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INTRODUCTION 

Ce travail de thèse a été réalisé dans le cadre d’une collaboration entre l’équipe ARCH-

E (Biologie Intégrative de l’Architecture et Environnement) et l’équipe GDO (Génétique et 

Diversité des plantes Ornementales) de l’Institut de Recherche en Horticulture et Semences 

(UMR IRHS, INRA, Agrocampus Ouest et Université d’Angers). Les deux équipes, qui ont 

pour plante modèle le rosier, s’intéressent à des thématiques de recherche complémentaires 

(ramification, floraison, maladie du rosier, diversité génétique…) et déploient des approches 

pluridisciplinaires et multi-échelles.  

 

Le débourrement des bourgeons ainsi que sa régulation le long de la tige aboutissent à 

des profils de ramifications qui sont à l’origine de l’architecture finale de la plante. Cette 

architecture correspond à l’organisation spatio-temporelle des différents axes qui la compose 

et s’agit d’un processus très complexe, qui contribue au fonctionnement globale de la plante 

en interaction avec son environnement. Elle lui permet de capter des ressources nécessaires 

à sa croissance et son développement, elle participe à l’élaboration du rendement des espèces 

cultivées, elle module la sensibilité à certaines maladies et elle prend part de la qualité 

esthétique des plantes ornementales (Boumaza et al., 2009; Valério et al., 2009; Simon et al., 

2012). La maitrise de l’architecture des végétaux représente donc un enjeu majeur. De façon 

globale, les techniques classiques pour maitriser la ramification, notamment la taille ou 

l’utilisation de nanifiant, sont couteuses et/ou polluantes, aussi leur utilisation est très 

compromettante au regard de la nouvelle législation (Plan Ecophyto par exemple) qui est très 

soucieuse de la protection de l’environnement et de la santé humaine. Comprendre le 

déterminisme physiologique et moléculaire de la ramification et sa réponse aux différents 

facteurs environnementaux constitueraient une étape déterminante dans la définition de 

nouveaux itinéraires culturaux, basés sur des méthodes alternatives et innovantes.  
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Les recherches menées sur la modulation de la ramification ont montré le caractère 

multifactoriel de ce processus, car la ramification est sous le contrôle des hormones, des 

nutriments carbonés et azotés, de la nutrition minérale et des facteurs environnementaux 

(Huché-Thélier et al., 2011; Demotes-Mainard et al., 2013; Furet et al., 2014; Rameau et al., 

2015; Le Moigne et al., 2018; Wang et al., 2019). De plus, sa régulation repose sur la 

perception et l’intégration des différents signaux, locaux ou systémiques, par le bourgeon lui-

même (Rameau et al., 2015). Parmi les gènes intégrateurs au sein du bourgeon, le facteur de 

transcription BRANCHED1 (BRC1), a fait l’objet de plusieurs études aussi bien chez les 

monocotylédones que chez les dicotylédones. Ces études ont montré que les mutants de ce 

gène (loss-of-function) présentent un phénotype hyper-ramifié et que son expression est très 

sensible aux facteurs endogènes et exogènes influençant la ramification (Rameau et al., 2015 ; 

Wang et al., 2019). Malgré ses données et son rôle majeur dans la régulation de la 

ramification, plusieurs lacunes persistent, notamment quant aux déterminismes moléculaires 

de la réponse de BRC1 à chacun de ses facteurs et à la nature des mécanismes conduisant à 

la convergence de l’action de ses facteurs au niveau BRC1.  

 

L’objectif de ce travail de thèse s’inscrit dans ce contexte et vise à apporter des éléments 

de connaissances sur la régulation du facteur de transcription BRC1 par deux régulateurs 

majeurs de la ramification, l’auxine (hormone de la dominance apicale) et le saccharose (la 

principale forme de transport de photoassimilats chez les végétaux). Une attention 

particulière sera portée sur l’implication de la région promotrice et de la région 3’UTR (3’ 

untranslated region) du gène BRC1 du rosier. L’étude portera principalement sur l’effet 

combiné du sucre et de l’auxine sur le débourrement et la régulation du taux de transcrits 

BRANCHED1 d’une part, et sur le rôle du métabolisme primaire (glycolyse/cycle de Krebs 

et la voie oxydative des pentoses phosphates (OPPP)) dans ce réseau moléculaire de 

régulation.  

 

Ce manuscrit présente le travail de thèse en quatre parties :  
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La première partie développe, au travers d’une « analyse bibliographique », l’état des 

connaissances sur l’importance du gène BRC1 dans le contrôle de la ramification, les voies 

de signalisation par les sucres et leurs interactions avec les hormones, et le rôle des protéines 

PUF (PUmilio RNA-binding protein Family), dans la régulation post-transcriptionnelle. 

Cette partie correspond à trois revues, dont deux sont parues en 2018 et une paraitra début 

2019.  

 

La deuxième partie présente sous la forme d’un article scientifique, le rôle de la région 

promotrice de RhBRC1 (Rosa hybrida BRANCHED1) dans l’intégration de l’effet combinée 

auxine et sucre, et qui s’avère médié par la voie de la glycolyse/cycle de Krebs et par la voie 

OPPP. De plus, la perception du signal émanant de ces deux voies métaboliques impliquerait 

deux régions distinctes du promoteur RhBRC1. Pour cela, nous avons étudié l’effet combiné 

de l’auxine et de sucre sur des entre-nœuds, un segment de tige portant un bourgeon, prélevés 

sur la plante mère et placés sur un milieu gélosé avec différentes concentrations en sucre et 

en auxine. Une approche pluridisciplinaire intégrant des approches pharmacologiques 

(effecteurs des voies métaboliques d’intérêt), métabolomique, transcriptomique (RNA 

sequencing), a été réalisée ainsi que la transformation stable de cals de rosier avec des 

constructions présentant différentes régions de promoteurs de BRC1.   

 

La troisième partie présente également sous forme d’un article scientifique, le rôle de la 

région 3’UTR du gène RhBRC1 dans l’intégration de l’effet combinée auxine et sucre. Cette 

région a la particularité d’être plus sensible à la voie OPPP qu’à la voie de la glycolyse/cycle 

de Krebs, et ainsi contribuer à la régulation post-transcriptionnelle de RhBRC1, en 

provoquant la déstabilisation de son ARNm et en empêchant sa traduction. Une protéine de 

la famille des PUF, a été identifiée au niveau des bourgeons du rosier en étant sous le contrôle 

antagoniste auxine et sucre. Il s’agit de la protéine RhPUF4 (Rosa hybrida PUF4). La 

caractérisation de son expression en réponse à d’autres traitements (effecteurs des voies 

métaboliques) indique très fortement son rôle dans la régulation post-transcriptionnelle de 

RhBRC1 médiée par la voie OPPP. Ces résultats s’appuient sur une stratégie 
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pluridisciplinaire et l’utilisation des cales de rosier transformés avec une construction partant 

une fusion traductionnelle de la GFP (Green Flurescent Protein) et de la région 3’UTR du 

gène RhBRC1. 

 

Le dernier chapitre correspond à une discussion générale des principaux résultats de ce 

travail de thèse et leur déclinaison en perspectives. Ce chapitre s’appuie également sur des 

schémas illustratifs de ses résultats.  
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I – Les enjeux de l’étude de la ramification des végétaux 

Le marché de la rose et du rosier 

 En France, l’horticulture ornementale représente un enjeu économique important. La 

filière regroupe plus de 3600 entreprises en activité et 20 000 emplois directs fin 2015 pour 

un chiffre d’affaire total estimé à 1582 millions d’euros (FranceAgriMer, 2016). Dans la 

filière horticole, la culture du rosier a un impact économique sur deux types de marchés, la 

fleur coupée et les plantes en pot et à massif. En 2011, les français ont dépensé près d’un 

milliard d’euros en plantes ornementales d’extérieur, dont 8,4% pour les rosiers. 

Globalement 60% de la production nationale et 40% de la production européenne proviennent 

de la région de Doué-la-Fontaine (Maine-et-Loire), avec environ 7 millions de plants produits 

chaque année.  

 

La rose est la fleur qui arrive en tête de la production florale sous serre en France, avec 

300 hectares de surface permettant la production de 190 millions de tiges en 2007. Le Var, 

le Finistère et les Alpes Maritimes sont les principaux départements producteurs de roses en 

France, représentant, à eux trois, deux tiers de la production nationale. Le marché de la rose 

représente en France plus de la moitié des ventes en fleurs coupées et de la somme totale 

dépensée par les Français pour ce marché. Par conséquent, les marchés de la rose et du rosier 

représentent donc un enjeu économique de poids au niveau national. Maîtriser la culture du 

rosier afin d’en tirer une production optimale et développer des outils de production 

innovants et prédictifs s’avèrent central dans cette balance économique.  

Impact de l’architecture du rosier sur sa valeur commerciale 

Parmi les critères d’achat d’une plante ornementale, sa qualité visuelle est l’un des plus 

importants. Cette qualité visuelle repose principalement sur la forme de la plante, avec une 

préférence des consommateurs pour des plantes compactes et symétriques (Boumaza et al., 

2009 et 2010). La forme résulte de l’organisation architecturale de la plante, qui elle-même 
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dépend de la croissance de la plante et de sa ramification. Comprendre et maîtriser 

l’établissement des ramifications et de l’architecture finale de la plante, permet donc de 

répondre aux attentes des consommateurs mais également aux exigences des différents 

acteurs de la filière de la fleur coupée et de plantes de jardin.  

 

Habituellement, les rosiers buissons étaient vendus à l’automne en racines nues avec 2 

à 4 tiges coupées, pour être transplantés en jardin en vue d’une première floraison au 

printemps suivant. Toutefois, l’attente du consommateur a fortement évolué notamment pour 

ceux qui vivent en zones urbaines et périurbaines et possèdent une surface destinée au jardin 

très limitée. Dans ce contexte, les consommateurs préfèrent l’achat de rosiers en pot au 

printemps, qui est de petite taille avec une architecture bien développée et prêt à fleurir. Cette 

nouvelle exigence souligne davantage l’intérêt de la qualité visuelle de la plante dans l’acte 

d’achat par le consommateur.     

Importance de l’étude de la ramification chez les végétaux 

Le rendement des plantes cultivées est étroitement lié à leur degré de ramification et à 

la dominance apicale. Ainsi, l’augmentation de la biomasse de la partie végétative et/ou du 

nombre de fruits a été mise en relation avec une dominance apicale faible chez différentes 

espèces (Irwin and Aarssen, 1996 pour revue). De plus, la ramification des espèces cultivées 

détermine leur compétitivité face aux adventices. Certaines études ont permis de corréler le 

nombre de ramifications de certaines variétés de céréales (riz, blé) à leur potentiel de 

compétitivité face aux adventices (Lemerle et al., 1996; Fischer et al., 1997; Zhao et al., 

2006). La ramification des plantes peut modifier leur sensibilité à certaines maladies en 

influençant notamment les processus épidémiologiques. La ramification influence la densité 

de tissus, une variable déterminante dans l’établissement du microclimat au sein de la plante, 

la quantité de surface interceptrice des pathogènes et la facilité des pathogènes à se disperser 

de tissu en tissu. L’architecture de la plante affecte également la distribution des 
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photoassimilats au sein de la plante (Legrand and Barbosa, 2003; Robert et al., 2008; Gontijo 

et al., 2012). 

II – Mise en place de la ramification chez les plantes 

 La forme générale des plantes est en partie due à leur architecture primaire, c'est-à-dire 

à l’organisation spatio-temporelle des différents axes qui la composent. La régulation de la 

ramification est sous le contrôle de facteurs endogènes (génétiques, hormonaux, nutriments 

carbonés et azotés) et exogènes (lumière, stress hydrique) permettant ainsi une certaine 

plasticité dans l’établissement de l’architecture des plantes. Ainsi, la variabilité génétique 

entre espèces peut conduire à l’établissement de profils de ramification différents entre 

individus (par exemple, basitone versus acrotone), tandis que des variations de conditions 

environnementales peuvent conduire à des profils architecturaux différents chez des plantes 

de fonds génétiques identiques (plasticité phénotypique). Cette variabilité du contrôle de la 

ramification des végétaux leur permet notamment de s’adapter de façon optimale aux 

contraintes auxquelles elles sont soumises. La ramification du rosier est en effet contrôlée 

par la qualité de la lumière (Girault et al., 2008 ; Mor and Halevy, 1984), l’intensité de la 

lumière (Demotes-Mainard et al., 2013), la température (Djennane et al., 2014), le statut 

hydrique (Demotes-Mainard et al., 2013) et la nutrition azotée (Huché-Thélier et al., 2011, 

Furet et al., 2014).  

 

La croissance primaire des plantes se fait notamment grâce à la formation d’unités 

métamériques successives nommées phytomères. Chaque phytomère est constitué d’un nœud, 

d’un entre-nœud, d’une feuille à l’aisselle de laquelle se trouve un bourgeon axillaire. Le 

bourgeon est un ensemble d’organes végétatifs, correspondant à une plante « miniaturisée », 

car il est composé d’un méristème et de primordia foliaires. Il existe deux types de bourgeons. 

Les bourgeons sylleptiques se développent immédiatement après leur formation sans passer 

par une phase de dormance et les bourgeons proleptiques qui, au contraire, rentrent dans une 

phase de dormance après leur établissement.  
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Les axes issus de la croissance de bourgeons axillaires sont dénommés sous le terme de 

« ramifications » ou « branches ». Lors de leur formation, les bourgeons axillaires sont 

maintenus dormants par un ensemble de processus physiologiques, conduisant à trois types 

de dormances, qui peuvent se succéder dans le temps ou se superposer sur un même bourgeon 

(Horvath et al., 2003). Il y a la paradormance, liée à l’effet inhibiteur d’un organe de la plante 

(bourgeon apicale, tige, feuille) sur le bourgeon axillaire, l’endodormance, due à des signaux 

physiologiques et moléculaires internes au bourgeon lui-même qui empêchent sa croissance 

et sa levée requiert un passage par une période de froid, et enfin l’ecodormance, imposée par 

des facteurs environnementaux défavorables au débourrement des bourgeons.  

 

Lorsque les conditions propices sont réunies, la dormance du bourgeon est levée, 

permettant ainsi à celui-ci de reprendre son activité. On parle alors de « débourrement » des 

bourgeons axillaires, décomposé en trois processus élémentaires, la formation de nouveaux 

organes (organogénèse), l’élongation des primordia préformés et des entre-nœuds, et la 

différenciation des tissus méristématiques au sein des organes. 

III- Rôle intégrateur du BRANCHED 1 dans la ramification  

Comme nous l’avons décrit ci-dessous, la ramification est un processus 

physiologiquement très complexe mais important pour le fonctionnement globale et intégré 

de la plante. Il fait intervenir une multitude de facteurs endogènes et exogènes, dont les voies 

de signalisation doivent converger au niveau du bourgeon et y être convenablement perçues 

pour établir ou non la croissance du bourgeon et donc la formation de l’axe végétatif. Dans 

ce chapitre, nous nous sommes focalisés, sur l’identité et la régulation du gène BRC1, qui est 

un des « hub » clefs dans le réseau moléculaire contrôlant la ramification. Nous avons 

également décrit son rôle dans le processus de la ramification et souligné les lacunes qui 

restent à combler pour une meilleure compréhension du réseau de régulation moléculaire 

autour de ce gène.  
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BRANCHED1: a key hub of shoot branching 

 

Ming Wang1, Marie-Anne Le Moigne1, Jessica Bertheloot1, Laurent Crespel1, Maria-
Dolores Perez-Garcia1, Laurent Ogé1, Sabine Demotes-Mainard1, Latifa Hamama1, 
Jean-Michel Davière2, Soulaiman Sakr1  
 
1IRHS, Agrocampus-Ouest, INRA, Université d’Angers, SFR 4207 QUASAV, Beaucouzé, 
France;  
2  Institut de Biologie Moléculaire des Plantes, UPR2357, Associe´ avec l’Universite´ de 
Strasbourg, 67084 Strasbourg, France 
 
* Correspondence:  
Soulaiman Sakr  
soulaiman.sakr@agrocampus-ouest.fr 
 
Keywords: TCP transcription factors, hormones, nutrients, light, regulation, shoot 
branching. 
 
Abstract:  
Shoot branching is a key process for plant growth and fitness. Newly produced axes result 
from axillary bud outgrowth, which is at least partly mediated through the regulation of 
BRANCHED1 gene expression (BRC1/TB1/FC1). BRC1 encodes a pivotal bud-outgrowth-
inhibiting transcription factor belonging to the TCP family. As the regulation of BRC1 
expression is a hub for many shoot-branching-related mechanisms, it is influenced by 
endogenous (phytohormones and nutrients) and exogenous (light) inputs, which involve so-
far only partly identified molecular networks. This review highlights the central role of BRC1 
in shoot branching and its responsiveness to different stimuli, and emphasizes the different 
knowledge gaps that should be addressed in the near future. 

 

 

 

  

 

  



13 
 

1. Introduction 

Plants are sessile organisms that need to adjust their shape to suit the diversity of the 
changing environmental conditions in which they are growing. The regulation of shoot 
branching is a relevant strategy for plant survival and space occupancy, and involves an 
intricate regulatory network. Shoot branching depends on the status of bud dormancy, which 
is a temporary and reversible state (Shimizu and Mori, 1998). Shoot branching patterns, 
considered here as the distribution of branches along a parent stem, are generated during plant 
postembryonic development (Domagalska and Leyser, 2011). They depend on the ability of 
axillary vegetative buds located at the axil of each leaf to remain inactive or to produce a new 
branch in response to variable stimuli (Shinohara et al., 2013; Rameau et al., 2015; Wang 
and Jiao, 2018). 

 
Shoot branching is an important feature of plant architecture that determines the interface 

between the plant and the surrounding environment. Shoot branching contributes to essential 
processes such as the establishment of leaf area and distribution that determine light 
interception and photosynthesis, which in turn influence the number of flowers and fruits, 
fruit filling and yield (Jiang and Egli, 1993; Richards, 2000). Branching also influences the 
plant competitiveness against weeds or the propagation of pests (Lemerle et al., 1996; Zhao 
et al., 2006; Simon et al., 2012). In ornamental plants, branching also determines plant visual 
quality, which drives consumers’ preferences (Ta et al., 1987; Garbez et al., 2015; Boumaza 
et al., 2009, 2010). 

 
Extensive studies have been undertaken for several decades to find out the mechanisms 

involved in branching. The currently accepted idea supports that endogenous, developmental, 
and environmental inputs converge into bud-located integrators, which are at the head of a 
network of mechanisms governing the ability of buds to grow out. Among these inputs, 
hormones, sugar, nitrogen, light, and water play a determining role in shoot branching 
regulation (McSteen, 2009; Niwa et al., 2013; González-Grandio et al., 2013; Teichmann and 
Muhr, 2015; Rameau et al., 2015; Li-Marchetti et al., 2015; Corot et al., 2017; Le Moigne et 
al., 2018). Those factors may influence shoot branching via various physiological and 
molecular mechanisms, targeting different branching-related genes and acting synergistically 
or antagonistically. BRC1 (BRANCHED 1) is well known to act locally in buds and is 
considered to be an important hub of different signals controlling the ability of a bud to grow 
out in many species (Aguilar-Martínez et al., 2007; Dun et al., 2009; Leyser, 2009; Beveridge 
and Kyozuka, 2010; Rameau et al., 2015). Arabidopsis thaliana harbors two BRANCHED 
genes, namely BRANCHED 1 (BRC1) and BRANCHED 2 (BRC2); they encode TCP 
transcription factors closely related to TEOSINTE BRANCHED1 (TB1) in maize and FINE 
CULM 1 (FC1) in rice. In addition, they are conserved in many species of the plant kingdom 
(Table 1). The corresponding mutants show an altered branching phenotype as compared to 
the wild type (Aguilar-Martínez et al., 2007; González-Grandío et al., 2013). This review 
addresses the molecular identity of BRC1, its involvement in shoot branching, and its 
regulation in response to endogenous inputs (hormones, nutrients) and exogenous cues (light). 
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We also discuss how BRC1 can mechanistically govern bud outgrowth, and raise a few 
questions about future investigations.  

2. BRC1 belongs to the TCP transcription factor family 

 AtBRC1 (also called AtTCP18) contains an open reading frame (ORF) made of ca.1,290-
bp that encodes a protein with a TCP domain and an R domain. It belongs to the TCP gene 
family, an evolutionarily conserved family that first appeared in freshwater algae of the 
Charophyta family (Navaud et al., 2007). The TCP gene family was first described by Cubas 
et al., (1999) and is represented by four ‘founding members’: TEOSINTE BRANCHED1 
(TB1), CYCLOIDEA (CYC), PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR1 
(PCF1), and PCF2, all identified on the basis of their functions in plant development or their 
DNA-binding capacities (for a review see Li, 2015; Danisman, 2016). In Arabidopsis, the 
TCP family comprises 24 genes encoding predicted proteins with a TCP domain (Cubas et 
al., 1999; Cubas, 2004; Kosugi and Ohashi, 2002; Palatnik et al., 2003) and categorized into 
two classes: class I (also known as PCF or TCP-P) is made up of 13 predicted proteins related 
to the PCF rice factors (Kosugi and Ohashi, 1997), and class II (also known as TCP-C) is 
made up of 11 predicted proteins related to the Antirrhinum CYC and CIN genes and to the 
Zea mays TB1 gene (Luo et al., 1996; Doebley et al., 1997; Nath et al., 2003; Palatnik et al., 
2003). All these transcription factors have the so-called TCP domain, a 59-amino-acid basic 
helix–loop–helix (bHLH), in common (Martín-Trillo and Cuba, 2010). Such a motif allows 
for DNA binding and protein–protein interactions in cells. The TCP domain is also necessary 
for nuclear localization (Kosugi and Ohashi, 1997; Cubas et al., 1999), and some TCP 
proteins can be targeted to the nucleus in heterologous systems (Suzuki et al., 2001; Qin et 
al., 2004).  

 
Besides the TCP domain, a few class-II TCPs,  including BRC1, display a functionally 

unknown arginine-rich motif, the R-domain, which is predicted to mediate protein 
interactions (Lupas et al., 1991; Cubas et al., 1999). The R domain may involve the 
phosphorylation process of BRC1 by a cAMP-dependent protein kinase (Dulhanty and 
Riordan, 1994; Martín-Trillo and Cubas, 2010). Additionally, most members of the CYC/TB1 
subclass, to which BRC1 belongs, contain a conserved ECE (glutamic acid-cysteine-glutamic 
acid) motif that remains functionally uncharacterized and is located between their TCP and 
R domains (Howarth and Donoghue, 2006).  

 
TCP proteins of various species regulate many biological processes, including seed 

germination, plant branching, lateral organ development, floral asymmetry, gametophyte 
development, leaf senescence, circadian rhythms, and defense responses (for a review see Li 
et al., 2015; Danisman, 2016). These TCP-dependent regulations could occur directly 
through their binding to the promoter of target genes or indirectly via their interactions with 
plant hormones (Danisman et al., 2012; Schommer et al., 2008; Guo et al., 2010; Li and 
Zachgo, 2013, Nicolas and Cubas, 2016). In Arabidopsis, the CYC/TB1 clade consists of 
AtBRC1, AtBRC2 (also called AtTCP12) and AtTCP1, and is mainly involved in the 
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development of axillary meristems, giving rise to either flowers or lateral shoots (Martín-
Trillo and Cubas, 2010). 

3. BRC1 is a central actor of shoot branching  

The shoot axillary meristem produces a branch when the appropriate endogenous and 
exogenous inputs occur, so as to adapt plant architecture to environmental conditions. In 
monocots, TB1 from Zea mays (Doebley et al., 1997) and homologs of TB1 in Oryza sativa 
(OsTB1/FC1, Takeda et al., 2003) and Sorghum bicolor (SbTB1, Kebrom et al., 2006) 
promote bud arrest locally, without affecting the number of buds, and thus lead to reduced 
tillering. Consistently, TB1 and OsTB1 are mainly expressed in axillary bud meristems 
(Hubbard et al., 2002; Takeda et al., 2003), and their mutants tb1 and fc1 exhibit over-
tillering phenotypes (Doebley et al., 1997; Wang et al., 1999; Takeda et al., 2003). The barley 
TB1 ortholog, INT-C, has been shown to act mainly in the control of spike architecture, with 
a minor role in tillering (Ramsay et al., 2011). Moreover, modern maize displays less 
branching than the wild teosinte ancestor due to increased TB1 expression (Studer et al., 2011; 
Zhou et al., 2011). However, the intc loss-of-function mutant showed less tillers in barley, 
whose phenotype is opposite to the recessive tb1 mutant in maize (Liller et al., 2015; Dong 
et al., 2019).  

 
In dicots, genes closely related to TB1 have been studied in a variety of species. In 

Arabidopsis, AtBRC1 and AtBRC2 both negatively regulate the branching process (Aguilar-
Martínez et al., 2007; Poza-Carrión et al., 2007). However, AtBRC1 seems to play a more 
pivotal role in axillary bud development than AtBRC2. The AtBRC1 gene is predominantly 
expressed during the development of axillary buds (axillary meristems, bud leaf primordia 
and subtending vascular tissue). AtBRC1 expression is inversely correlated with bud 
outgrowth and brc1 mutant phenotypes are non-pleiotropic, while constitutive 
overexpression of AtBRC1 reduces the growth of the whole plant (Aguilar-Martínez et al., 
2007). Moreover, many AtBRC1-homologous genes have also been found to be involved in 
shoot branching suppression (Table 1). In addition, repressed buds in pea have been found to 
be as metabolically active as growing buds, so BRC1 growth repression may not involve 
metabolism (Stafstrom and Sussex, 1988). Recent data demonstrate that AtBRC1 is not 
always necessary for the complete inhibition of all buds in Arabidopsis (Seale et al., 2017).  

 
Genomic sequences of Solanum species, including potato and tomato, also contain the 

BRC1-like gene, where it occurs under two forms (Brewer, 2015). More interestingly, in 
Solanum tuberosum, the BRANCHED1a (StBRC1a) gene encompasses an alternative splice 
site leading to the generation of two BRC1a protein isoforms, BRC1aLong and BRC1aShort, 
with distinct C-terminal regions (Martín-Trillo et al., 2011; Nicolas et al., 2015). The 
BRC1aLong C-terminal region has a strong activation domain and moves to the nucleus, 
whereas the BRC1aShort C-terminal region lacks an activation domain, which prevents the 
nuclear targeting of the protein (Nicolas et al., 2015). These different splice variants of 
AtBRC1 have also been found in Arabidopsis (data not shown), but whether the mechanism 
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mentioned above exists in Arabidopsis is still unknown. A central role of BRC1 in shoot 
branching has also been revealed in pea (PsBRC1, Braun et al., 2012), Chrysanthemum 
(DgBRC1, Chen et al., 2013) and poplar (BRC1, Muhr et al., 2016). In Rosa sp., Li-Marchetti 
et al. (2017) carried out a Quantitative Trait Loci (QTL) analysis of the plant architecture, 
using a segregating, recurrent blooming population called ‘The Fairy’ x ‘Old Blush’. They 
showed that the branching angle of order 2 long axes, the number of short axes (the type of 
axis that comprises one to four internodes), and stem elongation were correlated, with QTL 
located in the genomic region of RhBRC1, and assumed a pleiotropic role of RhBRC1 in the 
establishment of the bushy shape of Rosa sp. Further work will be required to more accurately 
define the role of BRC1 in the establishment of the plant complex architecture.  

4. BRC1 is an integrator of diverse hormonal signaling networks  

Auxin, cytokinins (CK) and strigolactones (SL) are implicated in the hormonal regulation 
of BRC1 expression. In this regulation network, auxin and SL act as inducers while CK act 
as repressors (Teichmann and Muhr, 2015, Rameau et al., 2015). According to Ferguson et 
al. (2009), this kind of regulation could be involved in various metabolism pathways such as 
feedback regulation, long-distance hormone transport, and the interplay of plant hormone 
metabolism and signaling. 

 
In apical dominance, the polar auxin transport (PAT) stream in the main stem, which is 

mediated by the PIN (PIN-FORMED) auxin-efflux facilitators located in xylem-associated 
cells (Petrasek and Friml, 2009), inhibits axillary bud outgrowth (Morris, 1977; Li and 
Bangerth, 1999; Balla et al., 2011). Auxin cannot directly regulate BRC1 expression because 
it is not transported from the stem to the buds in great enough amounts (Hall and Hillman, 
1975). It is hypothesized that PAT prevents the establishment of auxin canalization from 
axillary buds to the stem, and that this might be necessary for the buds to grow out (Li and 
Bangerth, 1999; Domagalska and Leyser, 2011; Chabikwa et al., 2018). The characterization 
of the auxin-resistant Arabidopsis mutant axr1 indicated that such an auxin effect occurred 
after axillary meristem initiation through the inhibition of bud outgrowth (Stirnberg et al., 
1999).  

 
Auxin can indirectly promote BRC1 expression in the bud (Aguilar-Martínez et al., 2007). 

Furthermore, auxin-mediated BRC1 regulation through the control of two antagonistic factors, 
CK and SL, fine-tunes BRC1 expression inside buds (Rameau et al., 2015). The role of CK, 
a collection of adenine-related compounds, in bud outgrowth was evidenced decades ago, 
when CK application to dormant buds was shown to promote bud outgrowth (Wickson and 
Thimann, 1958; Sachs and Thimann, 1967; Bangerth et al., 1994; Tanakea et al., 2006). In 
parallel, auxin indirectly inhibits bud outgrowth by decreasing systemic and local CK levels, 
which determines the CK supply to the buds (Müller and Leyser, 2001; Miyawaki et al., 2004; 
Nordström et al., 2004; Tanaka et al., 2006). CK can act to promote branching partly by 
promoting PIN3,4,7 cross-stem auxin transport between the bud and the adjoining stem, 
thereby potentially acting partly independently of AtBRC1 repression directly in the bud 
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(Waldie and Leyser 2018). High CK levels in axillary buds lead to the activation of axillary 
buds through downregulation of BRC1 expression (Braun et al., 2012), although Psbrc1 (a 
pea BRC1 mutant) remained sensitive to CK application. These findings might indicate that 
the branch-promoting hormone CK partly controls shoot branching by negatively regulating 
BRC1 at the transcriptional level. In rice, transcript levels of OsTB1/FC1 also decreased in a 
CK-dose-dependent manner (Minakuchi et al., 2010), and similar down-regulation of 
DgBRC1 was reported in Chrysanthemum (Dierck et al., 2016). This CK-dependent BRC1 
regulation can be part of the light intensity-dependent bud outgrowth regulation in Rosa sp 
(Roman et al., 2016; Corot et al., 2017). The Arabidopsis altered meristem program1 (amp1) 
mutants are characterized by higher levels of CK, more bud outgrowth, more axillary 
meristems, and reduced BRC1 expression (Helliwell et al., 2001). Although CK are a 
powerful repressor of BRC1/TB1/FC1 expression, the molecular mechanisms driven by this 
CK-dependent regulation still remain an open question (Figure 1).  
 

