinins, demonstrated for low light intensity
during bud outgrowth, is unlikely true in this case, since plants under both light treatments are
under high light intensity during bud outgrowth period. We will thus look for the possible role of
sugars in bud outgrowth stimulation under LH treatment. Under this treatment, apical leaves and
internodes of the primary stem, which are still growing during bud outgrowth period, are initiated
under low light intensity. Granier and Tardieu (1999) demonstrated for sunflower that low light
intensity during leaf initiation reduced leaf elongation rate persistently, even after restoration of
high light intensity. This indicates that growing organs of the primary stem may represent lower
sugar sinks during bud outgrowth period under LH treatment compared to HH, and that
subsequent primary axis competition for sugars is reduced under LH treatment. Recent studies
also support a possible role of sugars, since their signal role in bud outgrowth stimulation has
been demonstrated for rose and pea (Mason et al., 2014; Barbier et al,, 2015)

The objective of this paper is to determine whether sugars are involved in bud outgrowth
stimulation after a temporary light intensity restriction (LH treatment), and whether this can
result from primary axis growth reduction, leading to an increase of available sugars for bud
growth.

MATERIALS AND METHODS

Plant material and growth conditions

Plants were obtained from cuttings of Rosa hybrida ‘Radrazz’ as described in Demotes-
Mainard et al. (2013). Well-rooted cuttings were grown in 500 ml pots containing a 50/40/10
mixture of neutral peat, coconut fibers, and perlite. After a short growth in a heated greenhouse
(until three leaves were visible), plants were transferred to a growth chamber (light/dark 16/8h
photoperiod; 22/20°C at day/night; humidity was maintained between 60 and 70%). Water and
mineral nutrition (5,0 mM KNOs, 2,0 mM Ca(NOs)2, 2,0 mM NHsNO3, 2,0 mM KH;PO4, 2,0 mM
MgS04, 0,25 mM NaOH) were provided by sub-irrigation to maintain the plants in comfortable
water and mineral conditions.

Light treatments

Plants in growth chamber were submitted to two different regimes of light intensity in the
Photosynthetically Active Radiation (PAR) : (1) a continuous high PAR intensity (300-320
umol/m?/s) (referred to as HH), (2) a low PAR intensity (80-100 pmol/m?/s) until the
appearance of the flower bud (FBV : flower bud visible on the main stem), and a high PAR intensity
from FBV onwards (treatment LH).

Morphological measurements

For all experiments, the state (dormant or outgrown) and length of each bud were
monitored three to four times a week since FBV + 4 days. A bud was considered has grown out
when the first leaf was clearly visible above the bud scales (Girault et al., 2008; Corot et al., 2017).
As soon as the third leaf of the primary axis appeared, length of the final leaflet of each leaf of the
primary axis was measured every two days until wilted flower bud stage. At wilted flower stage,
leaves were excised and scanned. Images were treated using Image] software to estimate final
area of each leaf of the primary axis.

Photosynthesis measurements

Under both light treatments, CO; net assimilation rate per leaf surface unit per second was
performed 4 times between FBV and FBV + 7 days on the second most basal leaf on the primary
axis on entire plants, at a temperature of 20°C, and an ambient CO; concentration of 400 mmol
mol-! (Li-Cor Inc., Lincoln, NE, United States).

Quantification of endogenous sugars
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Roots, stem, leaves and flower button of the primary axis were collected at 7 days after FBV
stage on entire plants grown under LH and HH regimes. Sampling were started 3h after the
beginning of the light period, frozen in liquid nitrogen, and stored at -80°C before lyophilization
and grounding. Sucrose and starch were determined by colorimetry.

Manipulating plant sugar contents

To avoid any interaction with the apical part of the plant, which is a strong sink for sugars,
experiments of sugar manipulation were undertaken on plants decapitated at FBV. These plants
were obtained by removing all the plant parts 2 cm above the fourth node bearing a true leaf
(counting from plant base). Regarding the remaining leaves, all leaflets except a most basal one,
were removed to limit photosynthetic sugar content. To maintain auxin-mediated apical
dominance, a 2 ml-tube containing a basic medium (1% agar, 2,5 ml.l-* PPM), supplemented with
a synthetic auxin (10uM 1-naphthaleneacetic acid, NAA), was applied at the cut end of the
decapitated stump.

Decapitated plants grown under HH treatment were supplied with sucrose (25 or 50 mM)
or mannitol (50 mM), an osmotic control, through the 4th petiole as described in Lin et al,, (2011).
The petiole was rapidly immersed in a sugar-containing liquid solution in a 1.5 ml reservoir. After
1 week the petiole was cut 0,5 cm lower.

The four leaflets of decapitated plants grown under LH treatment were half covered with
black plastic sheets or transparent plastic (control).

Statistical analysis

Statistical analyses were performed using R software (R Core Team, 2014). Groups were
compared using Student’s or Fisher’s test. Significant differences (p-value <0.05) are indicated
with the symbol *.

RESULTS
A temporary restriction in PAR intensity before bud outgrowth stimulated bud outgrowth
and plant sugar status

In accordance with previous results of Demotes-Mainard et al. (2013), a temporary period
of low PAR intensity (treatment LH) stimulated significantly bud outgrowth on rose primary axis,
compared to continuous high PAR intensity (treatment HH). The total percentage of axillary buds
that grew out was 12 % higher for LH than for HH treatment 10 days after the flower bud was
visible on the primary axis (FBV stage) (Table 1). We showed that plant starch content was also
multiplied by 1.64 for LH compared to HH at FBV + 8 days, while stem sucrose contents was
similar between both treatments. This demonstrates an excess of sugars in LH compared to HH,
and indicates that this excess may explain in part the stimulation of bud outgrowth in LH
compared to HH.

Sugar stimulates bud outgrowth under high light intensity

To test whether the sugars excess in LH compared to HH is involved in bud outgrowth
stimulation, we either (i) brought exogenous sucrose to plants in HH through petiole, or (ii)
masked leaves of plants in LH to decrease sugar supply by photosynthesis. In HH, exogenous
sucrose supply increased by 25% total bud outgrowth frequency compared to the osmotic control
(figure 1A). Conversely, in LH, masking leaves reduced by almost 70% bud outgrowth percentage
(figure 1B). Thus, this indicates that sugar excess in LH has a role in bud outgrowth stimulation.

The sources/sinks balance of sugars is higher under LH treatment compared to HH
treatment

To understand the sugar excess under LH compared to HH, we estimated the source and
sink strengths for sugars for both treatments. At FBV, just before the onset of bud outgrowth, the
four most basal phytomers had finished their elongation, whereas upper phytomers were still
elongated (data not shown). We therefore considered the four most basal leaves as the main
sources of sugar, and the upper organs as the main sinks of sugars. The photosynthetic area of the
main source leaves was similar in HH and LH (118 cm?) at FBV, and photosynthesis per unit area
was 26% lower for LH compared to HH (Table 2) during 7 days after FBV. Thus, source strength
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of sugars was lower in LH than in HH and does not explain the excess of sugars observed in LH
compared to HH. The final mass of the main sinks was 39% lower in LH compared to HH,
indicating a lower sink strength for sugars in LH compared to HH. Sugar excess in LH condition
may be thus explained by a favorable sources-sinks ratio due to lower growth of the upper organs
during the period of bud outgrowth.