Strigolactones (SL), a group of carotenoids derived from terpenoid lactones (Lin et al., 
2009; Alder et al., 2012), act as endogenous shoot branching inhibitors (Gomez-Roldan et 
al., 2008). Direct application of GR24 - an SL analog - on buds inhibited outgrowth on intact 
and decapitated plants (Brewer et al., 2009), and auxin application elevated the transcription 
levels of SL biosynthesis genes (Sorefan et al., 2003, Foo et al., 2005; Johnson et al., 2006; 
Zou et al., 2006; Arite et al., 2007 and 2009; Hayward et al., 2009). These findings support 
that auxin-mediated bud outgrowth inhibition involves the promotion of systemic and local 
SL synthesis in the stem and thereby of SL levels inside buds. Consistently, different SL 
mutants exhibited a highly branched phenotype in pea (ramosus (rms)), petunia (decreased 
apical dominance (dad)) and Arabidopsis (more axillary growth (max)) (Crawford et al., 
2010). A role for BRC1 downstream of SL was first reported in Arabidopsis and pea, where 
BRC1 expression was upregulated by SL, and shoot branching in the brc1 mutant was 
insensitive to SL (Aguilar-Martínez et al., 2007; Dun et al., 2012; Revel et al., 2015). 
However, SL application did not change the transcriptional activation of OsTB1/FC1 
expression in rice. (Minakuchi et al., 2010). Recent investigations showed that DWARF 53 
(D53)/ SUPPRESSOR OF MAX2 1-LIKE genes (SMXL6, 7, 8) acted downstream of SL as 
repressors of SL-dependent BRC1 upregulation and thereby promoted shoot branching (Zhou 
et al., 2013; Jiang et al., 2013; Kong et al., 2014; Wang et al., 2015). Mutants deficient in 
D53-like genes indeed displayed constitutive BRC1 upregulation (Seale et al., 2017; 

Soundappan et al., 2015; Wang et al., 2015). Moreover, SL perception by D14 (/ hydrolase) 
and the recruitment of the SCF complex resulted in the polyubiquitination and 26S-
proteasome–mediated degradation of D53 (Waters et al., 2017; Kerr and Beveridge, 2017). 
D53 physically interacts with IPA1 (IDEAL PLANT ARCHITECTURE1), a repressor of 
shoot branching, and prevents it from upregulating TB1 expression (Figure 1) (Song et al., 
2017). IPA1, also named OsSPL14, is a member of the SQUAMOSA PROMOTER 
BINDING PROTEIN-LIKE (SPL) family of plant-specific transcription factors (Miura et al., 
2010) that directly binds to the TB1 promoter in rice and activates TB1transcriptional activity 
(Figure 1; Jiao et al., 2010; Lu et al., 2013). Further support for the relevance of the “IPA-1-
related genes and TB1” module in shoot branching comes from a study in wheat, where 



18 
 

TaD53 physically interacted with TaSPL3 and prevented TaSPL3 upregulation of TaTB1 
gene expression (Liu et al., 2017). Although the Arabidopsis homologs of IPA1 have been 
identified as being SPL9/15, further work will be required to confirm whether this mechanism 
is involved in the SL-dependent regulation of AtBRC1.   

 
Besides auxin, CK, and SL, gibberellin (GA) might also be involved in the regulation of 

BRC1 expression, even if the mechanism is still unknown (Lantzouni et al., 2017). GAs 
(diterpenoid tetracyclin molecules) are plant hormones that regulate various developmental 
processes, including stem elongation, germination, dormancy, flowering, flower 
development, and leaf and fruit senescence (Hedden and Sponsel, 2015). In Rosa sp., GA 
biosynthesis strongly increases during bud outgrowth (Choubane et al., 2012). In the 
perennial woody plant Jatropha curcas, GA and CK synergistically promote lateral bud 
outgrowth, and both hormones negatively influence BRC1 and BRC2 expression (Ni et al., 
2015). Simultaneously altered GA and SL levels positively influenced the expression of the 
GA2 OXIDASE2 gene which encodes a GA-catabolic enzyme, and the expression of BRC1 
(Figure 1) (Lantzouni et al., 2017). Furthermore, GA is required for CK-mediated axillary 
bud outgrowth in Arabidopsis thaliana (Jasinski et al., 2005; Lo et al., 2008).  

5. BRC1 expression is regulated by light  

Shoot branching is negatively affected by low light intensity and low ratios of red/far red 
(R:FR) light in many species (Kebrom et al., 2006; Finlayson et al., 2010; Su et al., 2011; 
Revel et al., 2015). In this process, light acts both as a driver of photosynthesis for the supply 
of sugars to axillary buds and as a photomorphogenic signal (Su et al., 2011). The signaling 
role of light in plant branching was first unraveled by Kebrom et al. (2006). In 2006 and 2010, 
these authors showed that active PHYB suppressed the expression of the SbTB1 gene in 
sorghum, leading to high plant branching, whereas environmental conditions that inactivate 
phyB (low R/FR ratio) increased SbTB1 expression and in turn repressed bud outgrowth. 
Additional experiments carried out in Arabidopsis confirmed these findings: a low R/FR ratio 
favored AtBRC1 upregulation through the PHYB pathway, which is required for shoot 
branching reduction (Figure 1; González-Grandío et al., 2013). This effect seems to be 
reversible, as evidenced by the rapid and local downregulation of AtBRC1 after increasing 
the R/FR ratio (Holalu and Finlayson 2017). Such a response may contribute to the rapid 
adaptation of plants to fluctuations in the R/FR light ratio. 

  
Besides light quality, a slight decrease of the photosynthetic leaf area is associated with a 

stimulation of TB1 expression in sorghum seedlings and consequently a lower propensity of 
tiller buds to grow out (Kebrom and Mullet, 2015). In addition, darkness-exposed Rosa sp. 
exhibited no bud outgrowth and higher levels of RhBRC1 transcripts than plants placed under 
light (Roman et al., 2016). All these findings indicate that BRC1 expression is very sensitive 
to both light intensity and quality. However, this regulation may involve distinct mechanisms 
(Kebrom et al., 2010).  

6. BRC1 is regulated by nutrients  
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Sugars are well known to promote bud outgrowth in many species (Leduc et al., 2014; 
Rameau et al., 2015; Kebrom, 2017; Tarancón et al., 2017), and the relationship between 
sugars and bud outgrowth has been investigated for years (Maurel et al., 2004; Chao et al., 
2007; Girault et al., 2010; Kebrom et al., 2010 and 2012; Henry et al., 2011; Rabot et al., 
2012; Mason et al., 2014; Barbier et al., 2015; Fichtner et al., 2017). Sugar effects are 
seemingly dependent on environmental conditions (Corot et al., 2017). Sugars not only serve 
as a carbon source for plant metabolism, but also as an important signaling entity that affects 
many developmental processes including BRC1 gene expression (Price et al., 2004; 
Hellmann and Smeekens, 2014; Barbier et al., 2015; Sakr et al., 2018). In an interesting study, 
Mason et al. (2014) demonstrated that the initial signal responsible for the release of bud 
outgrowth after decapitation in pea was an increase in sugar availability rather than a decrease 
in apically supplied auxin, as traditionally thought. This is in line with the earlier proposal 
by Morris and collaborators (Morris et al., 2005), who assumed the existence of an auxin-
independent “fast-decapitation signal” leading to bud outgrowth initiation after decapitation. 
Furthermore, Mason et al. (2014) also reported that the timing of the increase of the sugar 
flux inside buds and bud outgrowth tightly coincided with the downregulation of BRC1 
expression. In this process, sugar acts more likely as a signaling entity, because many non-
metabolizable sugar analogs can trigger bud outgrowth (Rabot et al., 2012) and repress BRC1 
expression (Barbier et al., 2015). In addition, this effect of sugar on BRC1 transcription could 
be mediated indirectly via sugar regulation of CK biosynthesis and SL signaling (Barbier et 
al., 2015) and/or directly (irrespective of hormonal action). Decapitation led to a rapid and 
sustained rise in trehalose-6 phosphate (T6P) levels in axillary buds and a decreased 
expression level of BRC1, which supports that T6P could partly mediate the sugar-dependent 
down-regulation of BRC1 (Figure 1) (Fichtner et al., 2017). Further works are required to 
further unravel this molecular regulatory network. In the present state of knowledge, we 
cannot rule out that the transcriptional regulation of BRC1 in response to sugars could involve 
many sugar-signaling pathways and also that BRC1 expression is sensitive to the plant carbon 
status and/or energy levels (Martín-Fontecha et al., 2018).        

 
Mineral nutrition influences tiller bud outgrowth in barley (Fletcher and Dale, 1974). In 

wheat, phosphorus deficiency directly altered the normal pattern of tiller emergence by 
reducing the rate of tiller emergence for each tiller (Rodríguez et al., 1999). Although several 
links exist between phosphate and the branching-related hormones (auxin, SL, CK), no direct 
effect of the phosphate status on BRC1/TB1/FC1 gene expression is documented. Low-
phosphate growth conditions enhance SL production in many species (Yoneyama et al., 2007; 
López-Ráez et al., 2008; Kohlen et al., 2011; Umehara et al., 2008; Domagalska and Leyser, 
2011; Yamada et al., 2014). This situation leads to the repression of shoot branching 
(Umehara et al., 2008; Kohlen et al., 2011), but also to the stimulation of lateral root 
formation for soil foraging (Ruyter-Spira et al., 2011; Yoneyama et al., 2007). In contrast to 
SL, low levels of inorganic phosphate reduce CK production, which correlates with a reduced 
number of branches (Horgan and Wareing, 1980).  
 

In herbaceous and woody plants, high levels of nitrogen fertilization (nitrate and /or 
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ammonium) result in (i) a large number of outgrowing buds (Lortie and Aarssen, 1997; 
Médiène et al., 2002; Cline et al., 2006; Emarat-Pardaz et al., 2013; Furet et al., 2013; Pal et 
al., 2013), and (ii) improved secondary axis elongation (Thitithanakul et al., 2012; 
Thitithanakul, 2012). Luo et al. (2017) confirmed that nitrogen deficiency did not affect the 
initiation of tiller buds, but suppressed tiller bud outgrowth in Oryza sativa. In Arabidopsis, 
low nitrate delayed axillary bud activation, and this process involved an effect of the plant 
nitrogen status rather than a direct nitrate-signaling pathway (De Jong et al. 2014). Recent 
results demonstrated a relationship between nitrogen fertilization and BRC1 expression in 
rice (Li et al., 2016). They showed that high ammonium nitrate intake in the root environment 
induced a reduction of apical dominance through overexpression of miRNA393 in the buds; 
miRNA393 inhibits the expression of the genes involved in auxin synthesis and signaling 
(OsTIR1, OsAFB2 and OsIAA6) as well as OsTB1. In Arabidopsis, the brc1-2/brc2-1 double 
mutant exhibited a higher number of branches than the wild type, but low availability of 
nitrate reduced this effect (Seale et al., 2017). As root nitrate is widely known to induce CK 
biosynthesis and signaling events in the whole plant (Crawford, 1995; Sakakibara et al., 1998; 
Takei et al., 2001; Forde, 2002a, 2002b; Takei et al., 2002), and CK repress BRC1 expression, 
we cannot exclude that nitrate may affect BRC1 expression through CK modulation. In rice, 
the supply of a CK analog (BAP) or ammonium nitrate regulated SL amounts in the stem and 
the bud within three hours after treatment, but nothing has been reported regarding BRC1 
expression (Xu et al., 2015). 
 

In Rosaceae as in many woody plants, nitrate is reduced and assimilated into amino acids 
directly in the roots; consequently, asparagine, arginine, aspartate, and glutamine are the main 
forms of nitrogen translocated to the buds via the xylem sap (Millard et al., 1998; Malaguti 
et al., 2001; Grassi et al., 2002; Guak et al., 2003; Le Moigne et al., 2018). In rose, asparagine 
is a major nitrogen form involved in bud outgrowth (Le Moigne et al., 2018); this is in 
accordance with previous data showing that application of asparagine on the soil of olive 
trees or on the leaves of poplar trees contributed to enhance bud outgrowth and secondary 
axis elongation (Cline et al., 2006; Proietti and Tombesi, 1996). In rice, a lack of cytosolic 
glutamine synthetase1;2 in the vascular tissues of axillary buds severely reduced their 
outgrowth (Funayama et al., 2013; Ohashi et al., 2015) independently of the SL level (Ohashi 
et al., 2015). In rose bush, sucrose, glucose, and fructose had to be associated to asparagine 
to allow for the buds to grow out in vitro (Le Moigne et al., 2018). This effect involved the 
upregulation of IPT3 gene expression in the stem and in the vicinity of the bud (Le Moigne 
et al., 2018) and the downregulation of BRC1 (Barbier et al., 2015). In addition to a 
nutritional role, asparagine might also be a signal representing the nitrogen status of the plant, 
so as to counteract BRC1 expression through CK stimulation. 

7. A BRC1-related regulatory mechanism  

Many studies ascribe an inhibitory function of mitotic cell activity to BRC1 (Poza-Carrión 
et al., 2007; Kieffer et al., 2011). This is because early results of EMSA (Electrophoresis 
Mobility Shift Assay) revealed the capacity of the TCP domain to associate specifically with 
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the promoter element of the rice proliferating cell nuclear antigen (PCNA) gene (Kosugi and 
Ohashi, 1997; Kosugi and Ohashi, 2002). These cis-regulatory modules are indispensable for 
the transcriptional activation of the PCNA gene in rice meristem tissues (Kosugi and Ohashi, 
1997), which seems to be an ancient and prevalent role of TCP transcription factors (Ortiz-
Ramírez et al., 2016). 

 
BRC1-mediated branching is repressed by the regulation of abscisic acid (ABA) 

metabolism (Figure 1). ABA is a plant hormone that plays important roles in many phases of 
the plant life cycle (Seo and Koshiba, 2002; Wang et al., 2018; Hayes, 2018). Evidence for a 
role of ABA in regulating bud growth comes from the positive correlation between a 
reduction of ABA levels in buds and their release from dormancy (Cline, 1991). Moreover, 
the Arabidopsis era1 (ENHANCED RESPONSE TO ABA 1) mutant exhibited high sensitivity 
to ABA and reduced branching (Pei et al., 1998). In brc1 Arabidopsis mutants, the ABA-
signaling pathway showed a significantly reduced response as compared to the wild type. 
Additional data revealed that the expression levels of two ABA markers, ABA-RESPONSE 
PROTEIN (ABR) and UDP-GLUCOSYL TRANSFERASE 74D1 (UGT74D1), were 
significantly upregulated in the wild type but not in brc1 mutants treated with low R:FR light 
(González-Grandío et al., 2013). González-Grandío and Cubas (2014) support a model in 
which ABA acts rather downstream of BRC1, because ABRE-BINDING FACTOR 3 (ABF3) 
and ABA INSENSITIVE 5 (ABI5), two key regulators of the ABA response that contain TCP-
binding sites in their promoters (Finkelstein et al., 2000; Yoshida et al., 2010; González-
Grandío et al., 2014; Nicolas and Cubas, 2016), are upregulated in axillary buds upon BRC1 
induction (González-Grandío and Cubas, 2014). They also indicated that BRC1 bound to and 
positively regulated three transcription factors: HOMEOBOX PROTEIN 
21 (HB21), HOMEOBOX PROTEIN 40 (HB40), and HOMEOBOX PROTEIN 53(HB53). 
These three proteins, together with BRC1, enhanced NINE-CIS-EPOXICAROTENOID 
DIOXIGENASE 3 (NCED3) expression, the main ABA-biosynthesis enzyme, leading in turn 
to ABA accumulation in buds (González-Grandío et al., 2017). This finding demonstrates a 
direct relationship between BRC1 and ABA signaling, and places ABA downstream of BRC1. 
Consistently, BRC1 expression was found to be insensitive to exogenous ABA application 
(Yao and Scott, 2015). 

 
TCP genes generally act by positively or negatively regulating the cell cycle (Sarvepalli 

and Nath, 2018). As a transcription factor, BRC1 could bind to the promoter region of various 
genes to regulate the branching process and participate to many regulatory mechanisms 
(González-Grandio et al., 2013). In maize, TB1 can directly activate the tassels replace upper 
ears1 (tru1) gene that encodes an ankyrin-repeat-domain protein by binding to the promoter 
region of tru1 (Dong et al. 2017). In Arabidopsis, bioinformatic analysis indicates that the 
promoter sequences of 1,950 genes expressed in the shoot bear the TCP-cis regulatory motif 
(5’-RRVMMMV-3’) and could be putatively regulated by AtBRC1. Based on Gene Ontology 
(GO) enrichment analysis, these putative target genes are thought to be mainly involved in 
metabolic processes, including amino acid metabolism (e.g. ALANINE-2-OXOGLUTARATE 
AMINOTRANSFERASE 1 (AOAT1); HYDROXYPYRUVATE REDUCTASE (ATHPR1)) and 
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sulfur (e.g. sulfate transmembrane transporter (MOT2), sulfate transporter 1;2 (SULTR1;2)) 
(data not shown). We can therefore speculate that BRC1/TB1 might control bud outgrowth 
via various pathways, such as stimulating the ABA-signaling pathway and inhibiting cell 
division and cell metabolism.  

8. Conclusion and perspectives 

BRC1/TB1/FC1 is an integrator gene involved in shoot branching, which fits well with the 
ability of BRC1/TB1/FC1 expression to integrate many endogenous and exogenous inputs 
(Figure 1). However, the detailed mechanism whereby these stimuli regulate BRC1 
expression is still puzzling, and many mechanistic scenarios are plausible. Many questions 
are thus still open and include how CK and SL, the main two branching-related hormones, 
antagonistically regulate BRC1 expression, and which molecular actors could be involved. 
Similar questions concern the sugar-mediated downregulation of BRC1, and the molecular 
mechanism behind the combined effect of nutrients and hormones on BRC1 expression (Sakr 
et al. 2018). In addition, the regulation of gene expression includes many aspects, such as 
epigenetic regulation, transcriptional regulation, post-transcriptional regulation, translational 
and post-translational regulation. The relevance of these mechanisms in the regulation of 
BRC1 expression deserves to be investigated in different biological contexts. Recent data 
showed that the protein interaction process also influences BRC1 expression. For example, 
the florigen proteins FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF) 
influence axillary meristem development via their interaction with AtBRC1 (Niwa et al., 
2013); TIE1 (TCP interactor containing EAR motif protein 1), a transcriptional repressor 
identified as involved in the control of leaf development, controls shoot branching by 
interacting with BRC1 (Yang et al., 2018). Additional protein partners may also interact with 
BRC1, including those related to the energy and nutrient statuses (Sucrose non fermenting-
related kinase (SnRK1)/Target of Ramapacin (TOR kinase)) (Martín-Fontecha et al., 2018). 
Meanwhile, our knowledge about the molecular network governing the BRC1-dependent 
reduction of plant branching is still limited, and the only available data report that BRC1 
action could be related to different biological functions such as cell proliferation, cell 
metabolism, hormone biosynthesis, ribosome biosynthesis, etc.. All these findings indicate 
that further work is required to fully investigate the regulatory network behind the regulation 
and function of BRC1 in shoot branching.  
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Table 1. The publication of BRC1 homologue genes in different species 

Species Name of the gene References 

Monocots 

Zea mays TB1 Doebley et al., 1997 

Oryza sativa Ostb1/FC1 Takeda et al., 2003 

Sorghum bicolor SbTB1 Kebrom et al., 2006 

 Hordeum vulgare INTERMEDIUM-C Ramsay et al., 2011 

 Triticum aestivum TB-D1 Dixon et al., 2018 

    

Eudicots 

Solanum tuberosum StBRC1 Nicolas et al., 2015 

Pisum sativum PsBRC1 Braun et al., 2012 

Dendranthema grandiflora DgBRC1 Chen et al., 2013 

Arabidopsis thaliana AtBRC1 Aguilar-Martínez et al., 2007

Solanum lycopersicum SlBRC1 Martín-Trillo et al., 2011 

Rosa hybrida RhBRC1 Barbier et al., 2015 

Nicotiana tabacum 
NtBRC1a; 

NtBRC1b;NtBRC1c;NtBRC1d 
Chen et al., 2016 

 Populus canescens PcBRC1 Muhr et al., 2018 
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Figure 1. Many factors influence the expression of BRC1, including developmental, positional, genetic, 

hormonal, sugar signal and environmental factors. Auxin, cytokinin (CK), and strigolactones (SL) are 

implicated in the hormonal regulation of BRC1 expression; auxin and SLs as inhibitors of BRC1 and CK 

as a promoter of BRC1. The red line, inhibition effect; The green arrow, stimulation effect; The yellow 

bullet-end lines, protein interaction; The violet element, plant hormones; The green element, plant 

nutrition; The green element, The yellow element, exogenous influence factor; The grey triangle, the 

proteins that interact with BRC1/TB1; D53, DWARF 53; HB21, HOMEOBOX PROTEIN 21; HB40, 

HOMEOBOX PROTEIN 40; HB53, HOMEOBOX PROTEIN 53; IPA1, IDEAL PLANT 

ARCHITECTURE1; NCED3, NINE-CIS-EPOXICAROTENOID DIOXIGENASE 3; PHYB, 

PHYTOCHROME B; T6P, trehalose-6 phosphate. 
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IV- Voies de signalisations des sucres et interactions avec les hormones et 

l’azote  

Il est bien établi que les sucres (saccharose et hexoses) et les hormones (notamment 

l’auxine, les cytokinines (CK) et les strigolactones (SL)) jouent un rôle important dans le 

contrôle de la ramification. Les sucres sont des molécules particulièrement déterminantes 

dans la croissance et le développement des végétaux, pour lesquels ils jouent non seulement 

un rôle de source de carbone et d’énergie, dédié aux besoins du métabolisme cellulaire, mais 

également une entité « signal » perçue par des récepteurs spécifiques et donc apte à réguler 

plusieurs processus, y compris la ramification.   

 

Chez le rosier, l’implication des sucres dans le processus du débourrement des 

bourgeons axillaires a fait l’objet de plusieurs travaux, notamment par notre équipe de 

recherche ARCH-E (Girault et al., 2010; Henry et al., 2011; Rabot et al., 2012; Rabot et al., 

2014; Barbier et al., 2015 et Corot et al., 2017). Ces études ont permis de montrer une étroite 

corrélation entre la capacité du bourgeon à débourrer et la disponibilité du sucre pour le 

bourgeon. Par ailleurs, et sur la base d’utilisation des analogues non métabolisables de 

saccharose et d’hexoses, un rôle signal de sucre dans le contrôle du débourrement a été 

proposé. Un autre résultat marquant, récemment obtenu chez le pois (Mason et al., 2014), a 

montré que l’effet inhibiteur exercé par la dominance apicale serait associé à un 

détournement des ressources carbonées (photoassimilats) par le bourgeon apical en 

croissance (force puits importante) au détriment des bourgeons axillaires (force puits faible). 

Cette situation d’inhibition corrélative est levée par l’apport direct du sucre exogène au 

bourgeon axillaire par l’intermédiaire du pétiole, alors que la concentration de l’auxine au 

voisinage du bourgeon restant inchangée (indépendamment de la dominance apicale). Ce 

résultat souligne la possibilité que la ramification pourrait être sous le contrôle combiné de 

l’auxine et du sucre, et vient étayer les données obtenues par Barbier et al. (2015) montrant 

que le saccharose est capable de réguler, de façon antagoniste par rapport à l’auxine, les CK 

et les SL, deux hormones centrales de la ramification. Alors que l’auxine, à l’origine de la 
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dominance apicale, réprime la synthèse des CK (stimulatrice de la ramification) et stimule la 

synthèse des SL (inhibitrice de la ramification), le saccharose affecte négativement la voie 

de signalisation des SL et positivement la synthèse des CK.   

 

Au vue de ces données et la possibilité d’une interaction entre le saccharose et l’auxine 

dans la régulation de la ramification, cette revue a pour objectif de réaliser un état de l’art sur 

l’importance des voies de signalisations des sucres dans le fonctionnement de la plante et 

leurs interactions avec la majorité des phytohormones. Ceci permet également de bien 

souligner l’originalité de la question abordée dans le cadre de ce travail de thèse.   
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Abstract: Plant growth and development has to be continuously adjusted to the available resources. Their 
optimization requires the integration of signals conveying the plant metabolic status, its hormonal balance, 
and its developmental stage. Many investigations have recently been conducted to provide insights into sugar 
signaling and its interplay with hormones and nitrogen in the fine-tuning of plant growth, development, and 
survival. The present review emphasizes the diversity of sugar signaling integrators, the main molecular and 
biochemical mechanisms related to the sugar-signaling dependent regulations, and to the regulatory hubs 
acting in the interplay of the sugar-hormone and sugar-nitrogen networks. It also contributes to compiling 
evidence likely to fill a few knowledge gaps, and raises new questions for the future. 

Graphical Abstract: 

 
Sugar signaling in plant: Perception, regulation, crosstalk with hormones and nitrogen. RGS1 (Regulator of 

G-protein signaling 1), SnRK1(Sucrose non-Fermenting related protein kinase 1), FBP/FIS(Fructose 1-6-

bisphosphatase/Fructose-Insensitive 1), HXK(Hexokinase), TOR(Target of rapamycin kinase), 

OPPP(Oxidative pentose phosphate pathway), C/N(Carbon/Nitrogen ratio). 
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1. Introduction  

Plant growth and development are regulated by many factors including light, temperature, water, sugars, 
and plant hormones. As plants are autotrophic organisms, they produce their carbon skeletons through 
photosynthesis in the form of sugars that serve as structural components and energy sources throughout their 
life [1]. Sugars are also signaling entities; therefore, perception and management of sugar levels by plants are 
critical for their survival. Plants have evolved a complex mechanistic system to sense different sugars, including 
sucrose, hexoses, and trehalose. These sugars elicit adequate responses, some of which are specific to the type 
of sugar [2–6]. Sugar signaling is also a mechanism that plants use to integrate various internal and external 
cues to achieve nutrient homeostasis, mediate developmental programs, and orchestrate stress responses [6]. In 
addition, the carbon and nitrogen metabolisms are closely connected with each other at almost all stages of plant 
growth and development. The coordination and the integration of the C and N metabolic and signaling pathways 
appear crucial for the improvement of plant performances [7,8]. Besides nutrients, plant hormones play a 
determining role in plant development and are key transmitters of developmental programs [9]. In addition, the 
interaction between sugars and plant hormones is orchestrated to finely regulate the main biological processes 
throughout the plant life cycle. In this context, and with a view to understanding the mechanisms involved in 
the sugar and plant hormone networks, it is important to decipher their crosstalk with sugars during plant 
development. The present review emphasizes the emerging understanding of the main sugar signaling pathways 
in plants and the array of molecular and biochemical mechanisms that mediate the effects of the sugar signal. 
To provide a comprehensive idea about the relevance of the sugar-signaling-dependent regulation of plant 
functioning, this review also addresses the interplay between sugar, nitrogen, and the main plant hormones, 
while focusing on certain biological contexts. This work also underlines a few emerging linker molecular actors 
that deserve to be further investigated. 

2. Sugar Signaling Pathways 

2.1. Disaccharide Signaling Pathways 

Sucrose is the main sugar for systemic source-to-sink transport in plants. The dual role of sucrose, i.e., as 
an energy source and a signaling entity, was evidenced by many experiments showing that non-metabolizable 
sucrose analogs could mimic the effect of sucrose while its derivative hexoses (glucose and fructose) have very 
low efficiency [10–13]. The best-known example is the sucrose-specific down-regulation of BvSUT1 (Beta 
vulgaris Sucrose Transporter 1), encoding the phloem-located proton-sucrose symporter, which is neither 
elicited by hexoses nor affected by mannoheptulose, a hexokinase inhibitor [10]. By doing so, sucrose signaling 
regulates the expression of its own transporter at the site of phloem loading and thereby may control photo-
assimilated partitioning between source and sink. Sucrose signaling controls not only plant metabolism but also 
plant development [6,14–18]. However, the mechanism of sucrose perception remains unknown. Barker et al. 
(2000) proposed the plasma membrane sucrose transporter AtSUT2/SUC3 as a putative sucrose sensor (Figure 
1) [19]. AtSUT2/SUC3 shares structural features with the yeast glucose sensors Snf3 and Rgt2. The tonoplast 
low-affinity sucrose transporter SUT4 that interacts with five cytochrome b5 family members may also mediate 
sugar signaling [20]. Downstream of sucrose sensing, calcium, calcium dependent-protein kinases (CDPKs), 
and protein phosphatases could transmit sucrose signals [21,22]. All these findings show clearly that the 
questions of sucrose sensors and the sucrose signaling pathway are still open, and future research could 
investigate whether other actors such as sucrose synthase (a sucrose-degrading enzyme) [23] or BZR1-BAM (a 
transcription factor containing a non-catalytic-amylase (BAM)-like domain [24]) might be part of this 
mechanism. 

Like sucrose, trehalose 6P (T6P) is a non-reducing disaccharide, synthesized from UDP-glucose (UDPG) 
and glucose 6-phosphate (Glc6P) by trehalose 6P synthase (TPS), and then dephosphorylated into trehalose by 
trehalose 6P phosphatase (TPP, Figure 1) [25]. Arabidopsis thaliana has 11 TPS and 10 TPP genes [26], and 
large TPS and TPP gene families are present in other flowering plants [27–29]. The T6P pathway has emerged 
as an important regulatory mechanism in plants that affects cell metabolism, plant growth, and abiotic stress 
responses [30–33]. More interestingly, T6P levels appear to follow sucrose levels, which makes it an essential 
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signal metabolite in plants, linking growth and development to carbon availability [34]. These findings led to 
the proposal of the Suc-T6P nexus model, assuming that T6P is both a signal and a negative feedback regulator 
of sucrose levels [31,32,35]. This tight relationship between T6P and sucrose contributes to maintaining sucrose 
levels within an optimal range depending on cell type, developmental stages, and environmental cues [31,32,35]. 

2.2. Hexose-Dependent Pathways 

Plant cells possess intracellular and extracellular sugar sensors. In many plants, the regulator of G-protein 
signaling 1 (RGS1), a seven-transmembrane-domain protein located on the plasma membrane, plays a critical 
role as an external sugar sensor (Figure 1) [36]. It could function as a plasma membrane sensor or partner 
responding to changes in glucose, fructose, and sucrose levels [37]. RGS1 proteins deactivate G-protein and 
sugars accelerates GTP hydrolysis by Gα subunits, and leads to RGS1 phosphorylation by WINK [with no 
lysine8 (K)] kinase. As a result, RGS1 is internalized by endocytosis, associated with sustained activation of 
G-protein-mediated sugar signaling [38]. High concentrations of D-glucose rapidly induce RGS endocytosis 
through AtWNK8 and AtWNK10, whereas low sustained sugar concentrations slowly activate the 
AtWNK1pathway [39], allowing the cells to respond adequately to high and low intensities of sugar signals. 

The first intracellular glucose sensor demonstrated in plants was AtHXK1, an Arabidopsis thaliana 
mitochondrion-associated (type B) hexokinase [40–43]. AtHXK1 is involved in the regulation of many 
processes [6,44], and its function as a glucose sensor was confirmed by the characterization of the Arabidopsis 
gin2 (glucose insensitive 2) mutant [42]. When the metabolic activity of AtHXK1 was uncoupled from its 
signaling activity, its glucose-sensing function was found to be independent of its catalytic activity [42]. 
Moreover, AtHXK1 has a nuclear signaling function [43], where it interacts with two unconventional partners, 
the vacuolar H+-ATPase B1 (VHA-B1) and the 19S regulatory particle of the proteasome subunit (RPT5B) to 
form a hetero-multimeric complex for the recruitment of hypothetical transcription factors. Such a multimeric 
complex may bind to the promoters of glucose-inducible genes to modulate their expression. The sensing role 
of AtHXK1 appears to have been evolutionarily conserved and to be shared by HXK in many other species 
including potato (StHXK1 and 2) and rice (OsHXK5 and 6) [45,46]. In addition, Hexokinase-Like1 (HKL1, a 
mitochondrion-associated non-catalytic homolog of AtHXK1) [47,48] and AtHXK3 (a plastidial hexokinase) 
[49] may also be part of hexose signaling. Irrespectively of its well-known sensor function, recent studies have 
revealed new physiological functions of glucose phosphorylation by AtHXK [50,51]. 
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Figure 1. Schematic representation of the sugar metabolism (green) and signaling (blue) pathways. Sugar 

sensing involves for example glucose sensors (HXK: Hexokinase, OGT: O-Glucose N-acetyl transferase); 

fructose sensors (i.e., FBP/FIS1, fructose-1,6-bisphosphatase), sucrose and hexose sensors (RGS1, regulator of 

G-protein signaling), and putative sucrose sensors (SUSY, SUcrose SYnthase, putative sucrose transporter 

AtSUT2/SUC3). Downstream of sugar perception are two energy sensors: AtKIN10/SnRK1 (sucrose-non-

fermentation-related protein kinase1) and TOR-kinase (target of rapamycin kinase). CWI: cell wall invertase; 

G6P: glucose 6-phosphate; GS/GOGAT: glutamine synthetase/glutamate oxoglutarate aminotransferase; INV, 

invertase; OPPP: oxidative pentose phosphate pathway; STP: Sugar transport protein; SUT: sucrose transporter; 

TCA cycle: Tricarboxylic acid cycle; TFs: transcription factors; TPS: T6P synthase; TPP: trehalose 6P 

phosphatase; T6P, trehalose 6-phosphate; UDPGlc: Uridine diphosphate glucose; UDPGlc-NAC: UDP N-

acetylglucosamine. 
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We currently have no evidence of the role of fructokinase (FRK), which catalyzes the irreversible 
phosphorylation of fructose, in the fructose-sensing process [44]. However, combining cell-based functional 
screen and genetic mutations, Cho and Yoo (2011) identified the nuclear-localized fructose 1-6-bisphosphatase 
(FBP/FIS1, Fructose-Insensitive 1) as a putative fructose sensor uncoupled from its catalytic activity [52]. 
Meanwhile, Li et al. (2011) characterized the ANAC089 transcription factor as a fructose-sensitivity repressor 
in Arabidopsis [53]. Other researchers isolated two FRK-like proteins (FLN1 and FLN2) that are components 
of the thylakoid-bound PEP (plastid-encoded polymerase) complex in Arabidopsis thaliana, regulate plastidial 
gene expression, and are essential for plant growth and development [54]. It will be interesting to determine 
whether there is a connection between these different fructose sensors and how these two hexose pathways 
could interact. 

2.3. Energy and Metabolite Sensors 

2.3.1. SnRK 1: Sucrose Non-Fermenting Related Protein Kinase 1 

AtKIN10/AtKIN11/SnRK1 is a serine/threonine kinase that shares high sequence identity with yeast SnF1 
and mammal AMPK (5′ AMP-activated Protein Kinase), and is considered as the energy-signaling hub 
controlling many regulatory proteins [55,56]. The evolutionary conservation of this protein function is 
demonstrated by its heterotrimeric structure, with one catalytic α-subunit and two regulatory ß and γ subunits 
[57], as well as the functional complementation of the yeast snf1 mutant with the rye orthologue [58]. In plants, 
SnRK1 plays a crucial role in the reprogramming of metabolism, the adjustment of growth and development, 
and plant responses to different biotic and abiotic stresses [55]. SnRK1 controls the expression of more than 
one thousand genes coding for transcription factors and proteins involved in chromatin remodeling, and also 
acts through post-translational regulation of several key metabolic enzymes and certain transcription factors 
[59– 63]. There exists a positive correlation between the expression profile of genes regulated by AtKIN10 and 
the profile of genes regulated by sugar starvation [61]. These authors reported that the regulation of SnRK1 
activity and signaling required the phosphorylation of a highly conserved threonine residue close to the active 
site in the catalytic α-subunit. The dephosphorylation of SnRK1α by PP2C phosphatases may reverse the 
activation loop and provide mechanisms for the integration of environmental cues [64]. The complex interplay 
of SnRK1 and SnRK2/ABA with the clade of PP2C phosphatases has been demonstrated in the ABA signaling 
pathway, where both types of protein kinases encompass common downstream targets such as different bZIP 
transcription factors [63]. In addition, the involvement of micro RNAs in SnRK1-mediated signal transduction 
appears plausible [65]. It is noteworthy that at least part of the gene responses related to the SnRK1 pathway 
might be independent of HXK1 signaling. 

2.3.2. TOR Kinase: A Target of Rapamycin Kinase 

TOR-kinase is evolutionarily conserved in all eukaryotic organisms, and plays a central role in the 
integration of endogenous (energy and nutrient status) and exogenous (environmental factors) signals to 
modulate growth and development. In plants, TOR-kinase has been identified only as the TORC1 complex, 
whose organization is similar in animals and yeast. The complex encompasses the TOR partners RAPTOR 
(kontroller of growth protein 1 (KOG1)/regulatory-associated protein of mTOR) and LST8 (small lethal with 
SEC13 protein 8) [66]. The crucial function of TOR-kinase lies in the positive regulation of metabolism and 
growth through the synthesis of proteins [16]. TOR-kinase activity seems to control nitrogen and carbon 
assimilation, and has a fundamental role in embryogenesis, meristem activity, leaf and root growth, senescence, 
and life span through the inhibition of autophagy [67–70]. As a result of TOR activation, growth is resumed, 
and reserve compounds, starch, lipids, and proteins are stored [71]. 

Sugars generally induce the activity of TOR kinase [16,69,72,73]. The glucose-enhanced activity of 
AtTOR was evidenced by the stimulation of root meristem activity [74]. Inversely, specific inhibitors of AtTOR 
reduced root growth. TOR activates glycolysis to enhance carbon skeleton production, which is further needed 
for amino acid and protein synthesis. AtTOR interaction with the RAPTOR protein is involved in the regulation 
of the ribosomal protein kinase S6K1, which represses the cell cycle by phosphorylating the Retino-Blastoma-
Related (RBR) protein under unfavorable conditions [75]. Furthermore, it has been suggested that RBR is 
involved in the transition from heterotrophic to autotrophic plant development, which requires the expression-
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inhibition of cell cycle genes, and the persistent inactivation of late embryonic genes through the modification 
of the epigenetic landscape, namely the trimethylation of lysine 27 of histone H3 (H3K27met3) [76]. 

Both the SnRK1 and TOR-kinase regulators act antagonistically. Energy and nutrient (C and N) scarcity 
activates SnRK1 to promote energy-saving and nutrient remobilization processes, while TOR is active under 
favorable conditions, when nutrients are available to enhance growth, development, and the anabolic 
metabolism. Such a crosstalk between TOR-kinase and SnRK1 is central for plants to adapt protein synthesis 
and metabolism to the available resources [77–79]. TOR and SnRK1 act downstream of sugar sensing and theirs 
activities are modulated by the sugar status of plants (Figure 1) [16]. T6P potentially inhibits AtSnRK1, 
supporting the model that T6P reflects cell sugar availability and promotes growth by repressing SnRK1 activity 
in sink tissues [31,32,35,80–83]. 

2.3.3. The OPPP: The Oxidative Pentose Phosphate Pathway 

Specific investigations of sugar sensing, downstream of HXK, highlighted the occurrence of the OPPP in 
plants (Figure 1). This pathway seems to govern nitrogen and sulfur acquisition in response to the carbon status 
of the plant [84]. This integration would be critical for the coordination of amino-acid biosynthesis with the 
availability of these three important components. 

2.4. Sugar Signaling in the Regulation of Sugar Transporters 

AtSTP1 (Arabidopsis thaliana sugar transporter 1) was the earliest-discovered sugar transporter gene 
regulated by light [85]. Two other STP genes (AtSTP13 and AtSTP14) have been reported to be sensitive to 
light conditions. They display diurnal regulation, which may result from a direct light effect or from the sensing 
of photosynthesis-derived sugars [86]. As sugar sensing plays a significant role in the establishment of different 
developmental stages, sugar transport and signaling appear crucial for these transitions. The latter assumption 
is corroborated by the changes in the transcriptional control of many sugar transporter genes in distinct mutants 
such as the Arabidopsis mutant “sweetie”, which is strongly affected in carbohydrate metabolism and displays 
an upregulated STP1 gene [87]. The tight connection between sugar signaling and the regulation of sugar 
transporters fits with the impact of SnRK1 alteration on the expression of several STPs (AtSTP1, AtSTP3, 
AtSTP4, AtSTP7, and AtSTP14) by transient expression in mesophyll protoplasts [61]. 

Glucose-dependent down-regulation has been suggested for several STP genes (STP1, STP4, STP13, and 
STP14), but there appears to be different pathways for sugar control of STP expression [4,86,88–90]. Based on 
the demonstrated down-regulation of STP4 and STP10 in two independent hexokinase1 mutants, it has been 
suggested that their transcriptional control requires the glucose sensor HXK1. Inversely, STP1, one of the genes 
most repressed by sugars as revealed by large-scale genome analyses, displays glucose-dependent regulation 
independent of HXK1 [89]. The high responsiveness of STP1 to sugars is corroborated by the rapid modulation 
of its expression in response to minor fluctuations of sugar levels (5 mM glucose) [4,88]. 

3. Molecular Mechanisms Involved in Regulation by Sugars 

3.1. Epigenetic Regulation 

Epigenetic mechanisms (DNA methylation, histone posttranslational modifications), as well as small 
RNAs, histone variants, chromatin remodeling, and higher-order chromatin organization control chromatin 
structure and thereby influence gene expression. Combinations of these epigenetic marks reflect the active 
(accessible) and repressive (inaccessible) chromatin state according to the “histone code hypothesis” [91]. A 
growing body of evidence from yeast and mammals suggests that metabolic signals also play crucial roles in 
determining chromatin structure [92]. In plants, histones act as metabolic sensors and may affect 
sensitivity/resistance to glucose and sucrose in link with germination. In Arabidopsis, the enzyme encoded by 
HISTONE ACETYLTRANSFERASE1 (HAC1), was efficiently involved in histone acetylation and protein–
protein interactions required for transcriptional activation of gene expression [93–95]. Mutations in HAC1 
cause a sugar-response defect, and lead to decreased expression of genes, AtPV42a and AtPV42b, which encode 
cystathionine-β-synthase (CBS) domain-containing proteins that belong to the PV42 class of γ-type subunits of 
the plant SnRK1 complexes [96]. This pioneer finding resulted from a screen for sugar-insensitive mutants. It 
highlights the fact that hac1 mutants are resistant to high glucose and sucrose concentrations. The authors 
discussed the possible role of this histone acetyltransferase in the plant sugar response through long-term effects 
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of the nutritional status on the expression of a specific set of genes. The detailed phenotyping of these mutants 
revealed delayed flowering times possibly related to the indirectly increased expression of the central floral 
repressor FLC (FLOWERING LOCUS C) by HAC1 [97,98], and a low productivity, namely a reduced number 
of seeds per silique [96]. The importance of sugar levels for the induction of flowering [99–101] suggests a 
putative involvement of HAC1 in the link between the sugar response and flowering time. 

The fine-tuning of the cell fate between proliferation and differentiation in shoot and root apices relies on 
the balance of antagonistic effects of auxin and cytokinins, but also on glucose and light. All these signals are 
integrated by TOR kinase. Furthermore, the mutation of transcriptional corepressor TOPLESS, which is 
required to repress root formation at the shoot pole in late embryogenesis, may be suppressed by a mutation in 
HAC1. These data suggest that the stable switching-off of auxin-inducible genes (i.e., prevention of their 
activation), needs to be done through chromatin remodeling [102]. We may also speculate that epigenetic 
regulation seems required in the complex interplay between metabolic and hormonal signaling. New data 
arguing in favor of this statement concerns a small family of proteins interacting with ABA INSENSITIVE 5 
(ABI5), named (ABI5)-binding proteins AFPs. They may interact with the TOPLESS co-repressor to inhibit 
ABA-  and stress-responses, conferring strong resistance to ABA-mediated inhibition of germination in 
Arabidopsis overexpressing lines [103]. Using a yeast two-hybrid system, the authors demonstrated the direct 
interaction of AFP2 with histone deacetylase (HDAC) subunits and thereby suggested the possible involvement 
of some AFPs in the regulation of gene expression through chromatin remodeling. 

A new histone modification was reported recently, the N-acetylglucosamine (GlcNAc) can be O-linked to 
the serine 112 of H2B by the enzyme O-GlcNAc transferase (OGT) and produces the O-GlcNAcylation mark 
[104]. The activated sugar UDP-GlcNAc (Uridine diphosphate N-acetylglucosamine) acting as co-substrate, is 
synthesized from extracellular glucose via the hexosamine biosynthesis pathway. For a first time, the activity 
of a histone-modifying enzyme is directly linked to the extracellular glucose concentration. Fujiki et al. 
demonstrated that O-GlcNAcylation of histone H2B at Ser112 fluctuates in response to extracellular glucose. 
Through a genome-wide analysis, they revealed that H2B Ser112 O-GlcNAcylation was frequently located 
nearby transcribed genes, suggesting that histone H2B O-GlcNAcylation facilitates gene transcription [104]. 
GlcNAc is a key signaling metabolite that can coordinate the glucose and glutamine metabolisms in cells 
through glycosylation of growth factor receptors [105]. Although the transcriptional implication of histone 
GlcNAcylation remains to be fully elucidated, it is likely that a flux through the hexosamine biosynthesis 
pathway affects the levels of this novel epigenetic mark. Therefore, nutrient sensing by OGT may be pivotal in 
the modulation of chromatin remodeling and in the regulation of gene expression [106,107]. 

In Drosophila melanogaster, OGTs act as part of chromatin-remodeling complexes (CRCs) called 
polycomb group (PcG) proteins [108,109]. Switch/Sucrose-Nonfermenting-(SWI/SNF) type CRCs are 
constituted of a central Snf2-type ATPase associated with several non-catalytic core subunits evolutionarily 
conserved in eukaryotes. In Arabidopsis, the BRAHMA (BRM) ATPase and SWI3C CRC subunits act within 
a common complex to fulfill most of their functions, i.e., regulation of transcription, DNA replication and repair, 
and cell cycling. In addition, the swi3c mutation inhibits DELLA-dependent transcriptional activation of 
GIBBERELLIN-INSENSITIVE DWARF1 (GID1) GA-receptor and GA3ox (active GA biosynthesis) genes 
[110]. SWI3C also interacts with the O-GlcNAc transferase SPINDLY (SPY) required for the functioning of 
DELLAs in the GA-response pathway. Physical protein–protein interactions of SWI3C with DELLA and SPY 
have been demonstrated and further supposed to be required for certain DELLA-mediated effects such as 
transcriptional activation of the GID1 and GA3ox genes. The established pivotal role of DELLA proteins as a 
hub in the hormonal crosstalk between gibberellins, auxins, abscisic acid, ethylene, and brassinosteroids has 
been further supported by their direct physical interaction with SWI/SNF-type CRCs [111]. In the same context, 
it appears tantalizing to decipher the roles of sugar signaling because it interacts so tightly with hormone 
signaling. Moreover, it is possibly involved in the linking of the energy metabolism with epigenetic regulation 
through the expression of specific sets of genes in plant growth, development, and stress responses. 

3.2. Transcriptional Regulation  

Sugars affect the expression level of many genes in plants. Approximately 10% of Arabidopsis genes are 
sugar-responsive [4,112]. Based on the functional characterization of many sugar-regulated plant promoters, 
different cis-acting elements have emerged as crucial components of sugar-regulated gene expression. Such cis-
acting elements transduce signals of sugar starvation [113,114] or sugar supply [115–119]. The GC-box 
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(GGAGAACCGGG), G-box (CTACGTG), TA-box (TATCAA), and their variants are associated with sugar 
starvation promoting the expression of α-Amy3 (α-amylase 3, an endo-amylolytic enzyme catalyzing starch 
degradation in higher plants) [113,114]. By contrast, Sporamin Promoters 8 [SP8a (ACTGTGTA) and SP8b 
(TACTATT)] and SUgar REsponsive-elements SURE1 (AATAGAAAA) and SURE2 (AATACTAAT) are 
involved in sugar induction of sporamin and patatin expression, respectively [117,120]. Other cis-acting 
elements such as the B-box (GCTAAACAAT), the CGACG element, the TGGACGG element, and the W-box 
(TGACT), S box (CACCTCCA), and TTATC element also participate in plant sugar signaling [117–119,121]. 
Sugar-responsive transcription factors include members of the ERF/AP2 [122], MYB [123], WRKY [124], and 
bZIP [125] families (Table 1). The first to be identified were SPF8 and SUSIBA2 (SUgar SIgnaling in BArley) 
[120,124], two members of the plant-specific WRKY family [126]. SUSIBA2 has a high relevance in plant 
sugar signaling because it is specifically sugar inducible, binds to SURE and W-box elements of the isoamylase 
(iso1) promoter, a key amylopectin-synthesizing enzyme, and induces carbohydrate accumulation in barley 
endosperm [124]. This regulation is biologically important, and makes the activity of SUSIBA2 a major 
component of the high sink strength of seeds. In agreement with this, SUSIBA2-expressing rice preferentially 
reallocates photosynthates towards aboveground tissues (stem and seeds); this offers sustainable means of 
increasing starch contents for food production and limits root-related greenhouse gas emission during rice 
cultivation [127]. In barley leaves, SUSIBA1 and SUSIBA2 are involved in an antagonistic SUSIBA regulatory 
network that ultimately leads to the coordination of starch and fructan synthesis in response to sugar availability 
[128]. Low sucrose concentrations generally upregulate SUSIBA1 expression, which acts as a repressor of both 
fructan synthesis and SUSIBA2 expression, while high sucrose levels induce SUSIBA2 expression, which 
stimulates starch accumulation in leaves but represses SUSIBA1 expression. This intertwined regulation shows 
that SUSIBA2 expression depends on the competitive binding of SUSIBA1 (repressor)/SUSIBA2 (inducer) to 
the target site (W-box) of the SUSIBA2 promoter, building up an autoregulatory system for the sequential 
regulation of starch and fructan synthesis [128]. Noteworthy, we do not know as yet whether the SUSIBA-
related function in sugar signaling is evolutionarily conserved in eudicots. Besides the WRKY family, 
transcription factors from the bZIP and MYB families are also involved in sugar-regulated gene expression. 
bZIP is one of the largest transcription factor families in higher plants, characterized by a leucine zipper and a 
basic region necessary for their specific binding activity to various ACGT elements in plant promoters [129]. 
This bZIP family regulates the expression of genes involved in an array of plant biological processes and 
environmental stresses [130–136]. Early investigations based on transcriptomic analysis identified 10 sugar-
responsive bZIP transcription factors in Arabidopsis. Amongst them, AtbZIP1 is transcriptionally and post-
translationally repressed by glucose through a hexokinase-dependent pathway [4], which explains its high 
expression under conditions of sugar and energy depletion [137]. Besides its negative role in early seedling 
growth, bZIP1 acts as a master regulator gene for the sugar-signaling pathway: most of the genes identified as 
AtbZIP1-regulated are also sugar sensitive, and it could probably mediate sugar signaling by binding to the C- 
or G-boxes in the promoters of its target genes [125,137]. Unlike SUSIBA2, AtbZIP1 is involved in other 
signaling pathways, especially those elicited by light, nutrients, and stress signaling [125,138]. Some 
transcription factors of the MYB family also mediate sugar signaling, as shown for sugar-induced anthocyanin 
biosynthesis. Out of the transcription factors involved in this process, MYB71/PAP1, whose expression is 
upregulated by sucrose availability [139], stimulates the anthocyanin biosynthesis pathway [140,141] through 
sugar signaling. In fact, the myb71/pap1mutant is defective in sucrose-induced DRF (dihydroflavonol reductase) 
expression; DRF encodes a key enzymatic function in anthocyanin accumulation, and the alteration of 
MYB71/PAP1 protein-binding activity related to natural variation in Arabidopsis accessions impairs sugar 
inducibility [13]. Other MYB transcription factors contribute to the sugar-dependent regulation of α-amylase 
expression. In rice suspension cells and barley aleurone, three structurally related OsMYB transcription factors 
(OsMYB1, OsMYB2, and OsMYB3) bind to the same target site (a TA-box), share overlapping sequences, but 
display different biological functions, with a prominent role of OsMYB1 in sugar-starvation-induced α-amylase 
gene expression [123]. These OsMYBs are also involved in GA-induced expression of α-amylase. This raises 
the question of their multifunctional roles in many signaling pathways [123]. More recently, Chen et al. (2017) 
identified two homologs of OsMYB1 in Arabidopsis (MYB1 and MYB2) that also recognize the sugar-response 
element TA-box, but play opposite roles in glucose signaling in Arabidopsis [142]. 
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Table 1. The transcription factors that are involved in sugar signaling in Arabidopsis thaliana. 

Gene ID 
Gene 
Symbol 

Transcription 
Factor Family 

Main Process/Function  Binding Site  References 

AT1G69780 ATHB13  HD‐ZIP 
Response to sugar signaling pathways. Control 

cotyledon and leaf morphogenesis 
5′‐CAATNATTG‐3′  [100,389–391] 

AT5G28770 AtbZIP63  bZIP  Response to glucose and ABA signaling pathways  5′‐CACGTG‐3′ *  [392,393] 

AT1G45249 ABF2  bZIP 
Involved in ABA and glucose signaling pathways. 

Response to salt stress 
5′‐CACGTG‐3′; 5′‐ACGTGKC‐3′  [394–399] 

AT2G40220 ABI4  AP2/ERF 

Response to ABA, ethylene, cytokinin, and sugar 

signaling pathways. Involved in osmotic stress, 

defense response and root development, and 

stomatal movement 

5′‐CACTTCCA‐3′  [121,311,400–405] 

AT5G24800 AtbZIP9  bZIP  Response to sugar signaling pathway  5′‐CACGTG‐3′  [406,407] 

AT4G34590 AtbZIP11  bZIP 
Involved in sugar, auxin signaling pathways. Affect 

root growth and amino acid metabolism 
5′‐CACGTG‐3′  [162,165,167,212,408] 

AT3G20770 AtEIN3  EIL  Response to ethylene and sugar signaling pathways  5′‐GGATTCAAGGGGCA TGTATCTTGAATCC‐3′ [298,409–411] 

AT2G28350 ARF10  ARF 

Involved in auxin, and ABA signaling pathways. 

Control cell division, seed germination and 

developmental growth, and root cap development 

5′‐TGTCTC‐3′ *  [412–418] 

AT1G56650 AtMYB75  MYB 

Response to sugar, jasmonic acid, auxin, ethylene 

signaling pathways. Regulation of anthocyanin 

biosynthetic process and removal of superoxide 

radicals. Involved in cell wall formation 

5′‐CACGTG‐3′, 5′‐ACACGT‐3′  [13,239,289,419–425] 

AT2G36270 ABI5  bZIP 
Involved in ABA, sugar signaling pathways during 

seed germination 
5′‐CACGTG‐3′  [103,122,289,426–431] 

AT2G30470 HSI2  B3 

Repressor of the sugar‐inducible genes involved in 

the seed maturation. Plays an essential role in 

regulating the transition from seed maturation to 

seedling growth. Involved in embryonic pathways 

and ABA signaling 

5′‐CATGCA‐3′  [432–437] 

AT5G49450 AtbZIP1  bZIP 
Involved in sugar (nutrients) signaling pathway. 

Response to salt and osmotic stress 
5′‐CACGTG‐3′  [125,136,138,210,406,438] 

AT3G23210 bHLH34  bHLH  Response to glucose and ABA signaling  5′‐(GA)n‐3′; 5′‐CANNTG‐3′  [107,406] 

AT3G44290 NAC060  NAC  Response to sugar‐and ABA signaling cascade  Unknown  [315,439] 

AT4G00238 AtSTKL1  GeBP  Involved in mediating certain glucose responses  5′‐GCCT‐3′  [440] 

AT5G08790 ATAF2  NAC 
Response to sugar, jasmonic signaling pathways. 

Seedling photomorphogenesis and leaf senescence 
5′‐RTKVCGTR‐3′ *  [441–446] 
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AT5G56860 GATA21  GATA 

Response to Gibberellic acid and sugar signaling 

pathways. Involved in regulation of nitrogen 

compound metabolic process, flower development, 

cell differentiation, and chlorophyll biosynthetic 

process 

5′‐GATA‐3′  [447–452] 

AT3G54320 AtWRI1  AP2/ERF 

Response to sugar signaling pathway. Involved in 

triglyceride biosynthetic process, lipid metabolic 

process, regulation of glycolytic process, and seed 

development 

5′‐CACRNNTHCCRADG‐3′ *  [453–459] 

AT4G14410 bHLH104  bHLH 
Response to sugar signaling pathway and iron 

homeostasis 
5′‐(GA)n‐3′  [460–462] 

AT5G64750 ABR1  AP2/ERF 
Involved in ABA and sugar signaling pathways. 

Response to osmotic stress and salt 
5′‐GCCGCC‐3′  [463–465] 

AT4G00250 ATSTKL2  GeBP  Response to sugar signaling  5′‐GCCT‐3′  [440] 

The code of bind site follows the IUPAC role. * The binding sites are predicted by PlantPAN database (http://plantpan2.itps.ncku.edu.tw/index.html) [466]. 
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3.3. Post-Transcriptional Level 

Gene post-transcriptional regulation plays a determining role in plant growth and represents a powerful 
strategy for plants to flexibly adapt their growth and development to endogenous and exogenous stimuli. This 
could involve regulation of the rate of mRNA turnover. Extensive investigations have reported that RNA-
binding proteins (RBPs) regulate many aspects of RNA processing [143]. In rice cell cultures, nuclear run-on 
transcription. and mRNA half-life analyses revealed that sugar starvation led to reduced mRNA transcription 
rates and stability of a large set of genes [144]. Using microarray experiments, Nicolai et al. (2006) identified 
268 mRNAs and 224 mRNAs under transcriptional and post-transcriptional regulation, respectively, in response 
to sugar starvation [145]. Most of them were sugar-starvation-repressed and related to the plant cell cycle and 
plant cell growth, supporting a rapid adaptability of cell metabolic activity to a low sugar status. Another 
example that links sugar availability to mRNA destabilization resides in the sugar-induced instability of α-
Amy3 [146], probably through the 3′UTR sequence of α-Amy3 RNA [147,148]. Although such post-
transcriptional regulation is involved in sugar-controlled mRNA stability, much remains to be understood about 
the molecular mechanisms involved in this process. UPF RNA helicase, a key component of NMD (nonsense-
mediated RNA decay) in Arabidopsis, takes part in the sugar-signaling pathway [149], as demonstrated by the 
low-β-amylase1 (lba1) phenotype of the AtUP-1 RNA helicase mutant [150]. Consistently, many sugar-
inducible genes were upregulated when the lba1 mutant was complemented with the wild type AtUPF1, 
suggesting that AtUPF RNA helicase might optimize sugar inducibility [149]. Similarly, AtTZF1, which 
encodes an Arabidopsis thaliana tandem zinc finger protein, is sugar responsive and might confer sugar-
dependent post-transcriptional regulation [151]. This family of proteins plays a critical role in plant growth, 
development, and stress responses, probably via regulation RNA processing [152]. 

An emerging process behind sugar-dependent post-transcriptional regulation is mediated by miRNA. 
miRNAs are regarded as the most important gene regulators that hinder much of gene expression [153]. Many 
studies have demonstrated that sugars induced the juvenile-to-adult transition by repressing the levels of two 
members of miR156 (miR156A and miR156C) in Arabidopsis seedlings [154,155]. miR156 is known to 
promote leaf juvenility by impeding the function of SPL (SQUAMOSA PROMOTER BINDING PROTEIN-
Like) transcription factor [156]. This sugar effect implies the AtHXK1 signaling pathway and T6P [154,157], 
and occurs cooperatively with the Mediator Cyclin-Dependent Kinase 8 (CDK8) module [158]. All these 
findings indicate that sugar-dependent post-transcriptional regulation is far from being a neglected mechanism, 
but rather involves a diversity of complex processes that requires more investment to decipher the regulatory 
molecular network. 

3.4. Translational and Post-Translational Regulation 

Regulation of mRNA translation can operate at multiple stages, including through regulatory elements in 
the 5′ and 3′ untranslated regions (UTRs) of mRNA. Upstream of the open reading frame (uORF), 30% to 40% 
of eukaryotic mRNAs are located in the 5′UTR [159] and involved in many developmental and growth-related 
processes [160,161]. Such regulation concerns the Arabidopsis basic leucine zipper AtbZIP11, which 
orchestrates metabolic reprogramming in response to cellular sugar status and energy deprivation conditions 
[162–165]. Under high sucrose conditions, AtbZIP11 is induced at the transcriptional level, while it is repressed 
at the translational level [4,112,166,167]. This translational regulation requires the second uORF of bZIP11 
mRNA, named sucrose-induced repression of translation (SIRT), which is evolutionarily conserved among all 
groups of S1 members [167–171]. Data from frame-shift mutation and amino-acid substitution indicate that 
sucrose specifically causes ribosome stalling during translation of the second uORF, impeding the translation 
of the bZIP main ORF [167]. Using a cell-free translation model, Yamashita et al. (2017) demonstrated that 
SIRT was critical for specific sucrose-induced ribosome stalling, and probably acted as an intracellular sensor 
of sucrose [172]. In heterotrophic maize suspension cells, Cheng et al. (1999) ascribed a determining role to the 
length of the 3′UTR sequence of Incw1, a cell wall invertase, in sugar-mediated translational control [173]. 
Incw1 encodes two transcripts that only diverge in the length of their 3′UTR (Incw1-Small RNA and Incw 1-
Large RNA) and are differentially regulated by sugars. The 3′UTR of the Incw1 genes may act as a regulatory 
sensor of carbon starvation and as a link between sink metabolism and cellular translation in plants. 