Table 1. Effect of light treatments on intact plant bud outgrowth frequency at FBV +10 days, and
on total plant sugars content at FBV + 8 days. Plant bud outgrowth frequencies are means of at
least 14 plants per treatment + SE. Plant sucrose and starch content are means of at least 3 plants
per treatment * SE.

Bud outgrowth and sugars contents LH HH
% of outgrown buds per plants at FBV 4 3
+10d 8,9 )3 6,9 ,0
Plant sucrose content (umol 5 5
gluc/gDW) 27,7 2,9 37,2 1,7
Plant starch content (umol gluc/gDW) 5 5
27,7 1 8,2 ,1

Table 2. Effect of light treatments on sources and sinks of sugars. (i)Surfacic photosynthetic
capacity during 7 days after FBV. Values are means * SE of 4 plants measured at 4 dates between
FBV and FBV +7 days . (ii)Total surface of photosynthetic leaves at FBV (leaves 1 to 4 from the
base of the plant). Values are means of at least 14 plants per treatment + SE. (iii) Final dry mass
of still growing apical organs after FBV (leaves and internodes upper the fifth phytomer). Values
are means of at least 14 plants per treatment + SE.

Sources and sinks of sugars LH HH
Surfacic photosynthetic capacity 8,4 1 0
(umol/m?/s) ,5 1,3 3
Total surface of photosynthetic 118 1 5
leaves at FBV (cm?) A4 ,2 18,7 A4
Total dry mass of aerial growing 1,4 2 0
organs on the primary axis after FBV (g) ,1 ,3 ,2
100
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Figure 1. Effect of global sugar content manipulation under HH and LH treatments on total bud
outgrowth frequency. For both experiments, plants were decapitated at FBV above the
fourth leaf, and NAA agar (10uM) was applied on the top of the stem. A/ Effect of
exogenous input of sucrose (25 and 50mM) under HH treatment compared to mannitol
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control (50mM). At least, 11 plants per treatment. B/ Effect of masking leaves under LH
treatment. n = 12 plants per treatment.

DISCUSSION

Unfavorable environmental conditions are known to modulate bud outgrowth via hormonal
and nutrient regulators (Roman et al., 2016; Corot et al.,, 2017). We aimed to validate the impact
of a temporal unfavorable light intensity, applied before the branching period, on bud outgrowth,
and to determine the role of sugars in this regulation. As observed previously by Demotes-
Mainard et al. (2013), rose bud outgrowth frequency was significantly increased by a temporary
light intensity restriction applied before the branching period (table 1), compared to a continuous
high light intensity. Interestingly, bud outgrowth stimulation following a temporary light intensity
restriction was correlated to sugar accumulation as starch, compared to the continuous high light
treatment (table 1).

Because sugars are known to stimulate bud outgrowth (Mason et al., 2014; Barbier et al,
2015), we tested if sugars might be involved in the phenotype observed under high light intensity
following a temporary light intensity restriction (LH treatment). To do so, we manipulated sugar
supply in plants under the two light treatments (figure 1). The results support that sugars are
involved in bud outgrowth stimulation under high light intensity after a temporary light intensity
restriction.

Quantification of sugar sources and sinks revealed that starch accumulation may be due to
lower sugar demand of the growing organs of the main axis following a restriction in light
intensity (table 2). Such sugar accumulation after the recovery of comfortable conditions was
previously observed for rice after a temporary shading during the development of the main stem
(Lafarge etal., 2010).

Therefore, bud outgrowth stimulation by a temporary light intensity restriction might
result of a lesser competition for sugars between main axis and lateral buds compared to plants
grown under continuous high light intensity. Such modulation of bud outgrowth by the growth of
the main axis was previously observed for wheat plants of different internode lengths (Kebrom et
al,, 2012).

A branching stimulation for rose was similarly observed after a temporary water restriction
before the branching period compared to continuous comfortable hydric conditions (Demotes-
Mainard et al.,, 2013), questioning the possibility of common mechanisms of bud outgrowth
stimulation by temporary unfavorable environmental conditions before the branching period.

CONCLUSION

A temporary light intensity restriction applied before the bud outgrowth period, during the
development of the main axis, leads to a bud outgrowth stimulation. Our results indicate that
smaller apical sinks of sugars after the high light intensity recovery can explain this phenotype.
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Annexe : scripts - calcul du bilan carboné pour LH et HH
(chapitre 1)

In [1]: i mport csv
i mport nunpy as np
i mport math
import matplotlib. pyplot as plt
fromarray inport *
frompylab inport*
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In [2]:

#H##H### Definition of constants

#PAR interception
kl = 0.747 #ok
k2 = 0.554 #ok

#carbon assimilation
alpha = 7.35e-2

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

#OK : fitté aux données clhro et photo

Pmin = 0.7867 #OK: fitté aux données clhro et photo

Pmax = 3963.17 # photosynthése max. OK. D'apres la littérature, ph

turante entre 15 et 20 pmol de Co2/m?/s
K_chloro = 7419.83
corr_chloro = 1.20
18 et 2011
photoperiod = 16 #hours/day
#respiration

k_respi_maint = 0.0
k_respi_growth = 0.0

#time

dat =1
duration = 11
tent d'aller plus loin que 2008

# Param flower allometry
Param_Flower = np.array([5e-4, 3.3e-3, le-2])

#Param roots allometry
Param_Roots = np.array([5.6e-3,2.337e-1])

#conversions
Conv_carbon_struc = 0.45

#parametre de correction des teneurs en chlorophyll

## on peut faire moins si on veut, mais les données

otosynthése sa

e entre 20

de 2011 permet

#en g de C par g de matiére structurale

# d'apres la composition chimique de la cellulose

Conv_carbon_sugars = 0.4

Conv_carbon_prot = 0.2
e?): a vérifier dans littérature

# Inputs : 10, gradients de chlorophylle, dimension
et 3 a BFV (basal leaf areas, lengths),

# flux de carbone vers la masse structural
oral, flux de carbone vers les proteines

# Number of leaves along the primary stem : dépend
NB_HH = 9
NB_LH = 8

# a modifier pour avoir les entrées de 2011
t_app_HH = np.loadtxt(
Param_chloro_gradient_HH = np.loadtxt(
)

Param_IN_Exp_HH = np.loadtxt(
Param_IN_Diam_HH = np.loadtxt(
Param_IN_Density_HH = np.loadtxt(
Param_Leaf Exp_HH = np.loadtxt(
Param_LMA_struc_HH = np.loadtxt(

t_app_LH = np.loadtxt(
Param_chloro_gradient_LH = np.loadtxt(
)

Param_IN_Exp_LH = np.loadtxt(
Param_IN_Diam_LH = np.loadtxt(
Param_IN_Density_LH = np.loadtxt(
Param_Leaf Exp_LH = np.loadtxt(
Param_LMA_struc_LH = np.loadtxt(

#en g de carbone par g de proteines (quelle compo m

‘Dates_appearance_HH_2011.csv'
'‘Param_chloro_HH_2011_v2.csV'

'‘Param_IN_Exp_HH_2011.csv'
'Param_Diameter HH_ 2011.csVv'
'Param_density_HH_2011.csv'
'Param_Leaf Exp_HH_2011.csVv'
'Param_LMA_struc HH_ 2011 v2.csv'