Sugar signaling can also be mediated by different mechanisms of post-translational regulation. The 14-3-
3 proteins are phosphoserine-binding proteins that regulate a wide array of targets via direct protein–protein 
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interactions [174]. They are involved in sugar-mediated post-translational regulation. In suspension-cultured 
cell models, sugar supply promotes both protein phosphorylation and their interaction with 14-3-3 proteins, 
while sugar depletion induces the dissociation of this protein complex, ultimately leading to selective 
degradation of these 14-3-3-regulated proteins [175]. This coordinated post-translational regulation could 
establish a new steady-state balance of metabolic activity adapted to sugar starvation conditions. Energy 
depletion (sugar starvation) due to the application of 2-deoxyglucose, a powerful blocker of the glycolysis 
pathway [74], led to the inhibition of key metabolic enzymes [60] related to their coordinated phosphorylation 
by SnRK1 and recognition by 14-3-3 proteins [57,59,60]. More recently, Okumura et al. (2016) demonstrated 
that sugar accumulation in photosynthetic leaves induced the activation of the plasma membrane H+-ATPase 
through the phosphorylation of the penultimate threonine of the C-terminal region and the binding of 14-3-3 
proteins [176,177]. Accordingly, light-induced phosphorylation of H+-ATPase was strongly suppressed in 
mutants impaired in endogenous sugar accumulation. Such activation of H+-ATPase may stimulate sucrose 
export from leaves and thereby avoid inhibition of photosynthesis by high sugar accumulation [178,179]. 
Additional mechanisms of sugar-elicited posttranslational regulation come from the regulation of AGPase 
(ADP gluco-pyrophosphorylase), a key enzyme of the starch biosynthesis pathway [180]. Starch synthesis can 
increase via allosteric activation of AGPase, as a result of a higher 3PGA (3-phosphoglycerate) to Pi (inorganic 
phosphate) ratio [181] and/or through its post-translational redox activation in response to light or high sugar 
treatment in Arabidopsis [182–185]. This latter regulation is dependent on T6P [186,187]. All these findings 
show that post-transcriptional regulation is prevalent for sugar signaling, and extensive investigations are 
required to get more information about the molecular mechanisms and the relevance of additional post-
transcriptional mechanisms such as sumoylation, protein–protein interactions, or unfolded cytoplasmic proteins. 

4. Crosstalk between Sugar and Hormone Signaling 

4.1. Sugars and Auxin 

Auxin has been chemically identified as indole-3-acetic acid (IAA). It plays a pivotal role in almost all 
processes of plant growth and development [188–190]. Growing evidence suggests a crosstalk between sugar 
and auxin that involves metabolism [191–193], transport [194–197], and signaling pathways [198–201]. The 
first link between sugar and auxin came from Arabidopsis hypocotyl explants of hxk/gin2, which is insensitive 
to auxin induction of cell proliferation and root formation [42]. Accordingly, auxin-resistant mutants (axr1, 
axr2, tir1) are insensitive to high glucose concentrations [42]. Sugar and auxin represent a highly complex and 
central signaling network in various aspects of plant development, including cell proliferation, cell expansion, 
cell differentiation, hypocotyl elongation, or anther development [179,202–206]. A novel allele of the hookless1 
gene (hls1) was found resistant to both sugar and auxin responses in excised leaf petioles, suggesting that it 
may be part of the negative effects of auxin on sugar-responsive gene expression [199]. One of the best 
examples is their major contributing role in root system architecture, whereby sugar works individually or 
cooperatively with auxin [200,203,207–209]. Transcriptomic experiments on seedling roots revealed that 
glucose regulates the expression of many auxin-related genes (e.g., YUCCA, TIR1); more interestingly, a 
number of these genes are insensitive to glucose alone, but become glucose-responsive in the presence of auxin 
(e.g., AUX/IAA) [200]. In addition, exogenous glucose supply enhances defects in the induction of lateral root 
growth, root hair elongation, and gravitropism in mutants of auxin sensing (tir1) and signaling (axr2 and axr3), 
suggesting that glucose-regulated root architecture may occur through auxin-based signal transduction [200]. 
Gonzali et al. (2005) showed that auxin and turanose, a non-metabolizable analogue of sucrose, regulated the 
expression of the WOX5 transcription factor, a Wushel-related homeobox gene required for sustaining local 
auxin maxima in the root apical meristem [198]. Additional insights into the interactions between auxin and 
sugar come from the elegant work conducted in Arabidopsis by Weiste et al. (2017): they demonstrated a new 
function of S1bZIP11-related TFs (bZIP1,-11 and -44) as negative regulators of auxin-mediated primary root 
growth (Figure 2) [165]. These transcription factors are downregulated by sugar and upregulated by low energy 
levels through SnRK1 kinase activity [61,162,167,170,171,210,211]. In this context, bZIP11 and closely related 
TFs directly up-regulate the expression of IAA3/SHY2, a key negative regulator of root growth. By repressing 
transcription of PIN1 and PIN3—major auxin efflux facilitators—IAA3/SHY2 restricts polar auxin transport 
(PAT) to the root apical meristem and thereby blocks auxin-driven primary root growth. These findings support 
that bZIP11 and closely related transcription factors are a gateway for integrating low-energy-related stimuli 
into auxin-mediated root growth responses [165]. A close interaction between bZIP11 and auxin signaling was 
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also demonstrated when the highly homologous bZIP11-related TFs were found to quantitatively modulate 
auxin-responsive gene expression by recruiting the histone acetylation machinery to target promoters [212]. 
Repression of PIN1 accumulation and consequently reduction of PAT in roots explains the inhibition of root 
elongation in response to high glucose concentrations, through ABI5 (ABA insensitive 5) [213]. Part of the 
glucose and auxin interplay in root growth and development is thought to result from the glucose-dependent 
activation of the heterotrimeric G-protein [214] and the auxin-activated TOR-kinase signaling pathway [215]. 
Based on genetic analysis, Raya-González et al. (2017) proposed a new mechanism involving MED12 or 
MED13, two subunits of the MEDIATOR complex responsible for the connection of RNA polymerase II to 
specific transcription factors [216], and thus controlling gene transcription [217]. The loss-of-function mutants 
med12 and med13 displayed short and thin primary roots associated with decreased auxin responsiveness and a 
reduction of cell proliferation and elongation in primary roots. This behavior was fully alleviated by exogenous 
sugar. Further analysis supports that MED12 and MED13 can operate as positive linkers of sugar sensing to the 
auxin response pathway, and that MED12 acts upstream of AUXIN RESISTANT 1 (AUX1), an auxin influx 
carrier central for the spatio-temporal transport of auxin within the root tissue. An interesting connection 
between sugar signaling and polar auxin transport also results from hypocotyl elongation; it involves the PIF 
(Phytochrome interacting family) transcriptional regulators (Figure 2). PIFs (e.g., PIF4) induces the expression 
of many auxin biosynthesis genes (e.g., YUCCA) by binding to their promoter [218], and its upregulation by 
sucrose leads to auxin accumulation and thereby to hypocotyl elongation [195]. The regulation mechanism 
between sugar and PIF seems to be complex: other works showed that PIFs could act as negative regulators of 
sugar-induced IAA biosynthesis [196], and that the auxin response acts upstream of PIFs [197]. Additionally, 
the role of PIFs in linking sugar signaling to auxin accumulation is central during another development in 
response to high temperature [204]. Although the sugar and auxin interplay plays a coordinated role in the 
control of many plant developmental processes, extensive investigations are still required to understand whether 
these so-far described pathways are interconnected or correlated with each other. 
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Figure 2. Schematic representation of the crosstalk between the sugar and hormone signaling pathways (orange 

frame) in the regulation of certain physiological processes (green frame). Light-purple circles represent hub 

regulators, including transcription factors (ABI4: ABA insensitive 4; ATMYB75/PAP1; bZIP11; EIN3: 

ETHYLENE-INSENSITIVE 3; HY5: Elongated Hypocotyl 5: PIFs: Phytochrome interacting factors), F-box 

(MAX2: MORE AXILLARY 2) and key regulators of the hormone signaling pathways (DELLA and BZR1: 

BRASSINAZOLE RESISTANT). Red circles represent glucose sensors (HXK: hexokinase) and energy sensors 

(SnRK1: Sucrose non-fermenting related kinase 1; TOR-kinase: Target of Rapamycin kinase). ABA: Abscisic 

acid; BR: Brassinosteroid; CK: Cytokinin; GA: Gibberellin; SL: Strigolactone. Black arrows indicate 

stimulating effects and red blunts indicate repressing effects. 
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4.2. Sugar and Cytokinins  

Cytokinins (CKs) are underlying factors of the regulation of plant development. They influence many 
central processes including cell proliferation, source/sink relationships, leaf senescence, apical dominance, root 
growth, nutritional signaling, and responses to abiotic and biotic stresses [219–223]. Many examples indicate 
that CKs and sugars can cross-influence their metabolism and transport [193,222,224–229], which may impinge 
on signaling pathways. Based on transcript profiling of Arabidopsis seedlings after glucose and cytokinin 
treatment, Kushwah and Laxmi (2014) showed that glucose and CKs acted both agonistically and 
antagonistically on gene expression, and glucose had a strong effect on genes involved in cytokinin metabolism 
and signaling [229]. The first direct interplay between sugar and CKs came from the characterization of the 
hxk1/gin2 mutant, which displays decreased sensitivity to sugar and increased sensitivity to CKs [42], 
suggesting an antagonistic effect of CKs. In accordance with this, a constitutive CK response mutant was 
insensitive to high glucose-dependent seedling development repression [230], and a CK receptor mutant (ahk3) 
exhibited CK resistance but increased sucrose sensitivity during plant growth assays [231]. The cytokinin-
resistant (cnr1) mutant exhibited a number of altered auxin responses as well as hypersensitivity to sugars, as 
evidenced by high levels of chlorophyll and anthocyanins as compared to the wild type [232]. Further proof 
came from the fact that sucrose downregulates WPK4, that is activated by CK and encodes a putative protein 
kinase belonging to the SnF1 kinase subfamily [233,234]. Other responses rather revealed synergistic effects. 
In Arabidopsis seedlings, CKs and glucose positively regulate root elongation via an HXK1-dependent pathway 
[235], involving Arabidopsis cytokinin receptor AHK4 (ARABIDOPSIS HISTIDINE KINASE 4) and three 
Arabidopsis type-B response regulators (ARR1, ARR10, and ARR11) [235,236]. In that case, glucose only 
boosts CK-dependent root elongation, which occurs upstream of the effect of auxin on root development 
[235,236]. CKs and sugar also play important roles in the regulation of different cell cycle phases, including 
the G1/S transition via the sucrose induction of cycD3 expression [15] and the G2/M transition [237]. Another 
synergistic action between CKs and glucose resides in their combinatorial effect on anthocyanin accumulation 
in Arabidopsis leaves: sugar-induced anthocyanin biosynthesis is enhanced by CKs via the redundant action of 
three type-B ARRs (ARR1, ARR10, and ARR12) [238]. This signaling cascade involves transcriptional 
upregulation of MYB75/PAP1 by LONG HYPOCOTYL 5 (HY5) (Figure 2) [239]. 

In Arabidopsis, a balance between the antagonistic effects of auxin—which mediates cell division—and 
CKs—which mediate cell differentiation—establishes the root meristem [240]. Inversely, in the shoot meristem, 
CKs seem to promote the proliferation of stem cells and inhibit their differentiation, whereas auxin triggers 
organ primordia initiation [102]. It is noteworthy that the activation of root and shoot apical meristems relies 
on distinct glucose and light signals [241]. The authors provide arguments that glucose is required and sufficient 
to activate TOR kinase in the root apex, whereas neither glucose nor light alone can efficiently activate this 
central integrator of the cell nutrient and energy status in the shoot apex. 

4.3. Sugars and Strigolactones  

Strigolactones (SLs) were first considered as rhizosphere-signaling molecules that promote the 
germination of root-parasitic weeds and the symbiotic interactions between plants and soil microorganisms 
[242–244]. Since then, SLs have been revealed as mobile phytohormones controlling plant development and 
plant adaptation to environmental stress [245–253]. In addition, genes involved in SL biosynthesis and signaling 
are known in many plants [254]. Only a few studies have addressed how sugar signaling and SL signaling 
interplay to regulate plant functioning. Wu et al. (2017) showed that an smxl4/smxl5 double mutant of 
Arabidopsis caused defective phloem transport of sugar and enhanced starch accumulation [255]. Li et al. (2016) 
reported that both mutants of MAX1 and MAX2, involved in SL biosynthesis and signaling, respectively, were 
hyposensitive to glucose repression of seedling establishment; this suggests that this repression is under the 
cooperative effect of SLs and glucose, probably via the hexokinase-independent pathway [256]. Conversely, an 
antagonistic effect between the sugar- and SL-signaling pathways has been reported for plant branching. In that 
case, SLs act as inhibitors while sugars act as inducers [257]. In accordance with this, Arabidopsis plants 
overexpressing cyanobacterial fructose-1,6-bisphosphatase-II in the cytosol exhibited an over-branching 
phenotype associated with high sugar contents and repression of MAX1 and MAX4, two SL-biosynthesis genes 
[258]. These findings fit with those reported by Barbier et al. (2015) in Rosa sp. buds, in which both 
metabolizable and non-metabolizable analogs of sucrose or hexoses down-regulated MAX2 expression, and this 
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effect coincided with the ability of buds to grow out [193]. Further investigations should be led to ascertain the 
components through which these two signals interact. 

4.4. Sugars and Gibberellins  

Gibberellins (GAs) constitute a large group of molecules with a tetracyclic diterpenoid structure. They 
function as plant hormones and influence photosynthesis, the carbohydrate metabolism, plant growth (cell and 
stem length elongation) and development processes (germination, flowering etc.), and responses to biotic and 
abiotic stresses [259–268]. GAs directly regulate the plant carbon status through their effect on photosynthetic 
activity [269–271] and sugar metabolic activity [272–279]. Sugar can also affect the GA metabolism in different 
biological contexts [49,280]. A first direct interaction between sugar and GA signaling was revealed by the 
sugar-insensitive1 (sis1) mutant, which was also insensitive to gibberellins during seed germination [281], 
suggesting a cooperative effect between sugars and GAs. However, other data provide evidence for an 
antagonistic crosstalk. Sugar and GA signaling compete to regulate the expression of α-amylase in many cereal 
seeds [282–285], which involves spatiotemporal transcriptional regulation of GAMYB [285,286]. Li et al. 
(2014) reported that sucrose stabilizes DELLA proteins [287], supporting the importance of GAs in dark-
induced hypocotyl elongation [288] and their negative effect on the sucrose-dependent induction of the 
anthocyanin biosynthesis pathway [289]. DELLA proteins are central repressors of the GA response [290]. In 
this context, Loreti et al. (2008) showed that GA repressed the expression of several sucrose-induced genes 
involved in anthocyanin synthesis, and this repressive effect was noticeably absent in gai, a mutant expressing 
a stabilized DELLA protein [289]. DELLA acts by inducing the upregulation of PAP1/MYB75 [291], a sucrose-
induced transcription factor that mediates anthocyanin synthesis (Figure 2) [13]. DELLA proteins could be one 
of the main convergent actors of the hormonal and sucrose-dependent molecular networks. 

4.5. Sugars and Ethylene 

Ethylene regulates a host of plant processes, ranging from seed germination to organ senescence and plant 
responses to biotic and abiotic cues [292–294]. In higher plants, the pathways of ethylene metabolism and 
signaling are well established [295]. As evidenced by genetic and phenotypic analyses of many Arabidopsis 
mutants, there is a tight, but generally antagonistic, interaction between sugar and ethylene signaling. Mutants 
displaying nonfunctional ethylene receptors (etr1, ein4) or alteration of signal transduction proteins (ein2 and 
ein3), are hypersensitive to sugar-mediated photosynthesis repression, while constitutive triple response 1 (ctr1), 
a negative regulator of ethylene signaling, is glucose insensitive [281,296–298]. Consistently, the ethylene-
insensitive etr1 and ein2 mutants both exhibit glo (glucose-oversensitive) phenotypes, whereas the constitutive 
ethylene signaling mutant ctr1 is allelic to gin4, a glucose-insensitive mutant [296,299]. Such an antagonistic 
interaction explains the ability of glucose to stimulate the degradation of ETHYLENE-INSENSITIVE3 (EIN3), 
a key positive transcriptional regulator in ethylene signaling, through the hexokinase-signaling pathway, and 
thereby promote plant growth [298]. The antagonistic interplay between the sucrose and ethylene pathways is 
involved in sustaining sugar-dependent circadian rhythms in darkness through post-transcriptional regulation 
of the circadian oscillator GIGANTEA (GI) [300]. According to these authors, sugars maintain circadian 
rhythms in the evening/night transition by stabilizing the GIGANTEA (GI) protein depending on the activity 
of the F-Box protein ZEITLUPE (ZTL), and by destabilizing EIN3 (Figure 2) [300]. The ethylene- and sugar-
signaling pathways can also work cooperatively: both ethylene-insensitive (ein2-1) and ethylene-constitutive 
response (sis1/ctr1) mutants displayed only a slight modification of sugar-dependent chlorophyll accumulation 
and growth, but higher impairment of the sugar-induced tolerance to atrazine (an inhibitor of electron transport 
in photosystem-II photosynthesis) [301]. It appears that the mechanism of sucrose-dependent protection against 
atrazine requires active ethylene signaling and may rather involve a hexokinase-independent pathway. 

4.6. Sugars and Abscisic Acid  

Abscisic Acid (ABA) regulates many plant adaptive responses to environmental constraints [302–304]. 
Among plant hormones, ABA is one of major importance in the interaction with sugar signals since many 
mutations affecting sugar sensing and signaling are allelic to genes encoding components of the ABA synthesis 
or ABA transduction pathways. In Arabidopsis, ABA-deficient (aba2, aba3) and ABA-insensitive (abi4) 
mutants are allelic to glucose insensitive1 (gin1)/impaired sucrose induction 4 (isi4)/sugar insensitive1 (sis1) 
[305,306], and gin6/isi3/sis5/sun6 [122], respectively. The abi8 mutants are resistant to glucose-mediated 
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developmental arrest of wild-type seedlings [307]. The crosstalk between sugar and ABA can involve 
synergistic effects with ApL3 (ADP pyrophosphorylase large subunit) [306,308], ASR (ABA, stress and 
ripening-induced protein) in grape [309] and many photosynthesis-related genes [121,310,311]; but it can also 
involve agonistic effects, e.g., on the expression of Rab16A [312], Amy3D [115], and OsTIP3.1, a tonoplast 
intrinsic protein [313]. ABI4, a transcription factor of the AP2/ERF family, plays a prominent role in glucose 
and ABA signaling [121,122,314,315]. Many investigations underline the key role of SnRK1 in glucose and 
ABA signaling, since plants over-expressing SnRK1.1 displayed hypersensitivity to glucose and ABA during 
early seedling development [316], and SnRK1 was required for ABA-mediated maturation of pea seeds [317]. 
In addition, mutants disrupted in the three SnRK1 subunits displayed full ABA insensitivity, supporting that 
SnRK-mediated protein phosphorylation is necessary for all aspects of ABA functioning [318]. Exogenous 
ABA application resulted in the fine-tuning of SnRK1 activity [319]. Overlapping between the ABA and 
sucrose pathways was also confirmed by the phenotype of aip (a null mutant of AIP1), a member of group A 
PP2C serving as a positive actor in ABA signaling. This mutant exhibited lower sensitivity to ABA and glucose 
during seed germination and early seedling development [320]. More recently, Carvalho et al. (2016) identified 
a negative regulator of the glucose signaling pathway corresponding to the plant-specific SR45, belonging to 
the highly conserved family of serine/arginine-rich (SR) proteins [321]. Phenotypic and molecular 
characterization of the sr45-1 mutant revealed hypersensitivity to glucose during early seedling growth, and 
over-induction of ABA-biosynthesis and ABA-signaling genes in response to glucose as compared to the wild 
type. 

4.7. Sugars and Brassinosteroids  

Brassinosteroids (BRs) are a class of polyhydroxylated sterol derivatives that regulate many plant growth 
processes [322–326]. Glucose affects BR biosynthesis, perception, transduction, and homeostasis [327–329]. 
On the other hand, BRs influence CO2 assimilation, metabolism, and sugar fluxes [330–339]. BRs and sugars 
interplay cooperatively to regulate certain developmental processes, including etiolated hypocotyl elongation 
and LR development in Arabidopsis seedlings [340–342]. Analysis of glucose and BR sensitivity in both 
hexokinase-dependent and hexokinase-independent pathways complete this picture, providing evidence that 
glucose and BRs act via HXK1 pathway and BRs act downstream of this glucose sensor [329,341,342]. BZR1 
(BRASSINAZOLE RESISTANT 1) protein can represent a converging hub between sugar and BR signaling 
(Figure 2) [341,343], and its stability is positively and synergistically controlled by TOR-dependent and BR 
signaling pathways in hypocotyls [343]. According to these authors, such TOR-mediated regulation allows 
carbon availability to control the hormonal growth promotion programs, ensuring a supply-demand balance in 
plant growth. Synergetic overlapping between sugar and BR signaling might also take place in the regulation 
of floral signal transduction, with a downstream effect of BZR1 and BZR2 [263]. This assumption is linked to 
the fact that many BR-deficient mutants (brs1, det2, cpd, bls1) display a late-flowering phenotype, and the bls1 
(brassinosteroid, light and sugar1) mutant is hypersensitive to sugars [344]. 

4.8. Crosstalk between Sugar and Nitrate Signaling 

4.8.1. a—Interactions between Sugars and Nitrogen 

The control of C and N interactions involves various endogenous signals, NO3
− and NH4

+ ions, amino 
acids, as well as sugars issued from the carbon metabolism [345–349]. Nitrate acts as a positive signal for the 
induction of proper sugar uptake and assimilation, while the metabolites resulting from sugar assimilation—
e.g., glutamate, glutamine, aspartate, and to a lesser extend glycine and serine—serve as negative signals [350–
356]. NR (nitrate reductase) and PEPc (phosphoenolpyruvate carboxylase) are two enzymes that link primary 
N and C assimilation in plants [357]. The interdependence of the C and N metabolisms supports their roles in 
the regulation of gene expression that can occur at the cell, organ, or whole plant levels [358]. Furthermore, 
nitrate uptake is enhanced by the CO2 level through the availability of carbohydrates, and inversely a reduction 
of carbon storage by defoliation impairs nitrate uptake [345,349,359–363]. In line with this, the dark-dependent 
decrease of N uptake is reversed by addition of sucrose, which transcriptionally affects high- and low-affinity 
nitrate transporters [364]. Moreover, the regulation of nitrate uptake by light and sucrose is strongly linked 
[365], and NR gene expression appears to be regulated by photosynthesis through glucose synthesis [366]. 
Taken together, these results strongly suggest that the C/N ratio affects NR and NiR gene expression as well as 
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the related enzyme activities. Nitrogen starvation of wheat seedlings significantly decreased both the transcript 
levels and enzyme activities of NR, NiR, GS, and GOGAT, while potassium nitrate and ammonium nitrate 
restored gene expression and the catalytic activities of these enzymes [367]. In Brassica juncea, the expression 
of most of the N-pathway genes is significantly modulated under exogenous supply of sucrose or of sucrose 
and nitrogen [368]. These data emphasize the importance of C/N ratio signaling in the regulation of gene 
expression.  

4.8.2. b—C/N Regulation 

Many transcription factors—bZIP, Dof, Nin-like protein 7—as well as proteins such as 
kinases/phosphorylases are involved in regulating both the carbon and nitrogen metabolisms. Besides TOR 
kinases, other regulatory hubs between sugars and the nitrogen metabolism have been identified in plants. 
Among them, Elongated Hypocotyl 5 (HY5) is a bZIP transcription factor involved in a great number of 
signaling pathways such as hormonal, metabolic, or abiotic stress pathways [369]. It may operate in combination 
with the circadian rhythm to adjust levels of photosynthetic gene expression in the daytime [370]. HY5 is a 
shoot-to-root phloem-mobile signal and it mediates the regulation of root growth and nitrate uptake by light 
[369,371,372]. In the shoot, HY5 promotes carbon assimilation and translocation, whereas in the root it 
mediates the activation NRT2.1 expression, supporting the fact that it coordinates plant nutrition and growth in 
response to fluctuating light environments (Figure 2). Furthermore, HY5 regulates the sucrose metabolism and 
sucrose movement into phloem cells for shoot-to-root translocation by increasing the expression levels of 
SWEET11 and SWEET12, two genes encoding sucrose efflux transporters required for sucrose phloem loading 
[371,373]. Taken together, all these results strongly suggest that HY5 mediates the homeostatic regulation of 
the whole-plant C status versus the whole-plant N status [371]. Furthermore, the master clock control gene 
CCA1 targets the transcription factor bZIP1, which itself targets ASN1 involved in asparagine synthesis, and 
the nitrate transporter 2.1 (NRT2.1) [4,138]. SnRK1 phosphorylates NR [374,375] supporting the impact of 
both SnRK1 and bZIP1 on nitrogen signaling. Dröge-Laser and Weiste (2018) recently highlighted the 
importance of bZIPs in the control of metabolic gene expression according to the plant nutritional status [376]. 

The Dof1 (DNA binding with one finger) transcription factor from maize (ZmDof1) up-regulates the 
expression of PEPc and thereby modulates the C/N network. Overexpression of ZmDof1 in Arabidopsis and 
potato was accompanied by the promotion of nitrogen assimilation and plant growth under low nitrogen 
conditions [377–379], and up-regulation of multiple genes involved in carbon skeleton synthesis [378]. In 
agreement with this, expression of ZmDof1 regulates the expression of genes involved in organic acid 
metabolism, leading to the accumulation of amino acids and to increased growth under N-limiting conditions. 
These effects suggest that nitrogen use efficiency (NUE) could also be improved by manipulating the carbon 
metabolism pathways [363]. An analysis of the cis-regulatory element in the promoter of AtSUC2, which 
encodes a companion-cell-specific proton-sucrose symporter, identified a putative binding site for HD-Zip and 
a binding site for DOF transcription factors [380]. Furthermore, Skirycz et al. (2006) reported the phloem-
specific localization of a member of the DOF transcription factor family [381]. In Oryza sativa, OsDOF11 
modulates sugar transport by regulating the expression of SUT (SUT1, 3, 4, and 5) and SWEET (SWEET11 
and SWEET14) genes [382]. 

Proteins from the Nodule inception-like protein (NIN-Like Protein—NLP) family appear as master 
regulators of nitrate signaling. NLP7 and NLP6 bind and activate the promoters of several nitrate-induced genes 
[78,383–386]. The only known actor of the signaling mechanisms involved in the induction of NRT2.1 and 
NRT1.1 expression by carbon is the OPPP [84,387,388]. Otherwise, NLP7 is involved in the regulation of the 
gene coding for 6-phosphogluconate dehydrogenase, a key enzyme of the OPPP [385]. Glucose increases 
NRT2.1 protein levels and transport activity independently of its hexokinase1-mediated stimulation of NRT2.1 
expression, demonstrating another possible post-transcriptional mechanism influencing nitrate uptake [387]. 
These authors also established that photosynthate availability in the form of glucose is coupled to nitrate uptake 
and assimilation through glucose metabolism by HXK1 in the OPPP, transcriptional control of NRT2.1, and 
post-translational regulation of NRT2.1 protein levels and transport activities [387]. 

5. Conclusions 

The complex processes of plant growth and development rely on the integration of inputs about nutrient 
availability, the energy status, and the hormonal balance under variable conditions at the level of whole 
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organisms. Sugar signaling downstream of signal-specific sensors (e.g., hexokinase, RGS1, fructose 1,6 
bisphosphatase, O-GlcNAc transferase) converge to hub regulators of the nutrient and energy status (SnRK1 
and TOR kinase). These key integrators might mediate the balance between the anabolic and catabolic 
metabolisms, as well as accumulation of reserves versus remobilization of reserves through epigenetic 
reprogramming, transcriptional/post-transcriptional regulation, ribosome biogenesis, translational activity, and 
protein modifications. Extensive investigations are required to identify additional hub regulators with 
original/unexpected functions. In this regard, the relevance of “non-canonical” sensors including histone 
modifiers, microRNAs, transcription factors, and many others (small peptides etc.) should not be overlooked. 
The complexity of sugar-responsiveness processes further requires the approaches of systems biology. The 
diversity of sugar sensors and the emerging transduction pathways are tightly interconnected with the hormone 
and nitrate signaling networks. At present, there is still a knowledge gap about the interconnections between all 
these signal transduction pathways, while the identity of the molecular actors involved in convergence points 
remains mostly unknown. 
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V- Régulation post-transcriptionnelle : rôle des PUF  

Ce dernier chapitre de l’analyse bibliographique traite du rôle des protéines PUF dans 

la régulation post-transcriptionnelle d’une multitude de gènes dans le règne animal tels 

Caenorhabditis elegans, Drosophila melanogaster, et Saccharomyces cerevisiae… Mais, 

l’intérêt de ce type de protéines chez les végétaux a fait l’objet de très peu d’études, alors que 

la régulation post-transcriptionnelle est un mécanisme très puissant permettant à la cellule de 

répondre très rapidement et efficacement aux changements physiologiques, par exemple le 

changement du statut carboné, engendré par la survenue des modifications 

environnementales ou autres. Les protéines PUF sont une des familles protéiques impliquées 

dans le métabolisme des ARNs, qui reconnaissent des motifs spécifiques, notamment au 

niveau de la séquence 3’UTR et ainsi affectent la localisation, la stabilité et la traduction de 

l’ARNm cible.   
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Abstract: Post-transcriptional regulation of gene expression plays a crucial role in many processes. In cells, 
it is mediated by diverse RNA-binding proteins. These proteins can influence mRNA stability, translation, and 
localization. The PUF protein family (Pumilio and FBF) is composed of RNA-binding proteins highly 
conserved among most eukaryotic organisms. Previous investigations indicated that they could be involved in 
many processes by binding corresponding motifs in the 3’UTR or by interacting with other proteins. To date, 
most of the investigations on PUF proteins have been focused on Caenorhabditis elegans, Drosophila 
melanogaster, and Saccharomyces cerevisiae, while only a few have been conducted on Arabidopsis thaliana. 
The present article provides an overview of the PUF protein family. It addresses their RNA-binding motifs, 
biological functions, and post-transcriptional control mechanisms in Caenorhabditis elegans, Drosophila 
melanogaster, Saccharomyces cerevisiae, and Arabidopsis thaliana. These items of knowledge open onto new 
investigations into the relevance of PUF proteins in specific plant developmental processes. 

Keywords: PUF protein; post-transcriptional; regulation; plant; RNA-binding motifs  
 

1. Introduction 

In most eukaryotic organisms, gene expression is commonly regulated at the transcriptional and 
posttranscriptional levels; this is considered as a powerful strategy for these organisms to flexibly adapt their 
growth and development to environmental inputs. Extensive investigations have reported that RNA-binding 
proteins (RBPs) regulate many aspects of RNA processing, such as RNA splicing, polyadenylation, capping, 
modification, transport, localization, translation, and stability, called RNA metabolism [1–5]. The resolution of 
protein structures and the functional characterization of RBPs have shown that these proteins possess several 
conserved motifs and domains such as RNA-recognition motifs (RRMs), zinc fingers, K homology (KH) 
domains, DEAD/DEAH boxes (highly conserved motif (Asp-Glu-Ala-Asp) in RNA helicases), Pumilio/FBF 
(Caenorhabditis elegans Pumilio-fem-3 binding factor, PUF) domains, and pentatricopeptide-repeat (PPR) 
domains [6].  

The Pumilio RNA-binding protein family—the PUF family—is a large family of RBPs found in all 
eukaryotes; the number of PUF gene copies in each model organism is highly variable. The PUF family is 
mainly involved in post-transcriptional control by binding to specific regulatory cis-elements of their mRNA 
targets. Through this interaction they govern RNA decay and translational repression [7]. They also act by 
promoting ribosome stalling and facilitating the recruitment of microRNAs (miRNAs) and chromosomal 
instability [8–11]. Therefore, PUF protein influences the expression level of their target gene dramatically 
through the post-transcriptional level. For example, Puf6p can inhibit Asymmetric Synthesis of HO (ASH1) 
mRNA translation in yeast. The experiment from Gu et al. showed that the ASH1 in puf6 mutant had a higher 
expression level than in the wild type [12]. Suh et al. indicated that FBF, a PUF protein in Caenorhabditis 
elegans, can represses gld-1 expression through interact with gld-1 mRNA. GLD-1 level increased 
approximately sixfold in fbf mutant than in wild type [13]. 

The present article provides a rapid overview of PUF proteins, especially their binding motifs, biological 
functions, and regulation mechanisms, which seem to be conserved among eukaryotes. Given that our 
knowledge of the functional roles of RBPs in plants is lagging far behind our understanding of their roles in 
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other organisms, this article ends by briefly underlying the interest of investigating the role of the PUF family 
in certain key mechanisms of plant functioning.  

2. RNA-Binding Target of PUF Proteins  

Drosophila melanogaster Pumilio (DmPUM) and Caenorhabditis elegans Pumilio-fem-3 binding factor 
(FBF) are the two founding members of the PUF protein family [14]. These canonical PUF proteins contain an 
extensively conserved RNA-binding domain (the Pumilio homology domain, PUM-HD), composed of eight 
consecutive α-helical PUF repeats that adopt a crescent-shaped structure [1,14–18]. The crystal structure of 
PUM-HD revealed that each of the eight PUF repeats specifically recognizes a single nucleotide in its target 
RNA, and can thereby bind to as many as eight consecutive nucleotides, and this binding model is conserved 
[7,19]. PUF proteins initially appeared to bind RNAs containing a 5’-UGU-3’ triplet (Figure 1), and were 
thought to act cooperatively with other proteins [14,19–24]. For instance, DmPUM binds to the Nanos response 
element (NRE) that harbors motifs A (5′-GUUGU-3′) and B (5′-AUUGUA-3′) in the 3’UTR of hunchback (hb) 
mRNA [25–27]. Each motif contains the core UGU triplet and interacts with one Pumilio protein in a 
cooperative manner [28]. In Caenorhabditis elegans, FBF-1 and FBF-2 (C. elegans fem-3 mRNA-binding 
factors 1 and 2, two nearly identical proteins collectively called FBF) bind to the same core RNA-binding sites 
that possess the UGU trinucleotide and an AU pair located 3 nucleotides downstream (5′-UGUDHHAUA-3′; 
D, A or G or T; and H, A or C or T) [29]. The binding activity of FBF-2 and other C. elegans PUMs (PUF6 and 
PUF11) is enhanced by an additional binding pocket for cysteine located upstream [30]. In Saccharomyces 
cerevisiae, Puf3p, which localized in mitochondria, binds the RNA sequence 5′-UGUANAUA-3′, while yeast 
Puf4p and Puf5p recognize 5′-UGUR-3′ (R, purine)-containing sites [31,32]. The experiment also indicated that 
yeast Puf4p and Puf5p mainly function in nucleolus [33]. To be functional, PUF1p (Jsn1p) and the closely 
related protein PUF2p bind RNAs containing 5′-UAAU-3′ rather than the more common motif 5′-UGUR-3′. 
This difference is assigned to their “non-canonical” features consisting of fewer PUF-repeats [34]. In Murine, 
PUM2, which contains a C-terminal RNA-binding domain related to the Drosophila Pumilio homology domain 
(PUM-HD), can bind to the consensus sequence 5′-UGUANAUARNNNNBBBBSCCS-3′ (N, any base; R, A 
or G; B, C or G or T; and S, G or C) [35]. According to many authors [7,19,36], the binding model of each PUF 
repeat to an RNA base could be similar. However, PUF proteins can recognize RNA sequences beyond the 
PUM-HD scaffold and also interact with non-cognate sequences, underlying the higher complexity and 
adaptability of their binding activity [37–39]. To support this point, other studies showed that PUF proteins 
bind to CDSs or 5’UTRs. They bind to paralytic (para) in the CDS region of its mRNA, which encodes the 
Drosophila voltage-gated sodium channel paralytic [40]. In Cryptococcus neoformans, Pum1, an ortholog of 
both S. cerevisiae Puf3p and Drosophila melanogaster Pumilio, can only bind to the consensus binding element 
5′-UGUACAUA-3′ in the 5’UTR of its own mRNA to participate to the regulation of hyphal morphogenesis 
[41].  

In plants, few investigations have been led to discover PUF-binding sites and thereby their role in plant 
growth and development. The experimental results from Tam et al. indicated that AtPum2, an Arabidopsis PUF 
protein, binds the RNA of Drosophila Nanos Response Element I (NRE1) 5′-UGUAUAUA-3′ located in its 
3’UTR [7]. They also showed that APUM1 to APUM22 can shuttle between nucleus and cytoplasm through 
the exportin1 mediated pathway. However, APUM23 and APUM24 localized in nucleus [7]. Through three-
hybrid assays, Francischini and Quaggio showed that among the 25 PUF members identified in Arabidopsis, 
APUM1 to APUM6 can specifically bind to the Nanos response element sequence, which is also recognized by 
Drosophila Pumilio proteins [42]. They also identified an APUM-binding consensus sequence through three-
hybrid screening assay in Arabidopsis RNA library, i.e., a 5′-UGUR-3′ tetranucleotide sequence reported to be 
present in all targets of the PUF family [1]. However, the “non-canonical” Arabidopsis PUM23 (APUM23) 
binding sequence is 10 nucleotides long, contains a 5′-UUGA-3′ core sequence, and has a preferred cytosine at 
nucleotide position 8 [43]. These investigations showed that the consensus PUF-binding motif may be 
ubiquitous among eukaryotes, but no study in plants has reported a PUF motif in other regions than the 3’UTR.  

3. Putative Biological Functions of PUF proteins  

Many studies demonstrated that individual PUF proteins can recognize hundreds of unique transcripts, 
suggesting that this family of proteins can regulate many aspects of eukaryote mechanisms, including stem cell 
control, developmental patterning, neuron functioning, and organelle biogenesis (Table 1). Up to now, the most 
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extensive investigations about PUF proteins have focused on Caenorhabditis elegans, Drosophila melanogaster, 
and Saccharomyces cerevisiae, and only few reports are available about plants.  

Based on the biological functions analyzed so far, PUF proteins significantly control diverse processes in 
these species. In Drosophila, Pumilio was identified initially from its requirement for embryonic development 
through regulating Hunchback (an important morphogen gene), in collaboration with the zinc finger protein 
Nanos [70]. Other processes such as stem cell proliferation, motor neuron function, and memory formation are 
under the control of Pumilio [70]. In Caenorhabditis elegans, FBFs control gametogenesis by mediating the 
sperm/oocyte switch, while PUF8 displays several functions, including the sperm-oocyte switch during normal 
development and its antagonistic effects on germline stem cell proliferation [14]. The latter depends on the 
genetic context, in that PUF8 and MEX3 (a KH-type RNA-binding protein) redundantly promote germline stem 
cell proliferation in Caenorhabditis elegans [52]. PUF8 also acts as a repressor of germline stem cell 
proliferation in temperature-sensitive glp-1(ar202) gain-of-function mutants whose GLP-1 activity is high [71]. 
Two groups of PUF/RNA-binding proteins, PUF-3/11 and PUF-5/6/7, play different roles in Caenorhabditis 
elegans oogenesis. All of them are involved in oocyte formation, but PUF-3/11 limits oocyte growth while 
PUF-5/6/7 promotes oocyte organization and formation [72]. Salvetti et al. identified a homologous protein of 
Drosophila Pumilio in Dugesia japonica, named DjPum. It is expressed in planarian stem cells and involved in 
the formation of the regenerative blastema [73]. Moreover, these same authors showed that DjPum is essential 
for neoblast maintenance.  

The yeast PUF protein Mpt5p regulates the stability of HO mRNA by stimulating removal of its poly(A) 
tail [74]. HO is involved in mating-type switching in yeast: it introduces double-stranded DNA breaks that 
initiate recombination [75]. The PUF3 protein plays a key role because it can bind and regulate more than 100 
mRNAs that encode proteins with mitochondrial functions [76]. A bioinformatics method showed that hmt1, a 
protein arginine N-methyltransferase, and dut1, which encodes a dUTP pyro-phosphatase, were predicted as 
putative mRNA targets of PUF4p in yeast [33]. PUF5p is a broad RNA regulator in S. cerevisiae that binds to 
more than 1000 RNA targets; it makes up around 16% of the yeast transcriptome. These RNAs regulate many 
aspects of S. cerevisiae development such as embryonic cell cycle, cell wall integrity, or chromatin structure 
[77]. Nop9, an S. cerevisiae PUF protein, recognizes sequences and structural features of 20S pre-rRNA near 
the nuclease cleavage site. It also associates with the SSU processome/90S pre-ribosome through protein–
protein interactions before its 20S pre-rRNA target site is transcribed [78]. Mpt5p (also called Puf5p or Uth4p) 
promotes temperature tolerance and increased replicative life span in S. cerevisiae through an unknown 
mechanism thought to be partly involved in the cell wall integrity (CWI) pathway. mpt5Δ mutants also have a 
short life span; this defect is suppressed when CWI signaling is activated [79].
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Table 1. Biological functions, binding motifs, and target mRNA of some of the most described PUF proteins in different living organisms. 

Organisms 

PUF 

Family 

Member 

Target mRNA  Binding Motif  Biological Function  References 

Caenorhabditis 
elegans 

FBF 
 

Gld‐1, Fem3  5′‐UGUGCCAUA‐3′, 5′‐
UGUGUCAUU‐3′ 

Maintenance of stem cell proliferation; the 
hermaphroditic switch between spermatogenesis 

and oogenesis; adaptation in the AWC 
chemosensory neuron. 

[29,48,49] 

PUF‐5 

HIS3 (a reporter 
gene), obr‐3, cpi‐2, 
srm‐6, fog‐1, srz‐10, 

C17H11 

5′‐CYCUGUAYYYUGU‐
3′ 

Oocyte maturation; nuclear enlargement; yolk 
uptake; early embryogenesis 

[49,50] 

PUF‐6  HIS3 (a reporter gene) 5′‐CYCUGUAYYYUGU‐
3′  Primordial germ cell development  [49,50] 

PUF‐7  HIS3 (a reporter gene) 5′‐CYCUGUAYYYUGU‐
3′  Primordial germ cell development  [49,50] 

PUF‐8  Unknown  Unknown  Hermaphrodite spermoocyte switch; Germ‐Line 
Proliferation  [49,51,52] 

PUF‐9  Unknown  Unknown  Differentiation of epidermal stem cells at the 
larval‐to‐adult transition 

[49,53] 

Cryptococcus 
neoformans 

PUM1  Znf2  5′‐UGUACAUA‐3′  Hyphal morphogenesis of sexual development  [41] 

Drosophila 
melanogaster 

PUMILIO 

hbNRE;
hunchback; 
cyclin B; 
eIF4E; 
Bicoid; 
para 

Nanos response element

Anterior patterning system; 
mitotic arrest of primordial germ cells; 

maintenance of germline stem cells; primordial 
follicle pool; gonadogenesis; oogenesis; neuronal 

function; sodium current in motoneurons 

[15,21,40,54–
58] 

Saccharomyces 
cerevisiae 

MPT5  HO  Nanos response element Mating‐type switching; Lifespan [23,59] 
PUF4  HO  Nanos response element Lifespan [1,59,60] 

PUF3  COX17  5′‐UGUAUAUAU‐3′  Mitochondrial biogenesis and motility; 
thermotolerance; hyperosmotic stress resistance  [32,59,61] 



84 
 

PUF2  Unknown  5′‐UAAUAAUUW‐3′  Binds mRNAs encoding membrane‐associated 
proteins  [59,62] 

PUF1/JSN1  Unknown  Unknown  A high copy suppressor of certain tubulin 
mutations  [59,63] 

PUF6  ASH1  5′‐UUGU‐3′ motif  Mating‐type switching; protein/peptide 
accumulation  [12,59] 

Xenopus  XPum2  Xenopus cyclin B1  5′‐UGUAAAUA‐3′ Oocyte maturation [22,25,64] 

Arabidopsis 
thaliana 

APUM1‐6 
FASCIATA‐2, 
CLAVATA‐1 and 
ZWILLE⁄PINHEAD 

5′UGUANAUA 

shoot meristem
organization, stem cell maintenance and 

maintenance 
of cellular organization of apical meristems 

[42] 

APUM5  CMV tripartite RNA 
3’UTR regions 

5′‐UGUAAUA‐3′;
5′‐UGUAGUA‐3′; 

5′‐UGUACAUAAUA‐3′ 

Defensive repressor of Cucumber mosaic virus 
(CMV) infection 

[65] 

APUM5  RAB18 COR15 RD22 
DREB2A 

5′‐UGUA‐3′  Abiotic stress response  [66] 

APUM9 
and 

APUM11 
Unknown  Unknown  Seed dormancy  [67] 

APUM23  Unknown  Unknown 
Leaf development and organ polarity; Processing 
and/or degradation of 35S pre‐rRNA and rRNA 

maturation by‐products 
[4,68] 

APUM24  7S pre‐rRNA; ITS2 Unknown rRNA processing and early embryogenesis [69] 
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Certain reports reveal the pathways in which PUF proteins are involved in other species. Peronophythora 
litchi PIM90 encodes a putative PUF protein; its expression is relatively lower during cyst germination and plant 
infection, but it is highly expressed during asexual and sexual development [80]. In Plasmodium falciparum, 
PfPUF1 plays an important role in the differentiation and maintenance of gametocytes, especially female 
gametocytes [81]. In the PfPUF1-disrupted lines, gametocytes appeared normal before stage III but subsequently 
exhibited a sharp decline in gametocytemia. In Cryptococcus, Pum1 is auto-repressive during growth, controls its 
own morphotype expression, and positively stabilizes the expression of ZNF2 (a filamentation regulator) to 
achieve the filamentous morphotype required for sexual development [41]. In humans, the two Pumilio proteins 
PUM1 and PUM2 were identified as positive regulators of Retinoic acid-inducible gene I (RIG-I) signaling, which 
plays a pivotal role in innate immunity [82]. Overexpression of PUM1 and PUM2 increased IFN-β (an important 
factor in RIG-I signaling) promoter activity induced by Newcastle disease virus (NDV), while the opposite effect 
was reported when these Pum proteins were knocked down [82].  

PUF proteins may also act as post-transcriptional repressors through a conserved mechanism in Plant. 
APUM5 is associated with both biotic and abiotic stress responses [66]. APUM5-overexpressing plants showed 
hypersensitive phenotypes under salt and drought treatment during germination at the seedling stage and vegetative 
stage. Further results indicated that the APUM5-Pumilio homology domain (PHD) protein bound to the 3’UTR of 
many salt and drought stress-responsive genes containing putative Pumilio RNA-binding motifs in their 3’UTR 
[66]. AtPUM23 regulates leaf morphogenesis by regulating the expression of KANADI (KAN) genes. KANADI 
genes are members of the GARP family, key regulators of abaxial identity [68]. Moreover, PUF proteins have also 
been predicted to participate in many mechanisms in Arabidopsis, such as responses to nutrients, light, iron 
deficiency, ABA (Abscisic acid) signaling, and osmotic stress [7]. For example, APUM23, a nucleolar 
constitutively PUF-domain protein expressed at higher levels in metabolically active tissues, was upregulated in 
the presence of glucose or sucrose. APUM23 loss of function plants showed slow growth, with serrated and 
scrunched leaves, and an abnormal venation pattern via rRNA processing [4]. A transcriptome analysis in 
Arabidopsis revealed that several PUF members, in particular APUM9 and APUM11, showed higher transcript 
levels in reduced dormancy 5 mutant during seed imbibition. This study indicated that PUF proteins might also be 
involved in seed dormancy in plants [63]. Some studies showed that APUM-1 to APUM-6 may be involved in 
Arabidopsis growth and development in the early stage through binging to the RNA of their target genes such as 
CLAVATA-1, WUSCHEL, FASCIATA-2, and PINHEAD/ZWILLE, which are involved in the regulation of 
meristem growth and stem cell maintenance [42,83]. PUF protein APUM24 was also recently described as 
expressed in tissues undergoing rapid proliferation and cell division [65]. Moreover, APUM24 is required for 
timely removal of rRNA byproducts for rapid cell division and early embryogenesis in Arabidopsis. APUM24 loss 
of function plants displayed defects in cell patterning.  

4. PUF Proteins Control Post-Transcriptional Processes through Different Mechanisms 

PUF proteins exert their post-transcriptional action through various mechanisms such as activation of mRNA 
translation, repression of mRNA translation, and localization of mRNA [58,84,85]. One PUF repression 
mechanism probably correlates with shortening of the poly(A) tail of target mRNAs though deadenylation and 
repression awaits further research [1] (Figure 2). In yeast, PUF6p inhibits the initiation of ASH1 mRNA translation 
via interactions with Fun12p during its transport; this repression can be relieved by CK2 phosphorylation in the 
N-terminal region of PUF6p when the mRNA reaches the bud tip [86]. PUF6p can also form a protein–RNA 
complex with She2p and repress translation by interacting with translation initiation factors and preventing 
ribosome transit12. Mpt5p, a yeast PUF protein, regulates HO mRNA and triggers shortening its poly(A) tail. A 
yeast PUF protein physically binds Pop2p (a component of the Ccr4p–Pop2p–Not deadenylase complex) required 
for PUF repression activity. Simultaneously, the PUF protein recruits deadenylase Ccr4p and Dcp1p and Dhh1p, 
which are involved in mRNA regulation. The PUF-Pop2p interaction is conserved in yeast, worms, and humans 
[60].  

In Caenorhabditis elegans, FBF regulates the activation of gld-1 (defective in germline development-1). A 
possible mechanism of that regulation is linked to cytoplasmic polyadenylation, i.e., extension of the mRNA 
poly(A) tail by cytoplasmic poly(A) polymerase [13]. FBF interacts with gld-1 mRNA and with the cytoplasmic 
polyadenylase, which it recruits [87]. However, it is also involved in another mechanism. In fact, FBF can bind 
the 3’UTR of EGL-4, a cGMP-dependent protein kinase, and may localize translation near the sensory cilia and 
cell body. Furthermore, the photoconvertible stony coral protein Kaede was used as a reporter gene in that 
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experiment. The cell biology analysis showed that the subcellular distribution of newly synthesized Kaede 
dramatically changed in the fbf-1 mutant. This result suggests that the binding of FBF may direct the subcellular 
localization of EGL-4 translation and enhance its translation [88]. In humans, Nop9 is a PUF-like protein. It 
recognizes sequences and structural features of 20S pre-rRNA near Nob1, the cleavage site of the nuclease and 
thus reduces Nob1 cleavage efficiency [78]. Nob1 cleavage is the final processing step in the production of mature 
18S small subunit ribosomal RNA. 

5. Conclusions 

Post-transcriptional regulation is an essential component of gene expression regulation. Numerous studies 
conducted over several decades have unveiled and characterized many factors involved in post-transcriptional 
regulation, such as micro-RNAs, poly(A)-binding proteins (PABPs), small nuclear RNAs (snRNAs), or RNA-
binding proteins (RBPs). PUF family RNA-binding proteins are determining post-transcriptional regulators 
present throughout eukaryotes. PUF proteins influence many aspects of different metabolic pathways, and the 
expression of PUF genes is regulated by many endogenous signals [25,48,89,90]. This article provides an overview 
of PUF proteins, i.e., their RNA targets, biological functions, and regulation mechanisms. These findings may lead 
us to discover more information and functions about plant PUF proteins, as current knowledge about the regulation 
of PUF gene expression and their role in plant biology is scarce. Most studies on plant PUF proteins have only 
focused on Arabidopsis thaliana, in which 26 PUF family members have been reported [7,42]. The relevance of 
PUF proteins in specific plant developmental processes such as branching, rhizogenesis, flowering, that are well 
known to be finely and flexibly controlled by endogenous and exogenous stimuli, still remains to be investigated. 
For example, the 3’UTR of some branching related genes in Arabidopsis, such as MORE AXILLARY BRANCHES 
2 (AtMAX2) and SMAX1-LIKE 6 (SMXL6), contained the putative binding sites of PUF protein. In addition, the 
putative PUF binding sites also were found in the 3’UTR of Flower Locus T (FT) and TERMINAL FLOWER 1 
(TFL1), which are related to flowering in Arabidopsis. The 3’UTR of RETARDED ROOT GROWTH (RRG), a 
rhizogenesis related gene, harbors many putative PUF binding sites. Therefore, some plant developmental 
processes may be controlled by PUF protein at the post-transcriptional level. The detail mechanism of these 
developmental processes needs to be studied deeply in the future. 
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Figure 1. Predictive stick models of the APUM2 (Arabidopsis Thaliana Pumilio 2, AT2G29190) PUM-HD 

(Pumilio homology domain) bound to its target motif. The analysis result based on the research of Francischini and 

Quaggio [42]. They showed that the PUM-HD of APUM2 bound to the core nucleotides of 5′-UGUANAUA-3′. 

The each repeat of PUM-HD bound to corresponding nucleotide through Van der Waals force. The protein structure 

was generated by SWISS-MODEL (https://swissmodel.expasy.org/) [44,45,46,47] 

 

Figure 2. The common model of PUF protein influences mRNA stability. (A) Some genes regulate the expression 

or binding efficiency of PUF proteins in nucleus and/or in cytoplasm; (B) The PUF protein can bind to the PUF 

binding motif, which is located in the 3’UTR of target gene, and recruit the CCR4-POP2-NOT complex through 

interacting with Pop2 (the subunit of CCR4-POP2-NOT complex). The CCR4-POP2-NOT complex acts as a 

deadenylase in cell. It can affect the mRNA stability by reducing the length of poly(A) tail. Meanwhile, Dhh1p 

(DExD/H-box ATP-dependent RNA helicase), which can interact with CCR4-POP2-NOT complex, acts on the cap 

to activate decapping and inhibit translation [60]. 
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VI –Problématique  

L’étude bibliographique a mis en évidence l’importance de la ramification dans le 

fonctionnement de la plante et la complexité de sa régulation, en faisant intervenir des facteurs 

endogènes (hormones, nutriments) et exogènes (lumière). De plus, il est connu que ces facteurs 

endogènes (hormones, nutriments) interagissent de manière antagoniste ou synergique pour 

réguler une variété de processus physiologiques tout au long du cycle de vie de la plante (Sakr 

et al., 2018). Toutefois, très peu de données sont disponibles quant à leurs interactions dans le 

contrôle du débourrement. Il est également admis que les signaux émanant de ces facteurs 

doivent inévitablement être intégrés localement au niveau du bourgeon, pour déterminer sa 

réponse finale (dormant ou non-dormant). Un des candidats pour cette fonction intégratrice est 

le facteur de transcription BRANCHED1, qui appartient à la famille TCP (TEOSINTE 

BRANCHED1 (TB1), CYCLOIDEA (CYC), PROLIFERATING CELL NUCLEAR 

ANTIGEN FACTOR1 (PCF1), and PCF2)), spécifique des plantes et connue pour une diversité 

de processus biologiques. Cependant, les mécanismes moléculaires impliqués dans la 

régulation de RhBRC1 par ces facteurs endogènes restent encore fragmentaires. Pour contribuer 

à l’identification de ces mécanismes, ce projet de thèse a été construit autour de deux parties :  

1) La première partie montre le rôle du métabolisme primaire (la glycolyse/cycle de 

Krebs et OPPP) dans la régulation du débourrement et l’expression de RhBRC1, en 

réponse à l’effet combiné de l’auxine et du saccharose (deux acteurs majeurs de la 

ramification). Ces deux voies (la glycolyse/cycle de Krebs et OPPP) agissent en 

synergie sur l’expression de RhBRC1. De plus, le promoteur de RhBRC1 constitue 

le site d’intégration des signaux émanant de ces deux voies du métabolisme primaire, 

en impliquant deux régions promotrices distinctes. Ce travail ouvre des perspectives 

très diversifiées notamment en termes d’identification des facteurs de transcription 

impliqués dans cette régulation et les mécanismes associés à leur régulation.   

2) La deuxième partie s’applique à démontrer le rôle de la région 3’UTR du gène 

RhBRC1 dans sa régulation par les sucres et par l’effet combiné du saccharose et de 

l’auxine. Cette région 3’UTR s’est avérée capable d’intégrer les mécanismes de 

régulation post-transcriptionnelle du gène RhBRC1 liés au métabolisme primaire, 

avec une forte sensibilité pour la voie OPPP. Enfin, une protéine de la famille PUF, 

RhPUF4, a été caractérisée comme potentielle acteur de cette régulation, notamment 

dans la transduction du signal de la voie OPPP.  
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L’ensemble de ces données a été obtenu sur la plante modèle, le rosier, en s’appuyant sur 

une stratégie pluridisciplinaire, intégrant des approches de biotechnologies, de pharmacologie, 

métabolomique e et transcriptomique. De plus, il s’agit d’une étude multi-échelle, avec des 

résultats issus de plantes décapitées, de bourgeons isolés et de cals génétiquement transformés. 

Les résultats obtenus seront ensuite intégrés à ceux de la littérature afin de mieux comprendre 

le rôle de l’effet combiné du sucre et de l’auxine lors des processus et mécanismes régulant le 

débourrement.     
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Bud outgrowth and RhBRC1 expression are antagonistically regulated by 

auxin and sugar through glycolysis/tricarboxylic acid cycle and oxidative 

pentose phosphate pathways 

 

Ming Wang et al.  
 
Abstract  

Shoot branching is a central process during plant growth and development that influences many 

important agronomic traits. BRANCHED1 (BRC1/TB1/FC1), belonging to a TCP transcription 

factor family, is consensually considered as one of the axillary bud-located hub for an array of 

cues including auxin and sugar. This study unveils the physiological and molecular mechanisms 

underpinning the combined effects of auxin and sugar on bud outgrowth. We showed that 

glycolysis/TCA cycle (tricarboxylic acid cycle) and OPPP (oxidative pentose phosphate 

pathway) are important modulators of the antagonistic effect of auxin and sucrose on both 

RhBRC1 expression and bud outgrowth. Both processes were necessary for a successful bud 

outgrowth. Using the stably transformed Rosa calli with the promoter sequence of RhBRC1 

(pRhBRC1) appears as a converging point of the combined effect of auxin and sugar. In addition, 

OPPP and glycolysis/TCA-cycle act cooperatively and respectively through (-1973bp to 

1611bp) and (-1611bp to -632bp) promoter regions to regulate RhBRC1 expression. EMSA 

(electrophoretic mobility shift assay) results suggest a possible feedback regulation of sugar 

metabolism by BRC1. These findings underline the prevailing role of sugar metabolism and 

pRhBRC1 promoter regulation in the antagonistic effect of auxin and sucrose in shoot 

branching. 

Key words 

Bud outgrowth; RhBRC1; sucrose; auxin; glycolysis/tricarboxylic acid cycle; oxidative pentose 

phosphate pathways 
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Introduction 

Shoot branching is a particularly significant trait in agriculture and horticulture sectors, 

which determines light capture efficiency, crop productivity, plant disease resistance and visual 

quality of ornamental plants (Lemerle et al., 1996; Zhao et al., 2006; Simon et al., 2011; Ta et 

al., 1987; Boumaza et al., 2009&2010; Garbez et al., 2015). Shoot branching depends on the 

induction of axillary buds along the stem to grow into branches, or to remain dormant, allowing 

plants to finely tune the degree of shoot development to resource availability. The 

transcriptional regulator, BRANCHED1 (BRC1)/TEOSINTE BRNACHED (TB1), is one of the 

major genes in controlling shoot branching (Aguilar-Martínez et al., 2007; Seale et al., 2017). 

It is expressed inside the buds where it locally promotes bud growth arrest in many species 

(reviewed in Rameau et al. 2015, Martín-Fontecha et al., 2017; Wang et al., 2019). Branched1 

(brc1) or its homologue gene knock out mutants exhibited more branching numbers or tiller 

numbers (Doebley et al., 1997; Wang et al., 1999; Takeda et al., 2003; Aguilar-Martínez et al., 

2007; Dun et al., 2009). In Arabidopsis, most AtBRC1-driven genetic programs, including cell 

division, ribosomal protein genes activation and abscisic acid (ABA) accumulation and 

signaling, largely overlapped with those repressed in dormant buds (Gonzalez-Grandio et al., 

2013&2017). BRC1 expression responds to diverse shoot branching-influencing endogenous 

(hormones, sugars) and exogenous (light) factors, supporting its role as one important hub for 

the convergence of their related-signaling pathways within buds (Rameau et al., 2015; Martín-

Fontecha, et al., 2018; Wang et al., 2019), while it is still unknown how these pathways are 

integrated to regulate BRC1 expression.  

Bud growth is a complex process in plant, which has long been considered to be driven by 

hormones and/or carbohydrates (Philips, 1975; Van den Ende, 2014). The classical hormone 

hypothesis relies on that auxin, produced in young leaves at the apical shoot meristem (Ljung 

et al., 2001) and moved down in the polar auxin transport stream (PATS), restricts the growth 

of axillary bud along the stem (Sachs and Thimann, 1964; Morris, 1977; Cline, 1994; Li and 

Bangerth, 1999; Balla et al., 2011). Auxin cannot enter the buds and operates outside it through 

two non-mutually exclusive models, referred as to “auxin canalization model” and “second 

messenger model” (Aguilar-Martinez et al., 2007; Domagalska and Leyser, 2011, Dun et al. 