'‘Dates_appearance_LH_2011.csv'
'‘Param_chloro_LH_2011_v2.csV'

'‘Param_IN_Exp_LH_2011.csV'
'Param_Diameter_LH_2011.csVv'
'Param_density_LH_2011.csv'
'Param_Leaf Exp_LH_2011.csv'
'Param_LMA_struc_ LH 2011 v2.csv'

#en g de carbone par g d'équivalent glucose. OK

oyenn

s des feuilles de rangs 1, 2

e des racines et le bouton fl

du traitement lumineux

, delimiter= )
, delimiter=
, delimiter= !
, delimiter= )
, delimiter= )
, delimiter= )
, delimiter= )

, delimiter= )
, delimiter=

, delimiter= )
, delimiter= )
, delimiter= )
, delimiter= )
, delimiter= )
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Computation of organ dimensions, light gradient, ph otosynthesis and
carbon used for minimal structural material, as det ermined at FBV stage

by parameters and inputs of the model

Internode expansion

In [3]: def IN_expansion (t, Param_IN_Exp_j):
L = Param_IN_Exp_j[0] /(1 + math.exp(4 * Param_IN_Exp_j[2]
(1] - 1)
return L
In [4]: IN_exp_HH = np.array([[IN_expansion (t, Param_IN_Exp_HHI[j])
ration)] for j in range (O,NB_HH)])
IN_exp_LH = np.array([[IN_expansion (t, Param_IN_Exp_LH [iD

ration )] for j in range (O,NB_LH)])

In [5]: def IN_expansion_speed (t, Param_IN_Exp_j):
dL_dt = 4* Param_IN_Exp_j[2] * Param_IN_Exp_j[0] * math.ex
_j[2] *(Param_IN_Exp_j[1] - t))/(1 + math.exp(4 * Param_IN
Xp_j[1] - 1))2

return dL_dt

*(Param_IN_Exp_j

for t in range (0,du

for t in range (0,du

p(4 * Param_IN_Exp
_Exp_j[2] *(Param_IN_E

In [6]: IN_exp_speed_HH = np.array([[IN_expansion_speed (t, Param_IN_Exp_HH][j] ) for t in
range (0,duration)] for j in range (0,NB_HH)])
IN_exp_speed_LH = np.array([[IN_expansion_speed (t, Par am_IN_Exp_LH[j]) for t in
range (0,duration)] for j in range (O,NB_LH)])
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In [7]: #définition des couleurs
¢ = nparray([ ‘orange' ,'teal' ,'grey’ ,'Tr ,'c¢ ,Yy ,"'m",'g" ,"blue" ])

x=range (0,duration)
#internode length
plt.subplot(1,2,1)
for j in range (0,4):
y = IN_exp_HH]Jj,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):
y = IN_exp_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,5)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Internode length (cm)’ )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):

y = IN_exp_HH]Jj,0:duration]

plt.plot(x,y, """ Jcolor = c[j], label = j+1)
for j in range (4,NB_LH):

y = IN_exp_LHI[j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,5)
plt.xlabel( 'Time after FBV stage (days)' )

xticks(arange(0,duration,2))
#plt.ylabel('IN length (cm)’)

plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_IN_length.jpg’ )
plt .savefig(  'simu_IN_length.pdf' )
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In [8]:

#définition des couleurs

c = nparray([ ‘orange' ,'teal' ,'grey’ ,T ,'c¢ ,Yy ,"'m",'g" ,"blue"

x=range (0,duration)
#internode length speed
plt.subplot(1,2,1)
for j in range (0,4):
y = IN_exp_speed_HH]Jj,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):
y = IN_exp_speed_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,1)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Internode length increase rate (cm/d)’ )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = IN_exp_speed_HH]Jj,0:duration]
plt.plot(x,y, """ Jcolor = c[j], label = j+1)
for j in range (4,NB_LH):
y = IN_exp_speed_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,1)
plt.xlabel( 'Time after FBV stage (days)' )

xticks(arange(0,duration,2))
#plt.ylabel('IN length (cm)’)

Internode thickening

In [9]:

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_IN_length_speed.jpg’ )
plt .savefig(  'simu_IN_length_speed.pdf' )
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def IN_diameter  (t, Param_IN_Diam_j, t_app_j):

diam = Param_IN_Diam_j[0] + Param_IN_Diam_j[2] * (t - t_app _j) + (math.exp(-

Param_IN_Diam_j[3] * (t-t_app_j)) - 1) * (Param_IN_Diam_j [2] - Param_IN_Diam_j

[1])/Param_IN_Diam_j[3]

return diam
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In [10]: IN_diam_HH = np.array([[IN_diameter (t, Param_IN_Diam_HH[j], t app _HH[D)  for t
i n range (0,duration)] for j in range (O,NB_HH)])
IN_diam_LH = np.array([[IN_diameter (t, Param_IN_Diam_L H[j], t_app_LHI[]) for t
i n range (0,duration)] for j in range (O,NB_LH)])
In[11]: def IN_diameter_speed (t, Param_IN_Diam_j, t_app_j):
ddiam_dt = Param_IN_Diam_j[2] - (math.exp(-Param_IN_Dia m_j[3] * (t-t_app_

i))) * (Param_IN_Diam_j[2] - Param_IN_Diam_j[1])

return ddiam_dt

In[12]: IN_diam_speed_HH = np.array([[IN_diameter_speed (t, Param_IN_Diam_HH][j] , tapp_H
H[]) for t in range (0O,duration)] for j in range (0,NB_HH)])
IN_diam_speed_LH = np.array([[IN_diameter_speed (t, Par am_IN_Diam_LH[j], t_app_L
HIiD) for t in range (0,duration)] for j in range (O,NB_LH)])

In [13]: x=range (0,duration)

#internode diameter
plt.subplot(1,2,1)
for j in range (0,4):
y = IN_diam_HH][j,0:duration]
plt.plot(x,y, """ color = c[j], label = j+1)
for j in range (0,4):
y = IN_diam_LH]Jj,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,0.5)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Internode diameter (cm)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):

y = IN_diam_HH][j,0:duration]

plt.plot(x,y, """ color = c[j], label = j+1)
for j in range (4,NB_LH):

y = IN_diam_LH]Jj,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,0.5)
plt.xlabel( ‘Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))

plt.savefig( 'simu_IN_diam.jpg' )
plt .savefig(  'simu_IN_diam.pdf' )
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In [14]: x=range (0,duration)

#internode diameter speed

plt.subplot(1,2,1)

for j in range (0,4):
y = IN_diam_speed_HH]Jj,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)

for j in range (0,4):
y = IN_diam_speed_LHJ[j,0:duration]

plt.plot(x,y, "--",color = c[j], label = j+1)
plt.title( '‘Lower ranks' )
plt.ylim(0,0.05)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( ‘Internode diameter increse rate (cm/d)’ )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = IN_diam_speed_HH]Jj,0:duration]
plt.plot(x,y, "' ,color = c[j], label = j+1)
for j in range (4,NB_LH):
y = IN_diam_speed_LHJj,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Upper ranks' )
plt.ylim(0,0.05)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_IN_diam_speed.jpg' )
plt .savefig(  'simu_IN_diam_speed.pdf' )
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Leaf expansion

Code pour calculer I'expansion d'une feuille j (longueur et surafce a chaque pas de temps):
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In [15]: # Surfacic leaf expansion function :
# imputs : leaf rank from the base, date, parameter s of Isurfcic leaf expans
ion (Smax, t1/2, w)
# outputs : length increase during dt, leaf length at t+dt, area increase du
ring dt, leaf area at t+dt
def leaf_expansion (t, Param_Leaf Exp_j):
S = Param_Leaf Exp_j[0] /(1 + math.exp(4 * Param_Leaf Exp_ j[2] *(Param_Leaf
Exp_j[1] - 1)))**2
return S
In [16]: leaf_exp_HH = np.array([[leaf_expansion (t, Param_Leaf Exp_HH[j]) for t in range
(O,duration)] for j in range (0,NB_HH)])
leaf_exp_LH = np.array([[leaf_expansion (t, Param_Leaf _ Exp_LHI[j]) for t in range

( 0,duration)] for j in range (0O,NB_LH)])

In [17]: # Surfacic leaf expansion increase rate function :
# imputs : leaf rank from the base, date, parameter s of Isurfcic leaf expans
ion (Smax, t1/2, w)
# outputs : length increase during dt, leaf length at t+dt, area increase du
ring dt, leaf area at t+dt
def leaf_expansion_speed (t, Param_Leaf Exp_j):
dS _dt = 8 * Param_Leaf Exp_j[0] * Param_Leaf Exp_j[2] * mat h.exp(4 * Param_L
eaf Exp_j[2] *(Param_Leaf Exp_j[1] - t))/(1 + math.exp(4 * Param_Leaf Exp_j[2] *

(Param_Leaf Exp_j[1] - t)))**3

return dS_dt

In [18]: leaf_exp_speed_HH = np.array([[leaf_expansion_speed (t, Param_Leaf Exp_H Hj) fo
r t in range (0,duration)] for j in range (O,NB_HH)])
leaf_exp_speed LH = np.array([[leaf_expansion_speed (t , Param_Leaf Exp_LH[]) fo
r t in range (0,duration)] for j in range (O,NB_LH)])
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In [19]: x=range (0,duration)
#leaf areas
plt.subplot(1,2,1)
for j in range (0,4):
y = leaf_exp_HH][j,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):
y = leaf _exp_LH][j,0:duration]

plt.plot(x,y, "--",color = c[j], label = j+1)
plt.title( '‘Lower ranks' )
plt.ylim(0,80)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( ‘Leaf area (cm2)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):

y = leaf_exp_HH][j,0:duration]

plt.plot(x,y, "' ,color = c[j], label = j+1)
for j in range (4,NB_LH):

y = leaf_exp_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,80)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_leaf_areas.pdf' )
plt .savefig( 'simu_leaf areas.jpg’ )
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In [20]: x=range (0,duration)
#leaf areas increase rate
plt.subplot(1,2,1)
for j in range (0,4):
y = leaf _exp_speed_HH][j,0:duration]

plt.plot(x,y, " ,color = cfj], label = j+1)

for j in range (0,4):
y = leaf _exp_speed_LH]Jj,0:duration]
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plt.plot(x.y, "--"color = c[j], label = j+1)
plt.title( '‘Lower ranks' )
plt.ylim(0,15)

plt.xlabel( 'Time after FBV stage (days)'

xticks(arange(0,duration,2))

plt.ylabel( '‘Leaf area increae rate(cm2/d)’

plt.legend(loc= 'lower left'

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = leaf_exp_speed_HH][j,0:duration]

plt.plot(x,y, " ,color = cfj], label = j+1)

for j in range (4,NB_LH):
y = leaf_exp_speed_LH]Jj,0:duration]

)

, bbox_to_anchor=(2.3, 0.2))

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Upper ranks' )
plt.ylim(0,15)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_leaf_areas_speed.pdf'

plt .savefig( 'simu_leaf areas_speed.jpg’
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In [21]: def density (t, Param_IN_Density j, t_app_j ):
rho = Param_IN_Density j[0] + Param_IN_Density j[1] * (t - t_app_j)

return rho
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In [22]: rho_HH = np.array([[density (t, Param_IN_Density HHIj], t_app_ HH[) for t in ra
nge (0O,duration)] for j in range (0,NB_HH)])
rho_LH = np.array([[density (t, Param_IN_Density_LH][j], t_app_LHI[j]) for t inra
nge (0O,duration)] for j in range (0O,NB_LH)])

In [24]: #density internode
x=range (0,duration)
#IN denisty

plt.subplot(1,2,1)
for j in range (0,4):
y = rho_HH]Jj,0:duration]

plt.plot(x,y, " ,color = cfj], label = j+1)

for j in range (0,4):
y = rho_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,0.5)

plt.xlabel( 'Time after FBV stage (days)'

xticks(arange(0,duration,2))

plt.ylabel( 'Internode structural density (g/cm3)’
, bbox_to_anchor=(2.3, 0.2))

plt.legend(loc= 'lower left'

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = rho_HH]Jj,0:duration]

plt.plot(x,y, """ color = c[j], label = j+1)

for j in range (4,NB_LH):
y = rho_LH][j,0:duration]

)

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,0.5)

plt.xlabel( 'Time after FBV stage (days)'

xticks(arange(0,duration,2))

plt.legend(loc= 'lower left'
plt.savefig( 'simu_IN_rho.jpg' )
plt .savefig(  'simu_IN_rho.pdf )
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In [25]: def IN_mass_struc  (t, L_jt, diam_jt, rho_jt ):
IN_mass = 1e3 *(math.pi/4) * L_jt * rho_jt * diam_jt**2
return IN_mass
In [26]: IN_mass_HH = np.array([[IN_mass_struc (t, IN_exp_HH][j,t], IN_diam_ HH[j,t], rho_H

HIj,t]) for t in range (O,duration)]

H[j,t]) for t in range (O,duration)]

11 sur 2

for j in range (0O,NB_HH)])
IN_mass_LH = np.array([[IN_mass_struc (t, IN_exp_LHJj,t

], IN_diam_LH[j,t], rho_L

for j in range (O,NB_LH)])
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def
t_jt):

In [27]: IN_mass_struc_speed

dIN_mass_dt = (math.pi/4) *1e3* (dL_dt_jt * rho_jt * diam_j

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

(t, L_jt, diam_jt, rho_jt, dL_dt_jt, ddiam_dt_dj, drho_d

t**2 + drho_dt_jt

* L jt * diam_jt**2 + 2 *ddiam_dt_dj *rho_jt *L_jt * diam_jt)

return dIN_mass_dt

In [28]: IN_mass_speed_HH =
y_HH[j,1]) for t
IN_mass_speed_LH =

y_LH[j,1]) for t

#masse structurale internode
x=range (0,duration)

#IN mass

plt.subplot(1,2,1)

In [29]:

np.array([[IN_mass_struc_speed (t, IN_exp_HHJj,t], IN
[i,t], rho_HH]Jj,t], IN_exp_speed_HHIj,t], IN_diam_spee
i n range (0,duration)]
np.array([[IN_mass_struc_speed (t, |
[i,t], rho_LH[j,t], IN_exp_speed_LH]Jj,t], IN_diam_spee

i n range (0,duration)]