2012). Auxin can lead to upregulation of BRC1 transcription (Aguilar-Martínez et al., 2007), 

through the action of two antagonistic actors, CK (Cytokinin) and SL (Strigolactone), that both 

act directly in axillary buds (reviewed in Rameau et al., 2015, Wang et al., 2019). In stem, auxin 

inhibits CK biosynthesis (Dun et al., 2009; Müller and Leyser, 2011; Brewer et al., 2013), 
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whose elevated level in axillary buds resulted in a BRC1 downregulation and branching 

activation (Braun et al., 2012). SL biosynthesis is stimulated by auxin (Sorefan et al., 2003, 

Foo et al., 2005; Johnson et al., 2006; Zou et al., 2006; Arite et al., 2007&2009; Hayward et 

al., 2009) and operates by promoting BRC1 expression and consequently, bud growth arrest 

(Gomez-Roldan et al., 2008; Brewer et al., 2009; Aguilar-Martínez et al., 2007; Dun et al., 

2012; Brewer et al., 2015; Revel et al., 2015). Downstream SL, DWARF 53 (D53)/ 

Strigolactone more axillary like (SMXL6, 7 and 8) and SQUAMOSA PROMOTER BINDING 

PROTEIN-LIKE (SPL) have been identified, at least in monocots, as components of SL core 

signaling pathway mediated TB1/BRC1 upregulation (Jiao et al., 2010; Lu et al., 2013; Liu et 

al., 2017; Song et al., 2017). In addition, CK and SL can also regulate bud growth through 

BRC1-independent pathway (Minakuchi et al., 2010; Guan et al., 2012; Seale et al., 2017; 

Waldie and Leyser, 2018).   

The nutritional hypothesis states that access to sugar assimilates is the prevailing factor 

regulating axillary bud growth (Phillips, 1975; Van den Ende, 2014) and decapitation (removal 

of the active growing apical part of plant) allows available carbon resources to be reallocated 

to the axillary buds, acting as sink organs (Snow, 1929; Skoog and Thimann, 1934). In pea, 

Mason et al. (2014) demonstrated that sucrose is an early signal for bud growth initiation after 

apex decapitation that enters bud prior the earliest signs of its outgrowth and of auxin depletion 

at the vicinity of bud. This resource reallocation constitutes the main source of carbon and 

energy to meet the strong metabolic activity of growing bud as reported in peach tree (Maurel 

et al., 2004a&2004b), walnut tree (Decourteix et al., 2008; Alves et al., 2007; Bonhomme et 

al., 2010), rose (Girault et al., 2010; Henry et al., 2011; Rabot et al., 2012) and pea (Fichtner 

et al., 2017). Accordingly, restriction of the sugar supply to bud by defoliation (Mitchell, 1953; 

Kebrom et al., 2010; Mason et al., 2014) or the failure of bud to compete efficiently for sugars 

(Fletcher and Dale, 1974; Kebrom et al., 2010&2012; Kebrom and Brutnell, 2015; Kebrom and 

Mullet, 2016) lead to delay or arrest of bud outgrowth. This sugar deprivation could be triggered 

by unfavorable endogenous and exogenous factors and coupled to growth arrest (Kebrom and 

Mullet, 2016; Tarancón et al., 2017; Martín-Fontecha et al., 2018; Wang et al., 2018). Sugar 

also plays a signal role as supported by the promotive effect of non-metabolizable analogues of 

sucrose (palatinose and lactulose) and fructose (psicose) on bud outgrowth (Rabot et al., 2012; 

Barbier et al., 2015; Fichtner et al., 2017) and by the tight correlation between bud outgrowth 

and trehalose-6-phosphate (T6P), one major sugar-signaling mediator (Fichtner et al., 2017). 

T6P is prevalent for carbohydrate utilization and growth in Arabidopsis (Schluepmann et al., 

2003) that negatively regulates SnRK1 (sucrose non-fermenting-1-related protein kinase 1) 
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activity, a central sensor of overall energy homeostasis (Baena-Gonzalez et al., 2007), together 

with TOR (target of rapamycin) kinase (Xiong et al., 2013).  

Sugar availability to bud also regulates BRC1 expression in Sorghum bicolor (Kebrom et al., 

2010; Kebrom and Mullet, 2015), Pisum sativum (Mason et al., 2014) and in Rosa sp. (Barbier 

et al., 2015). Others branching-related genes including MAX2 gene, encoding a F-box protein 

of SL signaling in wheat (Kebrom et al., 2010; Barbier et al., 2015) and IPT3, encoding a CK 

biosynthesis protein in Rosa sp. (Barbier et al., 2015) are sugar-responsive genes. The finding 

that exogenous sucrose supply through petiole of intact plant mimics plant decapitation, since 

promoting bud growth and repressing BRC1 expression, supports a possible interaction between 

hormonal (auxin) and nutritional (sugar) hypotheses in the regulation of bud growth (Mason et 

al., 2014).   

Many reports indicated that the activity of sugar metabolism plays an important role in an 

array of growth processes, such as flowering process, fruit ripening, starch accumulation and 

leaf growth (Morris and Arthur, 1985; Holaday et al., 1992; Schaffer and Petreikov, 1997; 

Christiaens et al., 2016; Cañas et al., 2017). Bud growing is considered as a highly carbohydrate 

and energy consuming processes (Jana and Shekhawat, 2011; Polyn et al., 2015; Fan et al., 

2017) that including cell proliferation, elongation and neo-organogenesis activity (Shimizu and 

Mori, 1998; Mori and Shimizu, 1998; Girault et al., 2008; Serrano-Mislata et al., 2015). This 

situation sharply stands out from very limited metabolic activity and cell division of dormant 

buds (Shimizu and Mori, 1998; Mori and Shimizu, 1998; Ruttink et al., 2007) and exogenous 

auxin hampers sugar absorption by buds (Henry et al., 2011). Glycolysis and the tricarboxylic 

acid cycle (TCA-cycle) are the major route of sugar catabolism, providing energy and carbon 

materials for sustained growth and many other developmental processes. It is also the 

converging control point for a variety of stimuli, such as nutrient limitation, osmotic stress, 

drought, cold/freezing (Plaxton, 1996; Fernie et al., 2002; Fernie et al., 2004). A potential role 

of glycolysis in bud outgrowth would be in line with bud growth inhibition in response to the 

glycolysis inhibitor 2-DOG (2-deoxyglucose, Wick et al., 1957; Rabot et al., 2012; Xiong et 

al., 2013). Oxidative pentose phosphate pathway (OPPP) is another major metabolic pathway 

connected to glycolysis that plays a pivotal  role for maintaining carbon homoeostasis, 

providing reducing power, precursors for nucleotide, hormones and amino acid biosynthesis, 

and mitigating the oxidative stress (Pugin et al., 1997; Kruger and von Schaewen, 2003; 

Stincone et al., 2015). The involvement of OPPP in bud outgrowth is still unclear, even if the 

pgl3-1, a plastidial 6-phosphoglucolactonase antisense mutant in arabidopsis, exhibited reduced 

growth phenotype, comparatively to wild type (Bussell et al., 2013). The aim of this study is to 
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provide insight into the link between the regulation of primary sugar metabolism 

(glycolysis/TCA cycle and OPPP), RhBRC1 expression and bud growth, in response to the 

combined effect of auxin and sucrose, two main inputs driving bud outgrowth. We performed 

a comprehensive characterization of the combined effect of auxin and sucrose on these two 

sugar metabolism pathways, and then we investigated their involvement in the regulation of 

bud outgrowth and RhBRC1 expression. We demonstrate that glycolysis/TCA-cycle and OPPP 

are both regulated antagonistically by auxin and sucrose within buds and are both required for 

a successful bud outgrowth and the concomitant repression of RhBRC1 expression. By studying 

different truncated RhBRC1 promoters-contained Rosa calli, we gained valuable insights into 

the hub role of RhBRC1 promoter in glycolysis/TCA-cycle and OPPP pathways-emanating 

signals. Two distinct regions (-1973bp to -1611bp and -1611bp to -632bp) of RhBRC1 promoter 

were identified to be central in this differential regulation process.    
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Results 

Sucrose and auxin regulate bud outgrowth an RhBRC1 expression antagonistically 

Based on previous data indicating that sucrose stimulates bud outgrowth while auxin inhibits 

it (Mason et al., 2014; Barbier et al., 2015), we firstly investigated whether both bud outgrowth 

and RhBRC1 expression could be modulated by the combined effect of auxin and sucrose in 

Rosa sp.. In order to better control the levels of these two antagonistic regulators of bud growth, 

in-vitro cultured buds were used (Figure S1A, Chatfield et al., 2000; Rabot et al., 2012; Barbier 

et al., 2015; Waldie and Leyser, 2018). These buds were supplied with either sucrose alone (10, 

50 or 100mM) or with both 1μM NAA (1-naphthaleneacetic acid, a synthetic plant hormone of 

the auxin family) and the same sucrose gradient concentration. This sucrose range concentration 

was lower than that reported in the phloem sap, ranging from 100 to 900mM (Ohshima et al., 

1990; Nadwodnik and Lohaus, 2008; Jensen et al., 2013), and matched with that previously 

used to characterize sucrose-dependent promotion of bud outgrowth in Rosa sp. (Barbier et al., 

2015). The time-course of bud outgrowth was monitored during 120h (Figure 1B) and 

comprised a 48h-lag phase (no visible growth) followed by a sustained growth phase, at the end 

of which bud length reached 0.22, 0.32 and 0.47 cm under sucrose concentration of 10, 50 and 

100mM, respectively. Addition of 1μM NAA to the sucrose-containing medium led to a total 

inhibition of 10mM and 50mM sucrose-fed bud growth and to only partial reduction for 100mM 

sucrose-fed bud growth. Buds co-treated with 1μM NAA + 100mM sucrose almost reached the 

same length (0.25 cm at 120h) as those supplied with 10mM sucrose, which was twice lower 

than 100mM sucrose-fed buds. Buds grown on 100mM mannitol, an osmotic control, with or 

without 1μM NAA, did not display any outgrowth (Figure S1B). All these results confirm that 

bud outgrowth was under the antagonistic effect of auxin and sucrose. 

RhBRC1 expression was then monitored on bud samples at 10 and 24h, a time prior the onset 

of rapid growth phase (Figure 1C, Figure S1B). RhBRC1 transcript level progressively 

decreased as sucrose concentration increased from 10 to 100mM, and reached its lowest level 

in 100mM sucrose-fed buds (2.5 fold lower when compared to 10mM sucrose for 24h, Figure 

1C). The opposite trends was found in response to auxin feeding only for 24h (Figure S1C). In 

this case, the highest level of RhBRC1 expression occurred in buds supplied with 1μM NAA + 

10mM sucrose, with a value twice of that of buds treated with 1μM NAA + 100mM sucrose for 

24h (Figure 1C). Buds supplied with 1μM NAA + 10mM sucrose exhibited the highest level of 

RhBRC1 and no outgrowth (dormant buds), while those supplied either with 1μM NAA + 

100mM sucrose or with 10mM sucrose displayed the same level of RhBRC1 and a moderate 
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outgrowth (they reached 0.25 cm length within 120h instead of 0.47cm for 100mM sucrose) 

(Figure 1B). The expression pattern of RhHB40, a homologue of AtHB40 (a HD-ZIP 

transcription factor) which was transcriptionally and directly controlled by AtBRC1 (Gonzalez-

Grandio et al., 2017), was also investigated in the same treated buds to evaluate whether this 

changes in BRC1 level could be translated into the regulation of BRC1-downstream regulated 

genes (Figure S2). Likewise RhBRC1, RhHB40 exhibited an early responsiveness to sucrose 

(sucrose-mediated RhHB40 downregulation in concentration manner) and to the combined 

effect of NAA and sucrose (auxin-dependent upregulation of RhHB40 was counteracted by 

increased sucrose concentration). Buds co-treated with 1μM NAA + 50mM sucrose, which did 

not exhibit any growth, displayed a slight downregulation of both RhBRC1 and RhHB40 (Figure 

1C, Figure S2), that may not be sufficient to promote bud arrest. In order to investigate the 

molecular mechanism behind the combined effect of auxin and sucrose, we focused on two 

auxin treatments leading to complete (1μM NAA + 10mM sucrose) or partial (1μM NAA + 

100mM sucrose) reduction of bud growth and on their respective control (10mM sucrose or 

100mM sucrose) (Figure 1).  
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Figure 1. Bud outgrowth and transcript levels of RhBRC1 are under the combined effects of auxin and 

sucrose. A, The picture of the bud under different treatment within 72h; B, Time-course of bud 

outgrowth during 120h, in media supplied with sucrose alone (Suc) or sucrose and NAA (NAA and Suc). 

C, Transcription level of RhBRC1 in buds supplied for 24h with sucrose alone (Suc) or with sucrose and 

auxin (Suc and NAA). Data are mean ± SE of three biological repetitions. NAA (1-naphthaleneacetic 

acid). The letters indicate significant differences between the diverse treatments with P＜0.05. 
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Glycolysis/TCA-cycle and OPPP are controlled by the combined effect of sucrose and 

auxin 

In order to check whether sucrose and auxin could affect glycolysis/TCA cycle and OPPP, a 

transcriptomic approach and qRTP-PCR were carried out on buds placed on sucrose alone (10 

or 100mM) or with 1M auxin for 24h. We showed that at leat the expression of eight genes 

encoding enzymes-related to primary sugar metabolism responded antagonistically to auxin and 

sucrose (Figure 2, Figure S3B). Addition of 1μM NAA resulted in downregulation of transcript 

level for three main glycolysis- [hexokinase (HXK), 6-phosphofructokinase (FK) and pyruvate 

kinase (PK)] and two TCA cycle-related enzymes [2-oxoglutarate dehydrogenase (OGDH), 

malate dehydrogenase (MDH)] within the first 24h. Most of these transcripts, except those for 

MDH and OGDH, were more expressed in bud fed with 100mM than with 10mM sucrose. The 

inhibitory effect of auxin was once again stronger (twice less) with low (10mM) than with 

elevated (100mM) sucrose concentration (Figure 2A). Metabolite profiling carried out on buds 

at 24 and 48h after sucrose and auxin application  revealed that the amounts of seven 

compound (glucose-6-P, fructose-6-P, pyruvate, 2-oxoglutarate, succinate, fumarate, malate) 

were affected antagonistically by auxin and sucrose only at 48h (Figure 2A; Figure S3A&B). 

NAA consistently resulted in a significant reduction of their level in 10mM sucrose-fed buds, 

relative to those supplied with 100mM sucrose. The level of five products (glucose 6-P, fructose 

6-P, pyruvate, 2-oxoglutarate and malate) correlated well with the transcript level changes of 

genes encoding their respective enzymes (HXK, FRK, PK, OGDH and MDH) in response to 

the combined effect of auxin and sucrose (Figure 2A). Such repression of glycolytic/TCA 

activity in dormant buds (1μM auxin + 10mM sucrose) resulted in a two-fold drop of the ratio 

ATP to ADP, relative to those incubated on 1mM auxin + 100mM sucrose (Figure 2B).  

In addition, increasing sucrose concentration in the incubation medium led to an upregulation 

of the expression of transcripts for two main OPPP enzymes: glucose-6-phosphate 1-

dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (PGD) (Figure 2A), which are 

the two main enzymes producing NADPH in OPPP (Figure 2, Figure 3SA). The transcript level 

of these two OPPP enzymes were also highly inhibited in response to auxin, and this auxin 

effect was once again stronger with low (10mM) than with elevated (100mM) sucrose 

concentration (Figure 2A). This situation is consistent with a reduced (at least three times) ratio 

of NADPH to NADP+ in dormant buds (1μM auxin + 10mM sucrose), compared to active buds 

(1μM auxin + 100mM sucrose) (Figure 2C). Moreover, the contents of ribulose-5-phosphate 

and ribose 5-phosphate, two intermediates of OPPP, were consistently lower (at least twice) in 
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buds incubated on 1μM NAA + 10mM sucrose than to 1μM NAA + 100mM sucrose for 48h 

(Figure 2A).  

Auxin-mediated downregulation of primary sugar metabolism (glycolysis/TCA-cycle and 

OPPP) also occurred in the decapitated plant within the first 24h (Figure 3), before the 

beginning of sustained bud outgrowth (Girault et al., 2008, Figure 4). Dormant buds (under 

apical dominance) exhibited conjointly a high transcription level of RhBRC1 and a lower 

transcription level of transcripts coding HXK, FRK, PK, OGDH and MDH, G6PD and 6-6PGD, 

the enzymes related-respectively to glycolysis/TCA-cycle and OPPP, comparatively to active 

buds (released from apical dominance). In addition, dormant buds (in-vitro and in planta) 

exhibited highest expression than active buds for two sugar starvation markers (RhSTP1, a H+-

monosaccharide cotransporter; RhASN1, an asparagine synthetase) (Cordoba et al., 2014; 

Nunes et al., 2013) (Figure 3). These findings highlight for the first time that glycolysis/TCA-

cycle and OPPP-dependent sugar metabolism is a main target of the opposite effect of auxin 

and sugar and could have a central role in the control of bud growth ability and transcript level 

of RhBRC1.   
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Figure 2. Compound levels and transcription levels of some key genes related to glycolysis/TCA-cycle 

and OPPP are modulated under the interacting effect of auxin and sucrose. The red column in bar graph 

correspond to metabolomic data. The blue column related bar graph means the transcription level 

identified by qRT-PCR. HXK, hexokinase; PFK, 6-phosphofructokinase; PK, pyruvate kinase; OGDH, 

2-oxoglutarate dehydrogenase, MDH, malate dehydrogenase; G6PD, glucose-6-phosphate 1-

dehydrogenase; PGD, 6-phosphogluconate dehydrogenase; S10, sucrose 10mM; S10N, 10mM sucrose 

+ 1μM NAA; S100, sucrose 100mM; S100N, sucrose 100mM + 1μM NAA. Light color means the 

treatment with auxin. Data of qRT-PCR are mean ± SE of three biological replicates. 
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Figure 3. Transcription levels of the glycolysis/TCA-cycle and OPPP-related enzymes and RhASN1, 

RhSTP1, RhBRC1 in the buds before decapitation (BD) or after decapitation (AD). HXK, hexokinase; 

PFK, 6-phosphofructokinase; PK, pyruvate kinase; OGDH, 2-oxoglutarate dehydrogenase; MDH, 

malate dehydrogenase; G6PD, glucose-6-phosphate 1-dehydrogenase; PGD, 6-phosphogluconate 

dehydrogenase, RhASN1 : Rosa hybrida asparagine synthetase 1; RhSTP1 : Rosa hybrida sugar 

transporter protein 1.  
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Both glycolysis/TCA-cycle and OPPP are involved in the regulation of bud outgrowth and 

RhBRC1 expression       

Our results showed that bud outgrowth and sugar metabolism through glycolysis/TCA-cycle 

and OPPP responded antagonistically to sucrose and auxin, arising the question whether these 

two pathways are both required for bud outgrowth. We first tested the individual effect of 2-

deoxyglucose (2-DOG, an inhibitor of glycolysis activity, Wick et al., 1957; Xiong et al., 2013) 

and 6-aminonicotinamide (6-AN, an OPPP inhibitor, Lange and Proft, 1970; Hothersall et al., 

1998; Lejay et al., 2008) on these processes in decapitated plant (Figure 4). Exogenous supply 

of either 2-DOG or 6-AN, through the cut petiole of the topmost node (bud below the 

decapitation point) of decapitated plants, resulted in significant reduction of bud outgrowth 

(from 20 to 70 %) in a dose dependent manner over time of 120h, compared to control (Figure 

4B&C). These findings indicate that the outgrowth of buds within plants could be linked to the 

metabolic activity of both glycolysis/TCA-cycle and OPPP. As 2-DOG and 6-AN target GPI 

and G6PD activities respectively, branching number was compared in their respective loss-of-

function Arabidopsis mutant (atgpi and atg6pd) relatively to wild type (WT) and loss-of-

function brc1 mutant. In comparison to WT, atgpi and atg6pd exhibited a lower branches 

percentage (74% and 63% respectively) than col-0 (Figure 4D&E), by contrast to elevated 

branches number of atbrc1 mutant (145% more than wild type).  

We then studied the effects of 2-DOG and 6-AN on the growth of in vitro-cultured buds 

supplied with low (10mM) and elevated (100mM) sucrose concentration (Figure 5), as we 

previously carried out with auxin. When 5mM 2-DOG (a glycolysis effector) was added to 

sucrose-containing medium, bud outgrowth was significantly reduced (70% of the control) 

under 100mM sucrose, but completely inhibited under 10mM sucrose (Figure 5A). The same 

inhibitory trends, depending on sucrose concentration, were exhibited by buds co-treated with 

10mM 6-AN and sucrose (Figure 5B). Under these conditions, 10mM 6-AN resulted in total 

and partial (60%) growth arrest for buds placed on 10mM and 100mM respectively (Figure 5B). 

RhBRC1 abundance was also monitored in 10 and 100mM sucrose-fed in vitro cultured buds 

treated with 2-DOG and 6-AN (Figure 5B&D). Overall, these two negative effectors of primary 

sugar metabolism upregulated the transcript level of RhBRC1, more strongly with 10mM than 

with 100mM sucrose, supporting that RhBRC1 level was also under the control of both 

glycolysis/TCA-cycle and OPPP activities. Similar pattern was also found for RhHB40 (a 

marker of transcriptional activity of RhBRC1) under the same experimental conditions (Figure 

S5A&B).  
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To go further in understanding the role of these two sugar pathways, different concentrations 

of 6-Phosphogluconate (6-PG, an direct intermediate of OPPP) and glycerol (feeding glycolysis 

at the level of triose (pyruvate)) were tested on both the growth of in-vitro cultured buds and 

their RhBRC1 transcript level (Figure 4A). Glycerol supply leaded to the accumulation of 

glycerol-3-P, a compound of fueling glycolysis downstream steps while inhibiting glucose-6-

phosphate isomerase (GPI), which provides glucose-6P, the initial substrate of OPPP (Figure 

4A; Aubert et al., 1994; Lejay et al., 2008). Buds supplied with different concentrations of 

either glycerol (from 1mM and 30mM) or 6-PG (0.1mM and 1mM) exhibited very weak growth 

within 120h and their length during this time-course remained very close (from 0.12cm to 

0.17cm) to that of those incubated on mannitol (0.11cm dormant buds, Figure 5E&G). These 

findings thus indicate neither glycolysis/TCA alone no OPPP alone is able to promote bud 

outgrowth but both pathways (glycolysis/TCA-cycle and OPPP) are required for that. Such 

buds exhibited a reduced transcript level of RhBRC1 as glycerol (from 1 to 30mM) or 6-PG 

(from 0.1 to 1mM) concentration increased but this RhBRC1 level remained at least twice 

higher (even if with 30mM glycerol and 1mM 6-PG) than that of those fed with 10mM sucrose 

(moderately active buds, Figure 5G&H). Interestingly, bud outgrowth and RhBRC1 transcript 

level are more responsive to the co-presence of glycerol and 6-PG in incubation medium. 

Indeed, buds co-supplied with 30mM glycerol and 1mM 6-PG exhibited a significant growth 

(0.5cm within the first 120h) and lowest level of RhBRC1 (almost 5-fold), relatively to those 

measured with 30mM glycerol or 1mM 6-PG alone (their length hardly reached 0.17cm). 

Similarly, and toward a lower extend, buds co-incubated on 10mM glycerol and 0.1mM 6-PG 

displayed higher ability to grow out, together with lower level of RhBRC1, when compared to 

those treated either with 10mM glycerol or 0.1mM 6-PG (Figure 5E&F). Similar trends were 

found with RhBH40 (Figure S5C&D). These findings clearly support a tight link between sugar 

metabolism (glycolysis/TCA-cycle and OPPP activity) and RhBRC1 transcript level, in a way 

suggesting that these two pathways act cooperatively to control RhBRC1 transcription and the 

growth ability of bud.  
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Figure 4. Different sugar metabolism inhibitors reduced bud outgrowth, in a dose dependent manner, at 

the plant scale. A, Sugar metabolism (glycolysis/TCA-cycle and OPPP)-related targets of different 

effectors; B, Time-course of bud outgrowth of decapitated plants treated with the different concentration 

of 2-DOG, an effector of glycolysis; C, Time-course of bud outgrowth of decapitated plants treated with 

the different concentration of 6-AN, an effector of OPPP (Oxidative Pentose Phosphate Pathway); D&E, 

the phenotype and branching numbers of each Arabidopsis mutant respectively. 2-DOG : 2-

deoxyglucose ; 6-AN : 6-aminonicotinamide, TCA : Tricarboxylic acid cycle. Data are mean ± SE of 

three biological replicates, each replicate contains 15 buds. 
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Figure 5. Both glycolysis/TCA-cycle and OPPP are necessary for in vitro cultured bud outgrowth. A&C, 

length of buds incubated on 10mM or 100mM sucrose with different concentrations of 2-DOG or 6-AN; 

B&D, RhBRC1 transcript level in buds incubated on 10mM or 100mM sucrose with 5mM 2-DOG or 

5mM 6-AN; E and F respectively length buds and transcript levels of RhBRC1 in buds incubated on 

mannitol (10mM), sucrose (10mM), glycerol (1mM), 6-phosphogluconate alone (0,1mM) or on glycerol 

and 6-phosphogluconate (Gly 1mM/ 6-PG 0,1mM); G and H, respectively length buds and transcript 

levels of RhBRC1 in buds incubated on mannitol (10mM), sucrose (10mM), glycerol (30mM), 6-

phosphogluconate alone (1mM) or on glycerol and 6-phosphogluconate (Gly 30mM/ 6-PG 1mM). Data 

are mean ± SE of three biological replicates; each replicate contains 15 buds for time-kinetics of buds 

and 40 buds for qRT-PCR.  
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Promoter activity is a node of control for the opposite effect of auxin and sucrose 

In order to give a first an insight into the mechanism involved in primary sugar metabolism 

dependent RhBRC1 regulation, the 1973bp of RhBRC1 promoter region was analyzed using 

PlantPAN (Chang et al., 2008; Chow et al., 2015 and 2018) and PlantTFDB database (Jin et al., 

2016) to identify putative sugar related cis-elements. The common predicted results (similar 

score >0.9 in PlantPAN database and q-value <0.05 in PlantTFDB database) were selected and 

18 motifs were identified and are mainly limited to the region between 1611bp and 632bp 

(Figure 6A). Among them, there is one E2F transcription factors (involved in TOR signaling 

pathway, Xiong et al., 2013) binding site (E2FCONSENSUS) located at -1082bp and one NAC 

(NAM, ATAF1/2, CUC2) transcription factor binding site at -1104bp. NAC transcription 

factors are plant-specific which are found in a wide range of land plants (Olsen et al., 2005). 

Other sugar-related motifs such as G-box, W-box, bZIP transcription factor binding sites were 

also present. Based on this, three different 5’ deletions fragments of RhBRC1 promoter : 1973bp 

(putative full RhBRC1 promoter), 1611bp (containing most of sugar-related cis-elements) and 

632bp (corresponding to transcription start site, TSS) were fused to the GFP coding sequence 

in expression vectors that were stably transformed into Rosa callus (Figure 6A). Investigating 

the individual effect of sucrose and mannitol (as osmotic control) on the full promoter of 

RhBRC1 (1976bp) reveals that sucrose addition to the incubation medium led to a reduced GFP 

transcript level in a concentration dependent manner, while no significant effect was found with 

mannitol (Figure S7A&B). The same fluorescence intensity trend was found when it was 

assessing through the relative transcription level of GFP or through a mean of thirty spots of 

fluorescence intensity randomly chosen on the callus for each treatment (Figure S7B). This 

latter approach was then selected to assess the intensity of GFP of transformed callus exposed 

to different treatments.  

Based on this, we firstly investigated the combined effect of auxin and sucrose on 35S-GFP 

transformed Rosa callus that accordingly show no alteration of GFP intensity (Figure S8). This 

is not the case for BRC1 promoter that is responsive to sucrose and auxin (Figure 6).  Sucrose 

effect was only restricted to 1973bp and 1611bp-transformed Rosa callus, while the 632bp-

transformed ones did not exhibit any response to sucrose (Figure 6B). Regarding auxin, the 

intensity of GFP increased when these transformed callus were exposed to rising auxin (NAA) 

concentration (Figure 6C) and was as well limited to 1973bp and 1611bp-transformed Rosa 

callus. The promoter region of RhBRC1 was likely involved in the opposite effect of sucrose 

and NAA (Figure 6D) since co-treatment with auxin and sucrose (1μM NAA + 10mM sucrose 
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and 1μM NAA + 100mM sucrose) led to a higher fluorescence intensity than their respective 

controls (10mM and 100mM sucrose respectively). Globally, the highest level of fluorescence 

was exhibited by 1μM NAA + 10mM sucrose-treated callus, which was twice higher than with 

1μM NAA + 100mM sucrose. In addition, fluorescence level of callus expressing GFP with the 

632bp-promoter sequence remained almost unchanged under these different conditions (Figure 

6D). We then checked whether sucrose and auxin-dependent BRC1 regulation in callus could 

be linked to their antagonistic action on glycolysis/TCA-cycle and OPPP, as it is the case in 

vegetative buds (Figure 2). The transcript level for the seven-sucrose metabolism-related 

enzymes (HXK, FRK, PK, OGDH, MDH, G6PD, PGD) were investigated in different 

transformed callus after 8H incubation. Except MDH, the transcript level of all these enzymes 

were antagonistically responsive to sucrose and auxin (Figure S9), supporting that this effect 

on sugar metabolism occurred in both buds and callus. The callus system is thus a powerful tool 

to dissect the molecular mechanism behind this regulation. 