_diam_HH
d_HH]Jj,t], Param_IN_Densit

in range (0,NB_HH)])
N_exp_LH]Jj,t], IN_diam_LH
d_LH[j,t], Param_IN_Densit

in range (0O,NB_LH)])

for j

for j

for j in range (0,4):

y = IN_mass_HH]Jj,0:duration]

plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):

y = IN_mass_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Lower ranks'
plt.ylim(0,120)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Internode structural mass (mg)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)

for j in range (4,NB_HH):

y = IN_mass_HH]Jj,0:duration]

plt.plot(x,y, """ color = c[j], label = j+1)
for j in range (4,NB_LH):

y = IN_mass_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks'
plt.ylim(0,120)
plt.xlabel( ‘Time after FBV stage (days)' )

xticks(arange(0,duration,2))
plt.legend(loc= 'lower left'
plt.savefig(
plt .savefig(
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In [30]:

Leaves

In [31]:

#masse structurale internode
x=range (0,duration)
#IN mass
plt.subplot(1,2,1)
for j in range (0,4):
y = IN_mass_speed_HH][j,0:duration]
plt.plot(x,y, """ Jcolor = c[j], label = j+1)
for j in range (0,4):
y = IN_mass_speed_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,15)
plt.xlabel( ‘Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Internode structural mass increase rate (mg/d)’
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = IN_mass_speed_HH][j,0:duration]
plt.plot(x,y, """ Jcolor = c[j], label = j+1)
for j in range (4,NB_LH):
y = IN_mass_speed_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Basal ranks' )
plt.ylim(0,15)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_IN_mass_speed.jpg’ )
plt .savefig(  'simu_IN_mass_speed.pdf’ )
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def LMA_struc_HH (t, tapp, r, LMA_struc_juv, LMA_struc_max):

'
Bown =N =

LMA = LMA_struc_max - (LMA_struc_max - LMA_struc_juv) * mat

p))

return LMA

[== I R T = - - R E |

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

h.exp(-r * (t-tap
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In [32]: def LMA_struc_LH (t, tapp, r, LMA_struc_juv, LMA_struc_max_LL,LMA_struc_ max_LH):

LMA_struc_zero = LMA_struc_max_LL - (LMA_struc_max_LL - L MA_struc_juv) * mat

h.exp(-r * (0-tapp))
LMA = LMA_struc_max_LH - (LMA_struc_max_LH - LMA_struc_ze ro) * math.exp(-r *
®)

return LMA
In [33]: leaf LMA_struc_HH = np.array([[LMA_struc_HH (t, Param_LMA_struc_HH]Jj,0], Param_LM
A_struc_HH[j,1],Param_LMA_struc_HH][j,2], Param_LMA_s truc_HH[j,3]) for t in range
(O,duration)] for j in range (0,NB_HH)])
leaf LMA_ struc_LH = np.array([[LMA_struc_LH (t, Param_L MA_struc_LH][j,0],Param_LM
A_struc_LH]Jj,1],Param_LMA_struc_LH[j,2], Param_LMA_s truc_LH]Jj,3],Param_LMA_struc
_LH[j,4]) for t in range (O,duration)] for j in range (O,NB_LH)])
In [34]: def LMA_struc_speed_HH (t, tapp, r, LMA_struc_juv, LMA_struc_max):
dLMA_dt = r * (LMA_struc_max - LMA_struc_juv) * math.exp(-r * (t-tapp))

return dLMA_dt

In [35]: def LMA_struc_speed_LH (t, tapp, r, LMA_struc_juv, LMA_struc_max_LL,LMA_struc_ max
_LH):
LMA_struc_zero = LMA_struc_max_LL - (LMA_struc_max_LL - L MA_struc_juv) * mat
h.exp(-r * (0-tapp))
dLMA _dt = r* (LMA_struc_max_LH - LMA_struc_zero) * math.ex p(-r * (v)

return dLMA_dt

In [36]: leaf LMA_struc_speed_HH = np.array([[LMA_struc_speed_HH (t, Param_LMA_struc_HH
[1,0],Param_LMA_struc_HH]Jj,1],Param_LMA_struc_HH]Jj, 2], Param_LMA_struc_HH]Jj,3])
for t in range (0,duration)] for j in range (O,NB_HH)])
leaf LMA_struc_speed_LH = np.array([[LMA_struc_speed_ LH (t, Param_LMA_struc_LH
[j,0],Param_LMA_struc_LH]Jj,1],Param_LMA_struc_LHJj, 2], Param_LMA_struc_LH][j,3],P
aram_LMA_struc_LH [j,4]) for t in range (O,duration)] for j in range (O,NB_LH)])
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In [37]: #LMA
x=range (0,duration)

plt.subplot(1,2,1)
for j in range (0,4):
y = leaf _LMA_struc_HH][j,0:duration]
plt.plot(x,y, """ color = c[j], label = j+1)
for j in range (0,4):
y = leaf _LMA_struc_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,6)
xticks(arange(0,duration,2))
plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( '‘Leaf mass per area (mg/cm2)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = leaf LMA_struc_HH][j,0:duration]
plt.plot(x,y, "' color = c[j], label = j+1)
for j in range (4,NB_LH):
y = leaf LMA_struc_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Upper ranks' )
plt.ylim(0,6)
xticks(arange(0,duration,2))
plt.xlabel( 'Time after FBV stage (days)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))

plt.savefig( 'simu_LMA.jpg' )
plt .savefig(  'simu_LMA.pdf" )
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In [38]: def leaf_mass_struc (t, S, LMA_struc):
leaf_ mass = S * LMA_struc
return leaf_mass
In [39]: def leaf_mass_struc_speed (t, S, LMA_struc, dS_dt, dLMA_struc_dt):

dleaf_mass_dt = S * dLMA_struc_dt + dS_dt * LMA_struc

return dleaf_mass_dt
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In [40]:

In [41]:

In [42]:

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

leaf_mass_HH = np.array([[leaf_mass_struc (t, leaf_exp_HH][j t], leaf

HI[j,t]) for t in range (O,duration)] for j in range (0O,NB_HH)])

leaf_mass_LH = np.array([[leaf_mass_struc (t, leaf_exp_ LHJj,t], leaf LMA_struc_L
H[j,t]) for t in range (O,duration)] for j in range (O,NB_LH)])

_LMA_struc_H

leaf_mass_speed_HH = np.array([[leaf_mass_struc_speed (t, leaf_exp_HH]Jjt
_LMA_struc_HHJj,t], leaf_exp_speed_HH]Jj,t], leaf LMA _ struc_speed_HH][j,t])
i n range (0,duration)] for j in range (0,NB_HH)])
leaf_mass_speed_LH = np.array([[leaf_mass_struc_speed
_LMA_struc_LH[j,t], leaf_exp_speed_LH][j,t], leaf LMA_

i n range (0,duration)] for j in range (O,NB_LH)])

], leaf
for t

(t, leaf_exp_LHI[j,t], leaf

struc_speed_LH]Jj,t]) for t

#leaf mass
x=range (0,duration)

plt.subplot(1,2,1)
for j in range (0,4):

y = leaf_mass_HH][j,0:duration]

plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):

y = leaf_mass_LH]Jj,0:duration]

plt.plot(x,y, "--",color = c[j], label = j+1)

plt.title( '‘Lower ranks' )

plt.ylim(0,400)

plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))

plt.ylabel( ‘Leaf structural mass (mg)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):

y = leaf_mass_HH][j,0:duration]

plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (4,NB_LH):

y = leaf_mass_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)

plt.title( '‘Upper ranks' )

plt.ylim(0,400)

plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))

plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_leaf_mass.jpg' )

plt .savefig(  'simu_leaf mass.pdf' )
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In [43]: #leaf structural mass speed
x=range (0,duration)

plt.subplot(1,2,1)
for j in range (0,4):
y = leaf_mass_speed_HH]Jj,0:duration]
plt.plot(x,y, """ color = c[j], label = j+1)
for j in range (0,4):
y = leaf_mass_speed_LH]Jj,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Lower ranks' )
plt.ylim(0,100)
plt.xlabel( ‘Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Leaf structural mass increase rate (mg/d)’ )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = leaf_mass_speed_HH]Jj,0:duration]
plt.plot(x,y, "' color = c[j], label = j+1)
for j in range (4,NB_LH):
y = leaf_mass_speed_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( '‘Upper ranks' )
plt.ylim(0,100)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_leaf_mass_speed.jpg’ )
plt .savefig( 'simu_leaf_mass_speed.pdf' )
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Flower

Structural flower mass (+ peduncle) grows folowing a determined allometry function with total leaf mass.

In [44]: total_leaf_mass_HH = np.sum(leaf_mass_HH,axis=0)
total_leaf_mass_LH = np.sum(leaf_mass_LH,axis=0)

total_IN_mass_HH = np.sum(IN_mass_HH,axis=0)
total_IN_mass_LH = np.sum(IN_mass_LH,axis=0)

flower_mass_struc_HH = total_leaf_mass_HH *(Param_Flow er[0] * t**2 + Param_Flow
er[1] * t + Param_Flower[2])
flower_mass_struc_LH = total_leaf_mass_LH *(Param_Flow er[0] * t**2 + Param_Flowe

r[1] * t + Param_Flower[2])
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Roots
In [45]: roots_mass_struc_HH = total_leaf_mass_HH * (Param_Roots[0] * t + Param_Roots[1 D
roots_mass_struc_LH = total_leaf mass_LH * (Param_Roots[0] * t + Param_Roots[1 1)
In [46]: #Total organs masses
x=range (0,duration)
yl HH = total_leaf_mass_HH[0:duration]
y2_HH = total_IN_mass_HH[0:duration]
y3_HH = flower_mass_struc_HH[0:duration]
y4_HH = roots_mass_struc_HH[0:duration]
plt.plot(x, y1_HH, """ color = c[0], label = '‘Leaves' )
plt.plot(x, y2_HH, """ color = c[1], label = 'Internodes' )
plt.plot(x, y3_HH, """ color = c[4], label = 'Flower' )
plt.plot(x, y4_HH, """ color = c[6], label = 'Roots' )
yl LH = total_leaf_mass_LH[0:duration]
y2_LH = total_IN_mass_LH[O:duration]
y3_LH = flower_mass_struc_LH[0:duration]
y4 LH = roots_mass_struc_LH[0:duration]
plt.plot(x, y1_LH, "--" color = ¢[0], label = '‘Leaves' )
plt.plot(x, y2_LH, ", color = c[1], label = 'Internodes’ )
plt.plot(x, y3_LH, "--" color = c[4], label = 'Flower' )
plt.plot(x, y4_LH, "--" color = c[6], label = 'Roots' )
plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( 'Structural mass (mg)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(1, 0.2))
plt.savefig( 'simu_mass.jpg’ )
plt .savefig(  'simu_mass.pdf' )
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Masse structurale totale de la plante a chaque pas de temps, a partir de la somme des structures des différents organes

In [47]: plant_struc_HH = total_IN_mass_HH + total_leaf mass_ HH + flower_mass_st ruc_HH +
roots_mass_struc_HH
plant_struc_LH = total_IN_mass_LH + total_leaf mass_LH + flower_mass_struc_LH +

roots_mass_struc_LH
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Derivative structural growth

Strucutral mass difference betweent and t + 1

In [48]: deriv_plant_struc_HH = np.array([plant_struc_HH]Jt]-plant_struc_HHJt-1] for t in
range (1,duration)])
deriv_plant_struc_LH = np.array([plant_struc_LH]t]-pl ant_struc_LH[t-1] for t in

range (1,duration)])

PAR gradient function

Fonction qui calcule le PAR percu par une feuille de rang j, connaissant le LAl des feuilles supérieures et I'intensité
lumineuse au sommet du couvert

In [49]: ## LAl array for every rank at any time of the simu

lation
LAI_HH = np.zeros((NB_HH,duration))

for j in reversed (range (0, NB_HH-1)):
LAI_HH[]] = LAI_HH[j+1] + leaf exp_HH[j+1]/(100)

light_gradient HH = k1* np.tile(I0,[NB_HH,1])* np.exp(- k2*LAI_HH)

LAI_LH = np.zeros((NB_LH,duration))

for j in reversed (range (0, NB_LH-1)):
LAI_LH[] = LAL_LH[j+1] + leaf _exp_LHI[j+1])/(100)

light_gradient_LH = k1* np.tile(10,[NB_LH,1])* np.exp(-k2*LAI_LH)

Remarque : d'aprés I'équation, le light_gradient qu

and le LAI=0 n'est as égal au 10, est-ce que c'est bon quand
méme?
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In [50]: #LAI gradient
X = range (0,duration)
for j in range (O,NB_HH):
y = LAI_HH][j,0:duration]
plt.plot(x,y, label = j+1)

plt.title( ‘LAl )

plt.xlabel( ‘Time after FBV stage (days)' )
plt.ylabel( LAl )

plt.legend()

plt .show()
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In [51]: #light gradient
x = range (O,duration)
for j in range (O,NB_HH):
y = light_gradient_HH][j,0:duration]
plt.plot(x,y, label = j+1)

#for j in range (0,3):
# y=data_expe_PAR]Jj,]
# plt.scatter([3,7],y, c='grey")

plt.title( 'light gradient' )

plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( 'light gradient ' )

plt.ylim(0,450)

plt.legend()

plt .show()
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In [52]: #leaf structural mass speed
x=range (0,duration)

plt.subplot(1,2,1)
for j in range (0,4):

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

y = light_gradient_HH][j,0:duration]

plt.plot(x,y, "' color

for j in range (0,4):

c[j], label = j+1)

y = light_gradient_LH]Jj,0:duration]

plt.plot(x,y, "--" color

plt.title( ‘Lower ranks' )

plt.ylim(0,450)

c[j], label = j+1)

plt.xlabel( ‘Time after FBV stage (days)' )

xticks(arange(0,duration,2))

plt.ylabel( 'Ambient PAR light intensity (umol/m2/s)'

plt.legend(loc= 'lower left'

plt.subplot(1,2,2)

for j in range (4,NB_HH):