 
 
Figure 6. Sucrose and auxin (NAA) modulated antagonistically the activity of RhBRC1 promoter 

regions. A, Schema of different parts and putative sugar-related cis-elements of RhBRC1 promoter; 

B,C&D, Fluorescence level of 1973bp, 1611bp and 632bp upstream ATG- contained calli in response 

to sucrose concentrations, NAA concentration and combination of sucrose and auxin concentration 

respectively. Suc, sucrose; NAA, 1-naphthaleneacetic acid; TSS, transcription start site. Data are mean 

± SE of three measurements, each measurement contained six calli. The letters indicate significant 

differences between the different treatments with P＜0.05. 
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Involvement of glycolysis/TCA-cycle and OPPP in the regulation of RhBRC1 promoter 

activity 

Regarding 2-DOG treatment, different pRhBRC1-transformed callus were initially placed on 

100mM sucrose (as sole carbon source). The 1973bp and 1611bp-contained callus, displayed 

almost the same fluorescence intensity, that increased in response to rising concentration of 2-

DOG, being four-fold higher with 5mM than with 0.5mM (Figure 7A). The callus transformed 

with 632bp construct remained insensitive to 2-DOG. Glycerol or pyruvate supply, used as sole 

carbon source, resulted in decreased fluorescence intensity (3.5 and 4.5 fold respectively) for 

the 1973bp and 1611bp-constructs, in a concentration dependent manner, supporting that 

1611bp of pRhBRC1 were sufficient to respond to a potentially glycolysis-drived signal (Figure 

7B&C). Like for vegetative bud, 6-AN was tested on the stably transformed Rosa callus. When 

the 1973bp, 1611bp and 632bp-transformed callus fed with 100mM sucrose (as sole carbon 

source) were exposed to 6-AN, only those contained 1973bp promoter region exhibited elevated 

inflorescence intensity (4.3 fold) as 6-AN concentration increased (Figure 7D). Only the 

1973bp construct led to a progressive reduction of fluorescence intensity, which was inversely 

correlated with 6-PG concentration, an intermediate of OPPP (Figure 7E). Similar data were 

found when these different transformed callus were co-treated with 1mM 2-DOG (a blocker of 

glycolysis) and a concentration range of Glucose-6P (from 0 to 5mM). In this case, while 

fluorescence intensity of callus transformed with 1611 and 632bp constructs remained 

unchanged, those transformed with the 1973bp construct had their fluorescence intensity 

decreased to reach the lowest level in response to 1mM 2-DOG + 5mM Glucose-6P (Figure 

7F). These findings support the importance of promoter region located between 1973bp and 

1611bp in OPPP signaling pathway-dependent transcriptional regulation of RhBRC1. 
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Figure 7. Glycolysis/TCA-cycle and OPPP control the activity of RhBRC1 promoter in calli. A, B and C: 

Fluorescence level of 1973bp, 1611bp and 632bp contained calli under 100mM sucrose and different 

concentrations of 2-DOG, glycerol and pyruvate respectively. D, E and F: Fluorescence level of 1973bp, 

1611bp and 632bp contained calli under different concentrations of 6-AN, 6-PG and both 2-DOG and Glc-

6P respectively. Suc, sucrose. Gly, glycerol; Pyr, pyruvate; 6-PG: 6-phosphogluconate; Glc-6P, glucose 6-

phosphate; 2-DOG, 2 deoxyglucose; 6-AN, 6-aminonicotinamide. Data are mean ± SE of three measurements, 

each measurement contained six calli. The letters indicate significant differences between the different 

treatments with P＜0.05. 
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RhBRC1 binds to the promoter region of glycolysis/TCA cycle and OPPP related genes 

Glycolysis/TCA-cycle and OPPP negatively regulate the transcriptional activity of RhBRC1 

promoter and many biological processes are underpinning the control of BRC1 (Poza-Carrión 

et al., 2007; González-Grandío et al., 2017). Based on this, we carried out electrophoretic 

mobility shift assay (EMSA) experiments using RhBRC1 recombinant to check whether 

RhBRC1 (class II TB1/CYC-TCP) would be able to bind to the promoter of genes encoding 

some enzymes-related to glycolysis and OPPP. RhBRC1 is able to interact to the putative TCP 

consensus motif (KHGGGAC), as reported by Davière et al., 2014, (Figure S6A, table S3). 

Moreover, competition experiments with cold DNA probes showed that this binding activity 

requires an intact TCP-binding element (Figure S6A, table S3). To extent this result to the 

promoter of glycolysis/TCA cycle and OPPP related genes, we next selected TCP-binding 

related motifs within the 2 kb promoters of HXK, FRK, PK, OGDH, MDH, G6PD, PGD, whose 

respective expression is subjected to regulation by the antagonistic effect of auxin and sucrose, 

(Figure S6B). The putative TCP consensus motif (KHGGGAC) (Davière et al., 2014) was 

found in the promoter region of two glycolysis-related enzymes (FRK, PK) and two OPPP- 

(G6PD, PGD). Among them, only G6PD contains two TCP consensus motif and the other ones 

carry on one motif copy (Figure S6B). The EMSA has shown that RhBRC1 protein is able to 

specifically bind to the selected promoter regions of these four enzymes, including the two 

motifs of G6PD (Figure 8), highlighting a possible direct effect of the RhBRC1 activity upon 

some glycolysis/TCA cycle and OPPP metabolism.  
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Figure 8. RhBRC1 protein binds to the promoter region of some sucrose metabolism related enzymes. 

PGD, 6-phosphogluconate dehydrogenase; G6PD, glucose-6-phosphate 1-dehydrogenase; PK, 

pyruvate kinase; PFK, 6-phosphofructokinase. Arrow indicates the bound DNA shift bands associated 

with RhBRC1. 
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Discussion 

Sugar metabolism responded antagonistically to auxin and sucrose in vegetative bud  

Growing vegetative bud is an active sink organ relying on its capacity to import and to 

metabolize sugars (Maurel et al., 2004; Shimizu and Mori, 1998; Mori and Shimizu, 1998; 

Ruttink et al., 2007, Rabot et al., 2012&2014; Savvides et al., 2017). Collectively, our results 

demonstrate that sugar metabolic activity within bud responds antagonistically to exogenous 

supply of auxin and sucrose, long before the onset of sustained growth, accompanied with 

significant modifications in the levels of several metabolites (Figure 1, 2&3A, Figure S3B). 

Five glycolysis/TCA-cycle (HXK, FRK, PK, OGDH, MDH) and two OPPP (G6PD, PGD) 

related-genes were repressed by auxin while they were promoted by sucrose in in vitro-cultured 

buds (Figure 2A). Consequently, dormant buds (1μM auxin and 10mM sucrose) exhibited a 

downregulation of these seven enzymes-encoding genes related to glycolysis/TCA-cycle and 

OPPP and of their respective metabolites (glucose-6P, fructose-6P, pyruvate, ribulose-5P and 

ribose-5P; Figure 2A&3), when compared to moderately (1μM auxin and 100mM sucrose) or 

to highly active buds (100mM sucrose alone) (Figure 2A). In whole plant, these seven genes 

were also repressed in dormant buds (under apical dominance), relatively to active buds 

(without apical dominance) (Figure 3), underlying a tight relationship between sugar 

metabolism activity and dormancy status of bud. These findings also highlight the occurrence 

of a complex regulatory network governing the coordination of primary sugar metabolism with 

the growing ability of bud. Bud outgrowth arrest is reported to be linked to the low sugar 

metabolic activity (Kebrom and Mullet, 2015&2016; Tarancón et al., 2017; Martín-Fontecha 

et al., 2018), while lateral shoots number is correlated with increased soluble sugars contents 

in transgenic Arabidopsis plants overexpressing cyanobacterial fructose-1,6-bisphosphatase-II 

in the cytosol (AcF) (Otori et al., 2017). In agreement with these results, dormant buds 

displayed a sugar-limitation status as is evidenced by the elevated transcript level of RhSTP1 

(sugar transporter protein 1) and RhASN1 (asparagine synthetase 1) (Figure 3, Figure S4), two 

main sugar-starvation markers (Cordoba et al., 2014; Confraria et al., 2013; Dröge-Laser and 

Weiste, 2018), coupled with a lower ratio ATP to ADP (Figure 2C). High expression of ASN1 

and low expression of PFP (pyrophosphate-fructose-6-phosphate-1-phosphotransferase), a 

sucrose-inducible gene, were reported in dormant buds of defoliated sorghum (Kebrom and 

Mullet, 2015). This low availability of sugar and energy in dormant buds could trigger SnRK1 

activity, the main metabolic and energy sensor kinase, resulting in transcriptional and metabolic 
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reprogramming behind the arrest of bud growth activity (Crozet et al., 2014; Tomé et al., 2014; 

Tarancon et al., 2017).  

Previous studies report a complex crosstalk between sugar and auxin (see Sakr et al., 2018 

for review). Here, auxin and sucrose target antagonistically primary sugar metabolism by 

regulating several glycolysis/TCA-cycle and OPPP related enzymes, which have positively 

been linked to growth activity in different biological systems. For instance, HXK1 plays a 

central role in sugar-dependent stimulation of Arabidopsis root meristem through a TOR kinase 

signaling pathway (Xiong et al., 2013) and in coordination of sugar metabolic activity and 

maize growth (Zhao et al., 2015). PFK and PK contribute to carbohydrate provision for vascular 

development (Prado et al., 2014; Guerriero et al., 2014) and to rapid cell growth in mammals 

respectively (Moon et al., 2005; Christofk et al., 2008). Main enzymes of OPPP, such as G6PD 

which determines the full rate of OPPP pathway (Landi et al., 2016; Espisoto, 2016), responded 

in the opposite way to the combined effect of auxin and sucrose. Relative to the moderately 

growing buds (1μM auxin + 100mM sucrose), dormant buds (1μM auxin + 10mM sucrose) 

harbored a reduced transcript level of G6PD and PGD, two NADPH-producing enzymes, which 

was consistently coupled with a low level of both Ribulose-5P and Ribose-5P contents (Figure 

2A) and a reduced NADPH to NADP+ ratio (Figure 2C).   

RhBRC1 promoter is a hub site for the combined effect of auxin and sugar    

BRC1 expression is sensitive to exogenous (light quality) end endogenous (hormones and 

nutrients) factors (Aguilar-Martínez et al., 2007; Rameau et al., 2015; Wang et al., 2019) but 

nothing is known how these factors could be integrated to regulate BRC1. Auxin and sucrose 

affected RhBRC1 expression in the opposite way in both in vitro-cultured bud, as well as in 

pRhBRC1-transformed Rosa callus, and we showed that the -1973bp to -632bp promoter 

sequence was essential for these effects (Figure 1C, Figure 6D). The only available data related 

to transcriptional regulation of BR1 promoter was reported for that of rice TEOSINTE 

BRANCHED1 (OsTB1, the homologue gene of BRC1 in Oryza sativa) in relation with SL-

dependent OsTB1 regulation, more likely through IPA1 (Ideal Plant Architecture 1), a key 

regulator of the plant architecture in rice. IPA1 encodes a SPL transcription factor that repressed 

by D53 in strigolactone signaling in rice (Song et al., 2017). IPA1 can bind to OsTB1 promoter 

directly and influence its expression (Lu et al., 2013). Furthermore, D53 homologue gene, 

SMXL6, 7 and 8 probably have a conserved function that affect BRC1 expression through a 

BRC1 promoter binding of a SPL transcription factor in Arabidopsis (Kerr and Beveridge, 2017; 

Lantzouni et al., 2017). The above conclusion suggested that SL, a branching related hormone 
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located downstream of auxin, can regulate BRC1/TB1 transcription though their promoter 

region. Our findings expand this importance of RhBRC1 promoter to the antagonistic effect of 

hormones and sugars. Additional studies are required to gain insight into the molecular 

regulatory mechanism but the presence of G-box, W-box and TCP, E2Fa, NAC transcription 

factor responsive cis-elements in the region of pRhBRC1 upstream -632bp (Figure 6A) open 

the way to address their role in next future. For example, the G-box corresponds to bZIP 

transcription factor (Sibéril et al., 2001) and many bZIP transcription factors (bZIP1, bZIP11, 

bZIP63, ABI5) are reported to be involved in sugar signaling (León and Sheen, 2003; Smeekens 

et al., 2010; Kang et al., 2010; Ma et al., 2011; Frank et al., 2018). Cis-element of ATAF1, a 

NAC transcription factor, which can be phosphorylated by SnRK1 and regulates the expression 

of many genes, were also identified on RhBRC1 promoter (Puranik et al., 2012; Kleinow et al., 

2009). Interestingly, the two TCP transcription factor responsive cis-elements are also found in 

-850bp and -938bp of RhBRC1 promoter region and EMSA results indicate that RhBRC1 can 

bind them, suggesting RhBRC1 could take part to this regulatory molecular network upstream 

its promoter (Figure S6). The exact role of these transcription factors in auxin and sugar-

mediated downregulation of RhBRC1 will be a major task to fully decipher regulatory 

mechanisms. 

Glycolysis/TCA-cycle and OPPP are important modulators for bud outgrowth in 

response to the combined effect of auxin and sucrose    

Metabolites derived from sugar metabolism downstream of hexokinase played an important 

role in plant growth and development (Doiron et al., 1996; Moore et al., 2003; Schluepmann et 

al., 2003; Wahl et al., 2013; Garapati et al., 2015; Janse van Rensburg and Van den End, 2018). 

In dormant buds, exogenous supply of auxin in the presence of low sugar concentration (10mM 

sucrose) represses both glycolysis/TCA-cycle and OPPP activity (Figure 2), and these two 

pathways are required for promoting bud outgrowth since their individual inhibition is sufficient 

to impair significantly this process (Figure 4&5). Glycolytic activity-dependent bud outgrowth 

fits well with the inhibitory effect of 2-DOG, an negative effector of GPI activity (Wick et al., 

1957; Xiong et al., 2013), in both decapitated plants (buds released from apical dominance) and 

in in vitro-cultured buds (Figure 4&5). Moreover, Arabidopsis gpi mutant exhibited a lower 

branches number (74%), than wild type (Figure 4D&E), by contrast to  elevated branches 

number of atbrc1 mutants (145% more than wild type). GPI plays a central role in a variety of 

plant processes, including cell growth, photosynthetic capacity, CK biosynthesis (Yu et al., 

2000; Kunz et al., 2014; Bahaji et al., 2013&2018). Strongly supporting the role of OPPP, a 
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significant reduction of bud outgrowth was triggered by exogenous application of 6-AN, a 

specific effector of G6PD, the main OPPP enzyme (Lange and Proft, 1970; Hothersall et al., 

1998; Lejay et al., 2008), in both decapitated plants and in vitro-cultured buds (Figure 4&5). 

The tight link between OPPP and bud outgrowth was further evidenced by a lower branches 

percentage (63%) exhibited by atg6pd, an Arabidopsis loss-of-function mutant of G6PD, 

compared to wild type. Thirdly, buds fed with glycerol (glycolysis substrate) or 6-PG (OPPP 

substrate) exhibited much lower outgrowth activity (0.13 to 0.17cm length) than those co-fed 

with glycerol and 6-PG (0.24 to 0.46cm length) (Figure 5). This means that the activation of 

one of these two pathways is unable to promote significantly bud outgrowth while this later is 

operative when both glycolysis/TCA-cycle and OPPP are active. Successful bud outgrowth 

relies on primary processes including cell proliferation, cell elongation and neo-organogenesis 

(Mayer et al., 1998; Clark, 2001; Girault et al., 2008), which could imply a cooperative action 

of glycolysis/TCA cycle and OPPP. One possible assumption is that cell proliferation, which is 

a highly energy-consuming process, would be more sensitive to glycolytic/TCA-cycle activity-

dependent energy status (Lunt et al., 2011; Reboredo-Rodríguez et al., 2018). As provider of 

reducing power (NADPH) for anabolism and oxidative stress metabolism, OPPP would rather 

contribute to organ elongation. In accordance with this, oxidation of NADPH by plasma 

membrane NADPH oxidases (RBOH1: RESPIRATORY BURST OXIDASE HOMOLOG 1) 

leads to the production of superoxide (O2
•-, reactive oxygen species) (Van Gestelen et al., 1997; 

Tsukagoshi et al., 2010; Suzuki et al., 2011), which is crucial for root elongation (Foreman et 

al., 2003; Dunand et al., 2007). By inhibiting glycolysis and OPPP (Figure 2), exogenous auxin 

could prevent both cell proliferation and elongation, two common processes of bud outgrowth, 

and this auxin effect is attenuated by high sugar availability.  

Glycolysis/TCA-cycle and OPPP emanating signals regulate cooperatively RhBRC1 

expression via two different regions of its promoter   

RhBRC1 expression was negatively correlated with glycolysis/TCA-cycle and OPPP-

originating signals, because the highest transcript level of RhBRC1 was related to low 

glycolytic/TCA-cycle and OPPP activity in dormant buds in whole plant (non-decapitated plant) 

and in vitro-cultured buds (10mM sucrose + 1μM auxin; Figure 1 and Figure S2). This link 

between RhBRC1 expression and sugar-metabolism activity was confirmed in transformed 

Rosa callus. Indeed, these later exhibited in response to 10mM sucrose + 1μM auxin 

(unfavorable conditions of bud outgrowth) a downregulation of glycolysis/TCA-cycle and 

OPPP coupled with high BRC1 promoter activity (high fluorescence GFP), relatively to 
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100mM sucrose + 1μM auxin (promoting conditions of bud outgrowth). Consistently, RhBRC1 

expression is elevated in response to 2-DOG (a glycolysis inhibitor) and 6-AN (an OPPP 

inhibitor) in vitro cultured-buds (Figure 5), and in pRhBRC1-transformed Rosa callus (Figure 

7). The reduction of promoter activity of RhBRC1 in response to glycerol or pyruvate treatment 

further supported glycolysis-dependent RhBRC1 regulation while the effect of 6-PG and the 

combined treatment of 2-DOG and Glc-6P were in line with the OPPP-mediated 

downregulation of RhBRC1 expression. Promoter analysis and dissection revealed that two 

distinct regions of pRhBRC1 corresponding to 1973bp-1611bp and 1611bp-632bp were 

involved in the integrated glycolysis- and OPPP-dependent control of RhBRC1 expression 

(Figure 6&7). The glycolysis-responsive region of RhBRC1 bears several cis-responsive 

elements to many transcriptions factor families, among them NAC2, E2Fa and some members 

in bZIP family that would be potential candidates in this signaling pathway. Although there are 

very few genes reported to be regulated through OPPP-mediated mechanism (Esposito, 2016), 

expression of nitrate assimilation genes in the nucleus of roots cells is promoted by a signal 

emanating from OPPP activity in the plastid (Bussell et al., 2013). Additional investigations 

would be required to understand how OPPP could be an important transducer in plant branching 

regulation. The OPPP-dependent signal could be produced by, i) one of the carbon metabolites 

generated through or by the OPPP activity, including 6-PG (Figure 5, De Jong et al., 2014); or 

ii) its reducing power (production of NADPH) that may be involved in redox regulation of bud 

outgrowth and RhBRC1 transcription. In consistence with this, sugar-induced bud outgrowth 

operates through the activity of ascorbate-glutathione cycle that influences redox status of cells 

(Takahashi et al., 2014; Kebrom and Mullet, 2015). More recently, Heino et al. (2019) 

identified a H2O2-related transcriptional regulatory network composed of fifteen transcription 

factors. Chen et al. (2016) demonstrated that apoplast hydrogen peroxide (H2O2) can stimulate 

BRC1 expression and repress the lateral bud outgrowth in tomato, which is confirmed by high 

BRC1 level in the two silencing mutants of two important genes involved in H2O2 production 

in tomato (RBOH1: RESPIRATORY BURST OXIDASE HOMOLOG 1 and WFI1: 

WHITEFLY INDUCED 1). BRC1 is involved in the regulation of an array of processes, such 

as inhibition of cell mitotic activity, DNA replication, maintaining ABA signaling (Martín-

Trillo and Cubas, 2010; Danisman et al., 2012; González-Grandío et al., 2013; Zhang and Liu, 

2018). Buds entering dormancy show a down-regulation of cell metabolism-related genes, 

whose promoters are significantly, enriched in TCP transcription factor-binding sites 

(Tatematsu et al., 2005; Martín-Fontecha et al., 2018). More interestingly,  two glycolysis 

(PFK and PK) and two OPPP (PGD and G6PD) genes contain the putative TCP consensus motif 
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(KHGGGAC) that are all recognized by RhBRC1 (Figure 8), assuming a negative feedback 

regulation of RhBRC1 on primary sugar metabolism. Therefore, high level of RhBRC1 in 

dormant buds could contribute to the auxin-dependent primary sugar metabolism repression 

and to the maintenance of unfavorable sugar-and-energy-status for bud outgrowth, while 

increasing sugar availability downregulates BRC1 expression and in turn sustains high 

metabolic activity, required for bud outgrowth.   

In conclusion, growing vegetative bud involves a high metabolic activity that drives its sink 

strength and its capacity to compete for nutrients. We demonstrate here that primary sugar 

metabolism, glycolysis/TCA cycle and OPPP, is one major target of the crosstalk between auxin 

and sugar and take a central role in the network regulatory mechanism of bud outgrowth, more 

likely through a transcriptional regulation of RhBRC1 (Figure 9).  Auxin cannot enter bud to 

regulate bud outgrowth, and acts through two hormones CK and SL (Ferguson and Beveridge, 

2009; Müller and Leyser, 2011; Brewer et al., 2009; Wang et al., 2019). Understanding how 

these two branching-related hormones affect primary sugar metabolism of vegetative bud alone 

or in the presence of sugar will pave the way to improve further our understanding on the 

coordination of primary sugar metabolism with the growing ability of bud. 
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Figure 9. Auxin inhibits bud outgrowth through regulating sucrose metabolism in bud. Auxin inhibits 

glycolysis/TCA-cycle, but sucrose can stimulate it. Both of glycolysis/TCA-cycle and OPPP can 

influence the RhBRC1 transcription through its promoter region. Dashed line means the effect of auxin. 
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Materials and methods 

Plant culture and in vitro cultivation of axillary buds analysis 

For the experiments on Rosa hybrida L., cuttings from cloned mother plants, grown in a 

greenhouse where the temperature was maintained around 22°C. Extra light was supplied by 

high-pressure sodium vapor lamps below 200Wm-2 and water and mineral nutrients were 

provided by-irrigation for 10 min day-1. At the bud floral visible stage (BFV stage), one pool of 

plants was decapitated at the median part and used for pharmacological approaches and the 

other pool of plant served to harvest on single-axis plants nodes from the median part of the 

stem which used for many studies (Girault et al., 2010, Barbier et al., 2015, Figure S1A). Once 

harvested, 1.5-cm stem segments were grown in vitro on classical solid MS medium (Duchefa) 

(1% gelose, aubygel), supplemented with indicated compounds for different treatments in a 

growth chamber with a 16h day length at a temperature of 23/20°C (day/night). Once harvested, 

1.5-cm stem segments were grown in vitro on classical solid MS medium (Duchefa) (1% gelose, 

aubygel). 

RNA extraction and qRTPCR 

Total RNA was extracted from the treated vegetative buds (50 buds for each extraction) or 

stably transformed Rosa callus (40 mg) using an RNA NucleoSpin kit (Macherey-Nagel) 

according to manufacturer’s recommendations with small modifications (Barbier et al., 2015). 

Genomic DNA was removed by incubating RNA with DNase (Biolabs, Inc) for 10 min at 37°C 

(1μl of DNase for 10μg of RNA). The reaction was stopped by adding EDTA at a final 

concentration of 5mM followed by 10min at 75°C. The absence of contamination by genomic 

DNA was assessed by PCR using a specific primer designed against an intron region of the 

RhGAPDH gene (Girault et al., 2010; Henry et al., 2011). cDNA were obtained by reverse 

transcription performed on 1μg of RNA using SuperScript III Reverse Transcriptase (Invitrogen, 

Inc). 

Quantitative real-time RT-PCR (qRT-PCR) was performed with SYBR Green Supermix 

(Biorad, Inc) using cDNA as a template, with the following program: 2 min at 50°C, 10 min at 

95°C, then 40 cycles of 15 s at 95°C and 60 s at 60 °C. Specific sets of primers were selected 

according to their melting curves. Fluorescence detection was performed using a Chromo4 

Real-time PCR detector (Biorad, Inc). Quantification of relative gene expression was 

determined using RhUBC expression as an internal control (Chua et al., 2011; Jain et al., 

2006). The qRT-PCR primers were designed by Promer Premier 6 software (Table S2). 
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RNA-seq library construction and sequencing 

In this experiment, three independent biological replicates were produced. For each 

biological repetition and each point, RNA samples were obtained by pooling RNA from more 

than 50 plants. The one node-cutting buds were collected on plants at bud floral visible stage 

(BFV stage). Total RNA was extracted using RNA NucleoSpin kit (Macherey-Nagel) 

according to manufacturer’s recommendations with small modifications (Barbier et al., 2015). 

RNA-seq libraries were performed by following the manufacturer's recommendations (TruSeq-

Stranded-mRNA-SamplePrep-Guide-15031047D-protocol, Illumina®, California, U.S.A). The 

RNA-seq samples have been sequenced in paired-end (PE) with a sizing of 260bp and a read 

length of 75 bases. Twelve samples per lane of NextSeq500 using individual bar-coded adapters 

and giving approximately 20 million of PE reads per sample are generated. All steps of the 

experiment, from growth conditions to bioinformatic analyses, were managed in CATdb 

database (Gagnot et al., 2007). To facilitate comparisons, each sample followed the same steps 

from trimming to count. RNA-Seq preprocessing includes trimming library adapters and 

performing quality controls. The raw data (fastq) were trimmed with Trimmomatic (Bolger et 

al., 2014) tool and ribosome sequences were removed with tool sortMeRNA (Kopylova et al., 

2012). The genomic mapper STAR (Dobin et al., 2013) was used to align reads against the 

Rosa chinensis genome (Saint-Oyant et al., 2018). The abundance of each gene was calculated 

with STAR and counts only paired-end reads for which reads map unambiguously one gene, 

removing multi-hits. The sequence of genome and annotation files used come from GDR 

database (Jung et al., 2007; Saint-Oyant et al., 2018). Dispersion was estimated by the edge R 

method (Robinson et al., 2010) in the statistical software ‘R’ (Version 2.15.0, R Development 

Core Team (2005)). Expression differences were compared between stressed and unstressed 

plants using likelihood ratio test and p-values were adjusted by the Benjamini-Hochberg 

procedure to control False Discovery Rate (FDR). A gene was declared differentially expressed 

if its adjusted p-value < 0.05. FPKMs were calculated for visual analysis only, and were 

obtained by dividing normalized counts by gene length. Expression differences were compared 

by using likelihood ratio test and p-values were adjusted by the Benjamini-Hochberg procedure 

to control FDR. 

Metabolomics analysis 

The frozen samples (50mg) were re-suspended in 1ml of frozen (-20°C) 

Water:Acetonitrile:Isopropanol (v/v/v, 2:3:3) containing Ribitol at 4µg.mL-1 and extracted for 

10min at 4°C with shaking at 1400 rpm in an Eppendorf Thermomixer. Insoluble material was 



126 
 

removed by centrifugation at 20000 g for 5 min. Fifty µL were collected and dried overnight at 

35 °C in a speed-vac and stored at -80°C. Three blank tubes underwent the same steps as the 

samples. A quality control was made by pooling an equal volume of each condition. Samples 

from -80°C freezer were warmed 15 min before opening and dried again in a speed-vac for 1.5 

hour at 35 °C before adding 10 µl of 20 mg.mL-1 methoxyamine in pyridine to the samples and 

the reaction was performed for 90 min at 28°C under continuous shaking in an Eppendorf 

thermomixer. Ninety µL of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Aldrich 

394866-10 x 1 mL) were then added and the reaction continued for 30 min at 37°C. After 

cooling, 45 µL were transferred into an Agilent vial for injection. One µL of sample was 

injected in splitless and split (1:30) modes on an Agilent 7890A gas chromatograph coupled to 

an Agilent 5977B mass spectrometer. The column was an Rxi-5SilMS from Restek. The liner 

(Restek # 20994) was changed before each series of 24 samples analysis. Oven temperature 

ramp started at 70°C for 7 min then 10°Cꞏmin-1 to 330°C for 5 min (run length 38 min). Helium 

constant flow was 0.7 mL.min-1. Temperatures were the following: injector: 250°C, transfer 

line: 290°C, source: 250°C and quadripole 150°C. Five scans per second were acquired 

spanning a 50 to 600 Da range. Instrument was tuned with PFTBA with the 69 m/z and 219 

m/z of equal intensities. Samples were randomized. Four different quality controls were injected 

at the beginning and the end of the analysis for monitoring of the derivatization stability. An 

injection in split mode with a 1:30 ratio was systematically performed with the following 

conditions: 70°C for 2 min then 30°Cꞏmin-1 to 330 °C for 5 min. Helium constant flow 1 

mLꞏmin-1. Raw Agilent datafiles were converted in NetCDF format and analyzed with AMDIS 

(Meyer et al., 2010). Peak areas were also determined with the Targetlynx software (Waters) 

after conversion of the NetCDF file in masslynx format. AMDIS, Target Lynx in splitless and 

split 30 modes were compiled in one single Excel File for comparison. After blank mean 

substraction peak areas were normalized to ribitol and fresh weight.  

Promoter cloning and reporter vector construction 

For promoter analysis, 1973 bp upstream sequences from initiation codon were selected to 

do the promoter analysis. The PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) and PlantPAN 

(http://plantpan2.itps.ncku.edu.tw/) database were used to analyze the promoter region (Jin et 

al., 2017; Chang et al., 2008; Chow et al., 2015). To isolate the predicted promoter region of 

RhBRC1 (from position -1973 to initiation codon), genomic DNA was extracted from Rosa 

hybrida ‘Old blush’ leaves, using a NucleoSpin Plant II kit (Machery-Nagel Inc., Düren, 

Germany). A primer pair (PrBRC1Ps: 5' CACCAACTCAAAATGGGGAATGCG 3' and 



127 
 

PrBRC1Pas: 5' TAGTACCGGTGCTAATAGCGTTTG 3') was designed to facilitate 

directional cloning of the promoter. The 4-base-pair sequence (CACC) necessary for directional 

cloning in pENTR was added at the 5’ end of the forward primer. PCR amplification was carried 

out by initial denaturation at 98°C for 30 s followed by 35 cycles of 98°C denaturation for 30 

s, 60°C annealing for 30 s, and 72°C elongation for 2 min, and with a final extension of 72°C 

for 10 min. The 20 μL reaction mixture for the PCR consisted of an aliquot of 35 ng DNA 

template, 0.2 mM each of dNTP, 0.4 unit of Phusion DNA polymerase and 10 pmol of each 

primers. PCR products were separated in 1% (w/v) agarose gel and purified using the Wizard 

SV Gel and PCR Clean-Up System kit (Promega, USA). The 5’ deletions of the RhBRC1 

promoter region at different positions -1973, -1611, and -632 were generated by PCR using 

different forward primers PrPBRC1-1F, PrPBRC1-2F, PrPBRC1-5UTR and a single reverse 

primer PrPBRC1-R respectively (Table S1). The PCR products were gel purified as mentioned 

above. 

Target sequence transformation  

The PCR products of RhBRC1 promoter regions were sub-cloned into an entry vector using 

a pENTR Directional TOPO Cloning Kit (Invitrogen). The ligation product was transferred into 

Escherichia coli strain One Shot TOP10 Competent cells by thermal shock 30 s at 42°C. 

Positive clones were selected on solid LB medium supplemented with kanamycin (50 mg.L-1). 

Bacteria plasmids were extracted using a NucleoSpin plasmid extraction kit (Macherey-Nagel, 

Germany) and confirmed by sequencing using two different primers (M13F: 5’-

GTAAAACGACGGCCAG-3’ and M13R: 5’-CAGGAAACAGCTATGAC-3’). From positive 

entry vectors, promoters were then cloned into pKGWFS7 destination vector (Karimi et al., 

2002) using an LR Clonase II kit (Invitrogen). The ligation product was transferred into 

Escherichia coli strain One Shot TOP10 Competent cells by thermal shock 30s at 42°C. Positive 

clones were selected on solid LB medium supplemented with spectinomycin (100 mgꞏL-1). 

Bacteria plasmidswere extracted using a NucleoSpin plasmid extraction kit (Macherey-Nagel 

Germany) and confirmed by sequencing using GFP-R 5’-CACGAACTCCAGCAGGAC-3’ 

primers for pKGWFS7. The different constructions of promoter region were introduced by 

electroporation into Agrobacterium tumefaciens EHA105 (pBBR1-MCS-5). 