, bbox_to_anchor=(2.3, 0.2))

y = light_gradient_HH][j,0:duration]

plt.plot(x,y, """ color

for j in range (4,NB_LH):

c[j], label = j+1)

y = light_gradient_LH]Jj,0:duration]

plt.plot(x,y, "--"color

plt.title( '‘Upper ranks' )

plt.ylim(0,450)

c[j], label = j+1)

plt.xlabel( 'Time after FBV stage (days)' )

xticks(arange(0,duration,2))
plt.legend(loc= 'lower left'

plt.savefig( 'simu_leaf_PAR.jpg'
plt .savefig( 'simu_leaf PAR.pdf
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In [226]: #light gradient
y_HH = range (1,NB_HH+1)
X_HH = light_gradient_HH[:,10]

plt.plot(x_HH, y_HH, color = '‘orange’ , label= 'HH')

y_LH = range (1,NB_LH+1)

X_LH = light_gradient_LH[:,10]

plt.plot(x_LH, y_LH, " color = ‘orange' , label= 'LH' )
plt.title( 'light gradient’ )

plt.ylabel( 'Phytomer rank'’ )
yticks(arange(NB_HH+1))
plt.xlabel( 'PAR' )

plt.ylim(0,10)
plt.legend()
plt.savefig( 'light_gradient.jpg' )
plt .savefig(  'light_gradient.pdf' )
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In [227]: x_HH = light_gradient_HH[:,10]
X_HH
Out[227]: array([ 31.69572239, 37.86315408, 48.50633204, 6 6.93814337,
98.19980938, 148.36111823, 219.31338209, 29 6.28486275,
341.379 )

Function for carbon assimilation by photosynthesis

Fonction qui calcule le carbone produit par la photosynthése au temps t pour une feuille j, étant donné sa teneur
surfacique en chlorophylles

In [53]: #chlorophylle gradient
def chloro (t, tapp, r_chloro, chloro_juv, chloro_max):

chloro_surf = corr_chloro * (chloro_max - (chloro_max - chl oro_juv) * math.e
xp(-r_chloro * (t-tapp)))

return chloro_surf
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In [54]:

In [56]:

#chlorophyll gradient computation

chloro_gradient HH =

0i31)

[1:3])

for t

for t

#surfacic chloro_gradient

x=range (0,duration)

plt.subplot(1,2,1)

np.array([[chloro (t, Param_chloro
chloro_gradient_HH]Jj,1], Param_chloro_gradient_HH[j,
in range (0O,duration)]
chloro_gradient_LH = np.array([[chloro (t, Param_chloro
chloro_gradient_LH[j,1], Param_chloro_gradient_LH]Jj,

in range (0,duration)]

file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

_gradient_HH[j,0], Param_
2], Param_chloro_gradient_HH
in range (0,NB_HH)])

_gradient_LH]Jj,0], Param_
2], Param_chloro_gradient_LH
in range (O,NB_LH)])

for j

for j

for j in range (0,4):
y = chloro_gradient_HH][j,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (0,4):
y = chloro_gradient_LH[j,0:duration]
plt.plot(x,y, "--",color = c[j], label = j+1)
plt.title( '‘Lower ranks' )
plt.ylim(0,50)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Surfacic chlorophyll index)’ )

plt.legend(loc=

'lower left'

plt.subplot(1,2,2)

, bbox_to_anchor=(2.3, 0.2))

for j in range (4,NB_HH):

y = chloro_gradient_HH][j,0:duration]

plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (4,NB_LH):

y = chloro_gradient_LHJ[j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( ‘Upper ranks' )
plt.ylim(0,50)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))

plt.savefig(
plt .savefig(

Surfacic chlorophyll index)

&

&

n
o
s

—
o

Lower ranks

‘'simu_chloro.jpg’
‘'simu_chloro.pdf*

)
)

Upper ranks

20427

10 1

E N FTI CRE RY  N
O g0 0y

0 2 4 6 8 10
Time after FBV stage (days)

Time after FBV stage (days)

29/02/2020 a 23::



Script_carbon_model_manuscrit_chapl file://IC:/Ukarae/AppData/Local/Temp/Script_carbon_model_r

In [57]: #photosynthesis per leaf per second
#HH
Popt HH = Pmin + (Pmax * chloro_gradient_HH)/(chloro_grad ient. HH + K_chloro)
surfacic_photosynthesis_ HH = (alpha * light_gradient_ HH * Popt_HH[O:NB_HH+1,0:du
ration])/(alpha * light_gradient_ HH +Popt_HH[O:NB_HH+1 ,0:duration] )
carbon_photosynthesis HH = leaf_exp_HH * 1e-4 * surfacic_ photosynthesis_HH
#LH
Popt_ LH = Pmin + (Pmax * chloro_gradient_LH)/(chloro_grad ient_ LH + K_chloro)
surfacic_photosynthesis_LH = (alpha * light_gradient_LH * Popt_LH[O:NB_LH+1,0:du
ration])/(alpha * light_gradient LH +Popt LH[0O:NB_LH+1 ,0:duration] )
carbon_photosynthesis_LH = leaf_exp_LH * le-4 * surfacic_photosynthesis_LH
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In [58]: #surfacic photosynthesis : en pmol de CO2 par m2 pa r seconde
x=range (0,duration)

plt.subplot(1,2,1)
for j in range (0,4):
y = surfacic_photosynthesis_HH][j,0:duration]
plt.plot(x,y, """ Jcolor = c[j], label = j+1)
for j in range (0,4):
y = surfacic_photosynthesis_LH][j,0:duration]

plt.plot(x,y, "--",color = c[j], label = j+1)
plt.title( '‘Lower ranks' )
plt.ylim(0,12)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.ylabel( 'Surfacic photosynthesis)' )
plt.legend(loc= 'lower left' , bbox_to_anchor=(2.3, 0.2))

plt.subplot(1,2,2)
for j in range (4,NB_HH):
y = surfacic_photosynthesis_HH][j,0:duration]
plt.plot(x,y, """ ,color = c[j], label = j+1)
for j in range (4,NB_LH):
y = surfacic_photosynthesis_LH][j,0:duration]

plt.plot(x,y, "--"color = c[j], label = j+1)
plt.title( 'Upper ranks' )
plt.ylim(0,12)
plt.xlabel( 'Time after FBV stage (days)' )
xticks(arange(0,duration,2))
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.5, 0.2))
plt.savefig( 'simu_surf_photosynthesis.jpg’ )
plt .savefig(  'simu_surf_photosynthesis.pdf' )
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Computation of the carbon produced by the whole pla nt
In [59]: # computation of the carbon photoassimilated during one day by summing all the |
eaves
#qté de C en mg fixé par jour par la plante
plant_carbon_photosynthesis_ HH = photoperiod * 3600 * 12e -6* dt * np.sum(carbon_
photosynthesis_HH,axis=0)*1e3
plant_carbon_photosynthesis_LH = photoperiod * 3600 * 12e -6* dt * np.sum(carbon_

photosynthesis LH ,axis=0)*1e3
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In [60]:

#plant photosynthesis et utilisation pour structure
x = range (0O,duration-1)
y = plant_carbon_photosynthesis_HH[0:duration-1]

plt.plot(x,y,color = '‘green’ , label = 'photosynthesis' )
y = deriv_plant_struc_HH[O:duration-1]* Conv_carbon_st ruc
plt.plot(x,y, color= ‘orange' , label = 'Structural growth' )

y = plant_carbon_photosynthesis_LH[0:duration-1]

plt.plot(x,y, '--' color = 'green' , label = 'photosynthesis' )
y = deriv_plant_struc_LH[O0:duration-1]* Conv_carbon_st ruc
plt.plot(x,y, '--' ,color= ‘orange' , label = 'Structural growth' )
plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( 'Daily carbon use and product (g/d) ' )
plt.ylim(0,200)
plt.legend()
plt.legend(loc= 'lower left' , bbox_to_anchor=(1.1, 0.2))
plt.savefig( 'simu_balance.jpg’ )
plt .savefig(  'simu_balance.pdf' )
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In [61]: #bilan global
balance_HH = plant_carbon_photosynthesis_HH[0:duratio n-1] - deriv_plant_struc_HH
[0:duration-1]* Conv_carbon_struc
balance_LH = plant_carbon_photosynthesis_LH[0:duratio n-1] - deriv_plant_struc_LH

[0:duration-1]* Conv_carbon_struc

X range (0,duration-1)

y balance_HH[O:duration-1]

plt.plot(x,y,color = 'green’ , label = 'HH')
y = balance_LH[0:duration-1]

plt.plot(x,y, '--' ,color = 'green' , label = 'LH' )
plt.title( ‘Carbon balance' )

plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( ‘carbon balance (mgC/d) )
plt.legend()

plt.ylim(-50,120)

plt .show()
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computation of plant mass, and sugar contents

In [62]: soluble_sugars_HH = [vinit_soluble_sugars_conc_HH * (plant_struc_HH - root S_mass
_struc_HH - flower_mass_struc_HH)[0]]
#Respiration = plant_struc[0] * k_respi_maint
#N_plant_mass[0] * k_respi_maint + d_struc_carbon[0 ] * k_respi_growth

#/I\ attention aux conversions de quantité de Co2 f ixé, en masse de carbone qui
participe a la masse

for t in range (1,duration ):

current_sugars_HH = soluble_sugars_HHJt-1] + (plant_car bon_photosynthesis_HH
[t-1] - deriv_plant_struc_HH[t-1]*Conv_carbon_struc)* Conv_carbon_sugars

#Respi = plant_struc]t] * k_respi_maint + deriv_pla nt_struclt-1] * k_respi_g
rowth

#N_plant_masslt] * k_respi_maint + d_struc_carbon(t ] * k_respi_growth

#current_sugars = current_sugars - Respi * Conv_car bon_sugars

soluble_sugars_HH = np.append(soluble_sugars_HH,[curr ent_sugars_HH])

#Respiration = np.append(Respiration,[Respi])

In [63]: soluble_sugars_conc_HH = soluble_sugars_HH/(plant_struc_HH - roots_mass_struc _HH
- flower_mass_struc_HH)
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In [64]:

In [65]:

In [68]:

soluble_sugars_LH = [vinit_soluble_sugars_conc_LH * (plant_struc_LH - root S_mass
_struc_LH - flower_mass_struc_LH)[0]]

for t in range (1,duration ):

current_sugars_LH = soluble_sugars_LH[t-1] + (plant_car bon_photosynthesis_LH
[t-1] - deriv_plant_struc_LH[t-1]*Conv_carbon_struc)* Conv_carbon_sugars

soluble_sugars_LH = np.append(soluble_sugars_LH,[curr ent_sugars_LH])
soluble_sugars_conc_LH = soluble_sugars_LH/(plant_struc_LH - roots_mass_struc _LH

- flower_mass_struc_LH)

#soluble sugars
x = range (0O,duration)

y = soluble_sugars_HH[0:duration]

plt.plot(x,y,color = '‘green' , label = 'HH")

y = soluble_sugars_LH[0:duration]

plt.plot(x,y, --',color = ‘'green' , label = 'LH')
plt.title( ‘Common pool of sugars' )

plt.xlabel( 'Time after FBV stage (days)' )
plt.ylabel( '‘Sugars (mgC/d) ' )

plt.legend()

plt.ylim(100,300)

plt.savefig( 'simu_sugars.jpg’ )

plt .savefig(  'simu_sugars.pdf' )
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Etude du role des sucres, en interaction avec les hormones, dans la régulation du
débourrement par I’intensité lumineuse. Une démarche alliant expériences et modélisation.

Mots clés : Amidon, cytokinines, intensité lumineuse, débourrement, ramification, modélisation

Résumé : La ramification est une variable du
rendement des cultures dont la sensibilité aux
conditions environnementales et dont le contréle
revét un intérét agronomigue majeur. Nous nous
intéressons ici a la régulation du débourrement
des bourgeons axillaires par [D’intensité
lumineuse chez le rosier buisson. Plusieurs
études ont souligné la sensibilité de cette phase
a I'intensité de la lumicre expérimentée par la
plante avant ou pendant la période habituelle de
débourrement. Récemment, le réle des CKs dans
la réponse du débourrement a 1’intensité
lumineuse pergue pendant la phase de
ramification a été démontré. Cependant, le role
des sucres dans la stimulation du débourrement
par I’intensité lumineuse n’est pas bien défini.
Dans ce travail, nous avons exploré le role que
jouaient les sucres, en interactions avec les

hormones régulatrices du débourrement, dans la
réponse du bourgeon a différents traitements
d’intensité lumineuse. Par la quantification du
statut en sucres des plantes soumises a une
restriction temporaire de lumiere appliquée
avant la période de débourrement, nous avons
montré que la diminution de la compétition pour
les sucres expliquait la stimulation du
débourrement dans ce cas. Nous avons ensuite
montré, in vitro et in planta, que la réponse du
débourrement a 1’intensité lumineuse pouvait
étre expliquée par une modulation de I’équilibre
quantitatif en hormones (auxine, cytokinines,
strigolactones) et en sucres au Vvoisinage du
bourgeon. Ces résultats ouvrent la voie pour la
conception d’un modéle générique de
débourrement a 1’échelle de la plante en réponse
a I’intensité lumineuse.

Study of the role of sugars, in interaction with hormones, in light intensity modulation
of bud outgrowth. An approach combining experiments and modelling.

Keywords: Starch, cytokinins, light intensity, bud outgrowth, branching, modelling

Abstract: Branching is a crop yield variable
whose sensitivity to environmental conditions is
of major agronomic interest. We are interested
here in the regulation of axillary bud outgrowth
by light intensity in bush roses. Several studies
have highlighted the sensitivity of this phase to
the light intensity experienced by the plant before
or during the usual bud outgrowth period.
Recently, the role of CKs in the response of bud
outgrowth to the light intensity perceived during
the branching phase has been demonstrated.
However, the role of sugars in stimulating bud
outgrowth by light intensity is still unclear. In this
work, we explored the role of sugars, in
interaction with hormones, in the bud outgrowth
response to different light intensity treatments.

By quantifying the sugar status of plants
subjected to a temporary light restriction applied
before the bud outgrowth period, we
demonstrated that a lower competition for sugars
explained the stimulation of bud outgrowth in
this case. We then showed, for in vitro and in
planta bud bearing nodes, that the response of
bud outgrowth to light intensity is explained by
a modulation of the quantitative equilibrium in
hormones (auxin, cytokinins, strigolactones)
and sugars contents in the vicinity of the bud.
These results pave the way for the design of a
generic model of bud outgrowth at the plant
scale in response to light intensity.