Rose transformation 

In vitro propagated shoots of Rosa were used as starting material. They were repeatedly sub-

cultured every 6 weeks on Shoot multiplication medium (Hamama et al., 2015) that consisted 
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on (Murashige and Skoog [MS] salts and vitamins with 0.1 gꞏL-1 Fe-EDDHA, 30 gꞏL-1 sucrose, 

0.1 gꞏL-1 myo-inositol, 4.44 μM 6-benzyladenine), solidified by 3 gꞏL-1 Phytagel. Young leaves 

were injured by several cuts and inoculated by Agrobacterium which had been suspended in re-

suspension medium until DO600=1 for 5 min. The inoculated leaves were blot drayed on sterile 

paper and transferred in the callus induction medium (Ibrahim et al., 2000) supplemented with 

cefotaxime (500 mgꞏL-1) and kanamycin (100 mgꞏL-1). Leaf discs were sub-cultured every 6 

weeks on the same medium until the callus formed. The genomic DNA was extracted from the 

selected callus. Then PCR amplification was done to confirm that target fragment was 

transformed into callus steadily. 

Callus treatments and GFP fluorescence analysis  

The transformed callus were transferred onto basic medium (Murashige and Skoog [MS] 

salts and vitamins, pH 8.8) with different treatments for 8 h under light at 22℃ (the previous 

observation results showed that 8-hour-treatment is the best observation time, because the 

fluorescence at 2, 4 and 6 h was not strong enough and the fluorescence declined after 24 h). 

The fluorescence level of the transformed calli was analyzed by the fluorescence microscope. 

Quantification of the fluorescence level was performed on 2D images using ImageJ software. 

Integrated density of grey was determined on the 30 spots (selected randomly) for each sample. 

Each condition contained six calli and was replicated three times. 

Adenylate measurements 

The bud sample were frozen in liquid nitrogen and kept at −80 °C until extraction. Frozen 

buds ground in liquid nitrogen. An aliquot of frozen powder was taken with a liquid nitrogen 

pre-cooled spatula, precisely weighed (great care was taken to keep seed powder frozen at all 

stages) and transferred in a 1.5 ml microtube containing 600 μl of methanol/chloroform (1:1) 

which was immediately vortexed and incubated on ice for 10 min. After vortexing, 200 μl of 

H2O was added; the microtube tube was vortexed again and centrifuged (10 min, 14 000 g, 

4 °C). The upper phase was withdrawn and transferred into a microtube which was stored at 

−80 °C for HPLC analysis as described in Raveneau et al., 2017, with a modified elution 

gradient: step 1 (0–4 min) at 17 mM KOH; step 2 (4–26 min) with a concave isocratic gradient 

(Dionex GP50 pump, Curve 8)  from 17 mM to 100 mM; step 3 (26–46 min) at 100 mM; step 

4 (46–50 min), linear gradient (100–17 mM); step 5 (50–60 min), 17 mM KOH. 

Electrophoretic mobility shift assays (EMSA) 
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The MBP-RhBRC1-6xHis recombinant protein was expressed in the Rosetta 2 (DE3) pLysS 

(Novagen) E. coli strain by induction with 0.5 mM IPTG for 4 h at 20°C, purified by binding 

onto a HisTrap HP column (GE Healthcare Life Sciences) and eluted with imidazole. Elution 

buffer was replaced by EMSA buffer (15mM HEPES-KOH pH 7.5; 40 mM KCl; 0.1 mM 

dithiothreitol; 10% glycerol) by filtration through a Sephadex-G25 HiTrap column (GE 

Healthcare Life Sciences). Oligonucleotide probes were end-filled labeled with the Klenow 

enzyme (Fermentas) in the presence of 32P-dCTP. The sequence of the oligonucleotides is 

indicated in Supplemental Information (Table S3). The EMSA reaction was performed with 

1ng of 32P-labeled probe, 2μg of poly(dI-dC) and 100ng of RhBRC1 protein and incubated at 

room temperature for 20 min. The binding reactions were analyzed by electrophoresis on 6% 

native acrylamide gel in 0.5 x TBE buffer. After drying, the gel was autoradiographed at -80°C 

overnight. 
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Supplemental data 

 
 
Supplementary figure 1. Bud outgrowth and transcript levels of RhBRC1 in different treatments. A, 

Schematic diagram of decapitated plant (decapitation occurs above the fourth distal bud), in vitro-

cultured buds (corresponding to the third and fourth distal buds) and experiment methods used in this 

study; B, Time-course of bud outgrowth during 120h with 100mM sucrose or mannitol with or without 

NAA (1-naphthaleneacetic acid); C, Transcription levels of RhBRC1 in buds supplied for 10h and 24h 

with sucrose alone (Suc) or with sucrose and auxin (Suc and 1 μM NAA). Data are mean ± SE of three 

biological repetitions. .The letters indicate significant differences between the diverse treatments with 

P＜0.05. 

 

 
Supplementary figure 2. The transcript levels of RhHB40 in different treatments. Data are mean ± SE of 

three biological repetitions. NAA (1-naphthaleneacetic acid). The letters indicate significant differences 

between the diverse treatments with P＜0.05. 
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Supplementary figure 3. The changes of sugar metabolism related genes and compound within 24h. A, the 

changes of sugar metabolism related compounds based on metabolomics approach; B, the transcript levels 

of genes that encode sugar metabolism related enzymes based on RNA-seq. 

 

 
 

Supplementary figure 4. Antagonistic effect between sucrose and auxin on different markers of C-starvation 

and energy status in buds treated with 10mM and 100mM sucrose with or without auxin. A, RhSTP1 

transcription levels; B, RhASN1 transcription levels. Data are mean ± SE of three measurements. The letters 

indicate significant differences between the different treatments with P＜0.05. Suc, sucrose, Suc, sucrose; 

NAA, 1-naphthaleneacetic acid. 
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Supplementary figure 5. The transcript levels of RhHB40 in different treatments. A&B, RhHB40 transcript 

levels on 10mM or 100mM sucrose with different concentration of 2-DOG or 6-AN respectively; C&D, 

RhHB40 transcript levels in buds incubated on sucrose (10mM), mannitol (10mM), glycerol (1mM or 30mM), 

6-phosphogluconate alone (0,1mM or 1mM) or on glycerol and 6-phosphogluconate (Gly 1mM/6-PG 0.1mM 

or Gly 30mM/6-PG 1mM. Data are mean ± SE of three biological replicates; each replicate contains 15 buds 

for time-kinetics of buds and 40 buds for qRT-PCR. 
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Supplementary figure 6. A- Electro Mobility Shift Assay (EMSA) using RhBRC1 protein and 32P-

radiolabelled oligonucleotides consensus (Co) or mutated (mut) binding sequences (table S3). + and – 

respectively indicate the presence or absence of the corresponding compound in the EMSA mix. Arrow 

indicates the bound DNA shift bands associated with RhBRC1. As indicated, 50-fold (lines 3 and 5) and 100-

fold excess (lines 4 and 6) unlabelled consensus (Co) or mutated (mut) oligonucleotides were used as 

competitors, respectively. B- Schema of 2000bp upstream start codon of the seven sucrose metabolism 

related enzymes and the cis-elements of RhBRC1 binding site. HXK, hexokinase; PFK, 6-

phosphofructokinase; PK, pyruvate kinase; OGDH, 2-oxoglutarate dehydrogenase, MDH, malate 

dehydrogenase; G6PD, glucose-6-phosphate 1-dehydrogenase; PGD, 6-phosphogluconate dehydrogenase. 
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Supplementary figure 7. Fluorescence levels and GFP transcription levels of 1973bp RhBRC1 promoter 

contained callus treated by different sucrose and mannitol concentrations. A&B, Fluorescence levels and 

GFP transcription levels of 1973bp RhBRC1 promoter contained callus treated by different sucrose or 

mannitol concentrations, respectively; C, Fluorescence of 1973bp RhBRC1 promoter contained callus treated 

by different sucrose and mannitol concentrations. Data are mean ± SE of three measurements, each 

measurement contained six calli. The letters indicate significant differences between the different treatments 

with P＜0.05. 

 
 

Supplementary figure 8. Fluorescence level of P35S contained callus treated by different conditions. A, 

Fluorescence level of GFP in different combinations of sucrose or NAA concentration; B, Fluorescence of 

GFP in different combinations of sucrose or NAA concentration. Data are mean ± SE of three measurements, 

each measurement contained six calli. The letters indicate significant differences between the different 

treatments with P＜0.05. 
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Supplementary figure 9. Antagonistic effect between sucrose and auxin on sucrose metabolism related 

enzymens, C-starvation marker and energy status marker in calli treated with 10mM and 100mM sucrose 

with or without auxin. A to F, the transcript level of sucrose metabolism related enzymens; G&H, the 

transcript level of C-starvation marker and energy status marker (RhSTP1 and RhASN1). HXK, hexokinase; 

PFK, 6-phosphofructokinase; PK, pyruvate kinase; OGDH, 2-oxoglutarate dehydrogenase, G6PD, glucose-

6-phosphate 1-dehydrogenase; PGD, 6-phosphogluconate dehydrogenase. Data are mean ± SE of three 

biological replicates, each replicate contains 10 calli for qRT-PCR. 
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Table S1. The primers used in constructing different promoter regions 

Primer name Primer sequence (5' to 3') 

PrPBRC1-1F CACCTGTGAGCTAGTTGAGAAAACAATTG 

PrPBRC1-2F CACCTGAACAGTTTATAGTATATATTGATGAA 

PrPBRC1-5UTR CACCCTTTATGAAGAAAAGATGAGGAAAAG 

PrPBRC1-R TGTGATGTATATAGCTAATATCTGGTTG 

 
 
 
 
 

Table S2. The qRT-PCR primers used in this study 

qPrASN1 
Forward 5'-CTATTCGAGCCAGCACCCC-3' 

Reverse 5'-TCTCATCAGAGCCCTCACCAG-3' 

qPrSTP1 
Forward 5'-TAAAGGGCGGTTGGGGATG-3' 

Reverse 5'-GGTCTTGGCTTTCTCGTGCTG-3' 

qPr6PFK 
Forward 5'-GTGGTTATGATTTGCTTGGACG-3' 

Reverse 5'-TCAGTGTTTGATGTCACCCCTC-3' 

qPrPK 
Forward 5'-TTCACCCAACCCCAACCA-3' 

Reverse 5'-CAGCGGATACTTTCCATTAGCA-3' 

qPrMD 
Forward 5'-GGACTCCTCCCGCTTTCG-3' 

Reverse 5'-GTGCCACTGAGCTATCACCATG-3' 

qPr6PD 
Forward 5'-AGAGTGCTGCTCGTATGATTGC-3' 

Reverse 5'-TTGATGCCTTTGCTGTTGTGA-3' 

qPrG6PD 
Forward 5'-GGCTTTACGGTTGGGACATT-3' 

Reverse 5'-TCTGAAAACCCCGACTGCTC-3' 

qPrRhHB40 
Forward 5'-TTCGGCAACGAGCATAAACTG-3' 

Reverse 5'-TTCTGAAACCAAACAGCCACTT-3' 

qPr2OD 
Forward 5'-GATGGCTGGAGGTTCATTTACA-3' 

Reverse 5'-TGCCGACTGAGGAGGGTTG-3' 

qPrHXK1 
Forward 5'-GTTGGGACCAAACTCAAGGA-3' 

Reverse 5'-TGGCAACTACGTCGCATAAC-3' 

qPrRhSuSy 
Forward 5'-GTATGAGAGTCACACCGCCT-3' 

Reverse 5'-GCTCCCGGTGAAACAATGTT-3' 

qPrRhVI1  
Forward 5'-CGGCCAACCTGTCTGATCCCTTA-3' 

Reverse 5'-GGGTCACGGAAATCGGTGGTTAAA-3' 
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Table S3. The EMSA primers used in this study 

EMSAcons-F GGGGATCTGTGGGCCCACGAG 

EMSAcons-R GGGGCTCGTGGGCCCACAGAT 

EMSAcons-mut F GGGGATCTGTGAACTCACGAG 

EMSAcons-mut R GGGGCTCGTGAGTTCACAGAT 

EMSA 2OGD-a-F GGGGGTTGGAGGGACAAGGTAGGTG 

EMSA 2OGD-a-R GGGGCACCTACCTTGTCCCTCCAAC 

EMSA 6PGD-a-F GGGGTATAGGGGGCCTTGTCTTAG 

EMSA 6PGD-a-R GGGGCTAAGACAAGGCCCCCTATA 

EMSA G6P1D-a-F GGGGGGAACTGGGCCTGGAGCAAG 

EMSA G6P1D-a-R GGGGCTTGCTCCAGGCCCAGTTCC 

EMSA G6P1D-b-F GGGGAAGAGGTGGGCCTGGACTCCT 

EMSA G6P1D-b-R GGGGAGGAGTCCAGGCCCACCTCTT 

EMSA G6P1D-c-F GGGGGCCGAGTGGGACTTTTGGTCT 

EMSA G6P1D-c-R GGGGAGACCAAAAGTCCCACTCGGC 

EMSA PK-a-F GGGGCCCGTCACGGGTCCCAAAGATC 

EMSA PK-a-R GGGGGATCTTTGGGACCCGTGACGGG 

EMSA 6PFK-a-F GGGGTTCTATTGGGACCTCCAAATC 

EMSA 6PFK-a-R GGGGGATTTGGAGGTCCCAATAGAA 

EMSA 6PFK-b-F GGGGAAACGTGGGGCATATTTGGAAG 

EMSA 6PFK-b-R GGGGCTTCCAAATATGCCCCACGTTT 
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in its post-transcriptional regulation in response to sugars, with a potential 
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Abstract: 

Shoot branching patterns is an important phenotype during plant development. During shoot 

branching, BRC1 (BRANCHED) plays a master regulator role in bud outgrowth process, and 

its transcript level is regulated by various exogenous and endogenous factors. However, many 

question are still open on the involved molecular mechanisms. Here, we investigated whether 

the expression of RhBRC1 (a homologue gene of BRC1 in Rosa hybrioda) could be under the 

post-transcriptional regulation in response to sugar a main branching-regulating factor, through 

its 3’UTR. The stably transformed Rosa callus with the promoter 35S (P35S)-driven GFP with 

either 3’UTR of RhBRC1 (P35S::GFP::3’UTRRhBRC1) or 3’UTR corresponding to NOS-

terminator (P35S::GFP::3’UTRNOS) were obtained and treated by various combinations of 

sugars, and sugar metabolism effectors. The results showed a major role of the 3’UTR of 

RhBRC1 in the in response to sugars, involving potentially glycolysis/TCA-cycle and OPPP 

(oxidative pentose phosphate pathway) emanating signals. In vegetative buds, we identified 

RhPUF4, a closely homologue protein of APUM2 in Arabidopsis belonging PUF RNA 

(Pumilio RNA-binding protein family) binding protein. RhPUF4 was highly expressed in non-

dormant buds at the plant scale and was upregulated by sugar availability in vitro-cultured buds. 

RhPUF4 expression was especially dependent on OPPP activity, supporting its role in OPPP-

dependent posttranscriptional regulation of RhBRC1. These findings indicate that 3’UTR 

sequence could play a main role in the molecular regulatory network of BRC1 and open new 

avenues to investigate new aspects of BRC1 regulation.   

Key words 

3’UTR; PUF; sugar, oxidative pentose phosphate pathway, glycolysis, sugar signaling 
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Introduction  

Throughout their life cycle, plants should adjust their body to suit the various environmental 

conditions in which they are growing. The regulation of shoot branching is one strategy to 

preserve plant survival and to optimize the yield potential of agricultural, horticultural and 

forestry crops (Jiang and Egli, 1993; Richards, 2000). Shoot branching involves a complex 

regulatory network, based on systemic and local interaction of many endogenous and 

exogenous cues that converge into bud to modulate its ability to remain dormant or to grow into 

new shoot (Rameau et al., 2015; Wang and Jiao, 2018, Wang et al., 2019). Teosinte branched1 

(TB1)/BRANCHED1 (BRC1) and their homologue genes act as an integrator of branching 

signals within axillary buds (Doebley et al., 1997; Aguilar-Martinez et al., 2007), although 

other not-yet identified master regulator could exist (Seale et al., 2017). 

In monocots, Teosinte branched1 (TB1) from Zea mays (Doebley et al., 1997) and its 

respective homologs in Oryza sativa, OsTB1 (Takeda et al., 2003) and in Sorghum bicolor, 

SbTB1 (Kebrom et al., 2006) were found to influence the tillers. They encode transcription 

factors contained a TCP domain, an approximate fifty-nine amino acid domain that allows 

nuclear targeting, DNA binding, and protein–protein interactions (Kosugi and Ohashi, 1997; 

Cubas et al., 1999; Kosugi and Ohashi, 2002). TB1 and OsTB1 are mainly expressed in axillary 

bud meristems, where they promote bud growth arrest (Hubbard et al., 2002; Takeda et al., 

2003) and their respective knock out mutant (tb1 and fine culm) exhibited an over-branching 

phenotype (Doebley et al., 1997; Wang et al., 1999; Takeda et al., 2003). Similarly, 

BRANCHED1 (BRC1) and BRANCHED2 (BRC2), closely related to TB1, regulate the branch 

process in Arabidopsis (Aguilar-Martínez et al., 2007). BRC1 expression patterns are restricted 

mostly to axillary buds, anti-correlated with bud outgrowth, and brc1 mutant phenotypes are 

non-pleiotropic and affect exclusively axillary bud development (Aguilar-Martínez et al., 2007). 

The BRC1-like genes were also identified in other plant species (for revue, see Wang et al., 

2019). 

The sugars-dependent bud growth promotion has been reported in many species including 

peach (Maurel et al., 2004), walnut tree (Bonhomme et al., 2009), Rosa sp. (Girault et al., 2010; 

Henry et al., 2011) and sorghum (Kebrom et al., 2010 & 2012). Exogenous supply of sugars 

was also necessary to sustain bud outgrowth of one-node cuttings (Henry et al., 2011; Rabot et 

al., 2012; Fichtner et al., 2017) and in planta (Mason et al., 2014; Evers, 2015), while plant 

defoliation impaired bud growth (Kebrom et al., 2010). Mason et al. (2014) have shown in 

intact plant that apical dominance strongly correlates with sugar allocation to axillary bud, 
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revealing that apical dominance is predominantly maintained by the intense demand of shoot 

tip for sugars, and exogenous sucrose provision through the cut petiole stimulates bud 

outgrowth and mimics plant decapitation. Sucrose could act as a signaling entity, because some 

non-metabolizable sucrose analogues, including lactulose, are able to trigger bud outgrowth 

(Rabot et al., 2012; Barbier et al., 2015), probably via trehalose 6-P pathway in pea (Fichtner 

et al., 2017). Despite these findings, our knowledge are very fragmented regarding the 

molecular bases of sugar-dependent bud outgrowth promotion. The only available data suggest 

that sugar might be a central component of the branching regulatory network, since sucrose 

negatively regulates the expression level of BRC1(Barbier et al., 2015; Mason et al., 2014; 

Rameau et al., 2015). Kebrom and Mullet (2015) demonstrate that small changes in 

photosynthetic leaf area affect positively the expression of TB1 and consequently the propensity 

of tiller buds for outgrowth. Using Rosa sp. one-node cutting, Barbier et al., (2015) 

demonstrated that sucrose-dependent bud outgrowth stimulation could be linked to down- and 

up- regulation of strigolactone (SL, branching-repressing hormone) signaling genes and 

cytokinin (CK, branching-inducing hormone) synthesis, respectively. CK and SL, two second 

messengers, which are antagonistically controlled by polarized auxin transport of stem 

(Shimizu-Sato et al., 2009; Brewer et al., 2009), and are partly integrated within the bud by the 

transcription factor BRC1, (Aguilar-Martinez et al., 2007; Dun et al., 2012; Rameau et al., 2015; 

Wang et al., 2019).  

In plants, sugar also serves as signal molecule and act through an array of signaling pathways 

including sucrose-, hexokinase and OPPP (oxidative pentose phosphate pathways (Kruger and 

von Schaewen, 2003; Smeekens et al., 2010; Lastdrager et al., 2014; Lejay et al., 2008; Sakr et 

al., 2018). Within this context, sugar regulates the expression of a large number of genes at 

different levels, including transcriptional, post-transcriptional and post-translational level (for 

revue, Sakr et al., 2018). Many regulation processes relied on the 3’UTR sequence are 

considered as a powerful strategy for many organisms to flexibly adjust their functioning in 

response to different inputs. In rice, analysis of reporter mRNA half-lives of αAmy3 (-

Amylase3) demonstrated that the entire αAmy3 3’UTR and the two subdomains each functioned 

as destabilizing determinant in the turnover of mRNA in response to sugar provision, and this 

response was assigned to “UAUAUAUGUA” motif (Sheu et al., 1994; Chan and Yu, 1998a). 

In maize, Incw1, encoding a cell-wall invertase, has two type of transcripts that differ by 3’UTR 

length and seemingly act as a regulatory sensor of carbon starvation (Cheng et al., 1999). 

3’UTR may constitute a link between sink metabolism and cellular translation activity in plants, 

although no specific 3’UTR-related motif was identified. Nicolai et al. (2006) identified 224 
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mRNAs that most of them are post-transcriptionally repressed by sucrose starvation, allowing 

cell to quickly respond to a general decrease of its metabolic activity. Diverse RNA binding 

proteins, which regulate many aspects of RNA metabolism, such as RNA splicing, 

polyadenylation, capping, modification, transport, localization, translation and stability, are 

particularly important for a successful post-transcriptional regulation (Keen, 2007; Wang et al., 

2018). The Pumilio RNA-binding protein family (PUF family) is a large family of RNA binding 

proteins found in all eukaryotes; the number of PUF gene copies highly variable in each model 

organism (Wickens et al., 2002). The PUF family takes part of post-transcriptional control by 

binding to specific regulatory cis-elements of their mRNA targets, and thereby leads to mRNA 

decay and translational repression (Tam et al., 2010). They also act by promoting ribosome 

stalling and facilitating the recruitment of microRNAs (miRNAs) and chromosomal instability 

(Friend et al., 2012; Van Etten et al., 2012; Miles et al., 2012; Lee et al., 2016).  

In plants, only few investigations have been led to discover the role PUF in plant growth and 

development. Tam et al. (2010) showed that APUM2, an Arabidopsis PUF protein, binds the 

RNA of Drosophila Nanos Response Element I (NRE1) 5’-UGUAUAUA-3’ located in its 

3’UTR, and that APUM1 to APUM22 can shuttle between nucleus and cytoplasm through 

exportin1 mediated pathway, while  APUM23 and APUM24 are exclusively localized in 

nucleus. They also indicated that PUF protein involved in many processes in plants, such as 

osmotic stress, sugar signaling, nutrient metabolism, drought stress, ABA signaling. Using 

three-hybrid screening assays, Francischini and Quaggio (2009) showed that among the 25 PUF 

members identified in Arabidopsis, APUM1 to APUM6 can specifically bind to the Nanos 

response element sequence, which is also recognized by Drosophila Pumilio proteins. They 

also identified an APUM binding consensus sequence i.e., a UGUR tetranucleotide, which are 

present in all targets of the PUF family (Wickens et al., 2002). The “non-canonical” 

Arabidopsis PUM23 (APUM23) binding sequence is 10 nucleotides long, contains a 5’-UUGA-

3’ core sequence, and has a preferred cytosine at nucleotide position eight (Zhang and Muench, 

2015). These investigations showed that the consensus PUF binding motif maybe ubiquitous 

among eukaryotes.  

The objective of this study is to investigate whether sucrose-mediated downregulation of 

RhBRC1 could involve a post-transcriptional regulation, through its 3’UTR sequence. Sequence 

analysis of 3’UTR of RhBRC1 showed the presence of 6 putative PUF binding motifs (UGUR 

flanked downstream by an AU-rich sequence), one of them exists in the motif 

“UAUAUAUGUA” similar to that previously found in 3’UTR of α-amylase 3 (Sheu et al., 

1994; Chan and Yu, 1998a). To gain an insight in this process the 3’UTR of RhBRC1-
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transformed Rosa callus (P35S::GFP::3’UTRRhBRC1) and NOS-terminator-transformed ones 

(P35S::GFP::3’UTRNOS) were obtained and placed on sugars (sucrose and glucose), non-

metabolizable sugars (lactulose, mannose, 3-O-methyl-glucose (3-OMG)) and effectors of 

glycolysis/TCA-cycle and OPPP (oxidative pentose pathway). We demonstrated that 3’UTR 

sequence was prevailing in sugar-mediated RhBRC1 regulation. To go further in this regulation, 

twelve PUF protein members were isolated from Rosa chinensis genomic sequence and only 

RhPUF4, a member of PUF protein family, was more expressed in buds of decapitated plants 

and in sugar-fed in vitro-cultured buds, indicating that RhPUF4 is positively related to sugar-

mediated bud outgrowth. More precisely, RhPUF4 expression was mainly and positively 

responsive to OPPP-emanating signal. RhPUF4 is highly close to AtPUM2, which is highly 

expressed in shoot meristem. Taken together, these results indicate that 3’UTR in RhBRC1 

post-transcriptional regulation in response to sucrose and this regulation occurred in part, 

through OPPP-dependent up-regulation of RhPUF4. 

Results 

Sucrose and glucose influence the expression level of RhBRC1 through its 3’ UTR region 

Chan and Yu. (1998a&b) have previously shown that the transcript of α-Amylase 3 in Oryza 

sativa is sugar-repressive process, which was associated with the presence of one of these two 

motifs (UAUAUAUGUA and UAUAUAAUGUA) in its 3’UTR (Figure S1). Based on sugar-

dependent RhBRC1 downregulation (Barbier et al., 2015), we investigated whether its 3’UTR 

region involved in this regulation. Indeed, its 3’UTR sequence contained the same motif 

(UAUAUAUGUA) as that previously reported for α-Amylase 3 and 6 PUF binding motifs, 

while NOS terminator (used as a control) did contain any PUF binding motifs (Figure 1). There 

are two and four PUF binding motifs in 3’UTR of AtBRC1 and OsBRC1 respectively (Figure 

S1). Rosa callus were transformed with two constructs, consisting on promoter 35S (P35S)-

driven GFP with either 3’UTR of RhBRC1 (P35S::GFP::3’UTRRhBRC1) or 3’UTR corresponding 

to NOS-terminator (P35S::GFP::3’UTRNOS). The transformed callus were first selected based 

on antibiotic resistance and the presence of 3’UTR (3’UTRRhBRC1 and 3’UTRNOS) was 

confirmed by PCR-mediated DNA amplification. The transformed callus were then transferred 

to the incubation medium, containing different concentrations of sucrose and glucose, ranging 

from 10 to 200mM and fluorescence intensity was assessed by using ImageJ software. At first, 

we choose 8h incubation because corresponded to the best observation time, based on the 

previous time kinetic from 2h to 24h (data not shown). After that, the 3’UTRRhBRC1-transformed 
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callus (P35S::GFP::3’UTRBRC1) was incubated for 8h on soluble sugar-containing medium, and 

the fluorescence exhibited a strong decreased intensity as sucrose concentration increased 

(Figure 2B). Fluorescence was highest under 10mM (low sugar concentration) and lowest in 

response to 100mM and 200mM sucrose and glucose respectively. Incubation on lactulose, a 

non metabolizable sucrose analog, decreased GFP intensity (Figure 2D). Meanwhile, the 

3’UTRNOS-related fluorescence remained almost stable in response to these sugar 

concentrations, supporting that 3’UTRRhBRC1 could be a sugar sensitive sequence (Figure 

2B&C). Mannitol, which used as the osmotic control, had no dramatic change of the 

fluorescence intensity of both 3’UTRNOS and 3’UTRRhBRC1-transformed callus, except when 

mannitol concentration was as high as 200mM (Figure 2A). These findings support our initial 

assumption that the 3’UTR sequence of RhBRC1 could mediate sugar-dependent RhBRC1 

repression, through a post-transcriptional process.  

 

 

 

 
Figure 1: The sequence of RhBRC1 3’UTR region and NOS-terminator. The red letter means the sugar 

related motif found in α-amylase 3 in Oryza sativa. The underlined letter means the putative APUM2 or 

RhPUF4 protein binding motif. The blue letter means the the putative PUF protein binding motif. 
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3’UTR of RhBRC1 was respond to glycolysis- and OPPP-emanating signals  

When the 3’UTRRhBRC1-transformed callus (P35S::GFP::3’UTRBRC1) was incubated on 

mannose (non metabolizable glucose analog)-containing medium for 8h, no significant 

decreased in fluorescence intensity (Figure 2E) was observed, indicating a minor role of 

hexokinase dependent pathway. Similar data was found with 3-OMG (Figure 2F), a marker of 

hexokinase independent pathway (Rabot et al., 2012). We then checked whether the HXK-

downstream pathways, glycolysis/TCA-cycle and OPPP, could involve in sugar-mediated post-

transcriptional regulation of RhBRC1 through its 3’UTR region. Effectors of glycolysis (2-

deoxyglucose (2-DOG), Wick et al., 1957; Xiong et al., 2013) and of OPPP pathways (6-

aminonicotinamide (6-AN), Lange and Proft, 1970; Hothersall et al., 1998; Lejay et al., 2008) 

and glycerol (fueling the downstream part of glycolysis and inhibiting glucose-6-phosphate 

isomerase to form glucose 6-phosphate required for OPPP activity, Aubert et al., 1994; Lejay 

et al., 2008, Figure 3A) were tested on 3’UTRRhBRC1 and 3’UTRNOS -contained callus incubated 

either on sucrose (for 2-DOG and 6-AN) or on glycerol medium (Figure 3). Sucrose is required 

to produce glucose and glucose-6-phosphate (Glc-6P), the precursor for glycolysis/TCA-cycle 

and OPPP respectively (Figure 3A). When the 3’UTR RhBRC1-transformed callus was co-treated 

with 100mM sucrose + 0.5mM 2-DOG, the fluorescence was significantly lowest and increased 

progressively, but not very strongly, to reach its highest level with 100mM sucrose + 5mM 2-

DOG (Figure 3B). The treatment with glycerol confirmed these results because the fluorescence 

of 3’UTRRhBRC1-transformed callus decreased slightly and significantly to reach its lowest level 

with 30mM glycerol, but increased slightly again with 50mM glycerol (Figure 3C). Under the 

same experimental conditions, 3’UTRNOS- contained callus exhibited no significant changes of 

fluorescence intensity supporting a potential role of 3’UTR in mediating glycolysis/TCA-cycle 

dependent downregulation of RhBRC1. The treatment of 3’UTRRhBRC1-transformed callus with 

different concentrations of pyruvate, derived from glycolysis, also confirmed this conclusion 

(Figure S2A). 

In order to see whether the OPPP could lead to the post-transcriptional regulation of RhBRC1 

through its 3’UTR, the 6-AN, 6-phosphogluconate (6-PG) were tested. When 3’UTRRhBRC1-

contained callus was placed on 100mM sucrose + different concentrations of 6-AN (from 0.5 

to 5mM), they exhibited an elevated fluorescence as 6-AN concentration increased. With the 

same sucrose concentration (100mM), the highest fluorescence corresponded to callus 

incubated on 5mM and the lowest one on 0.5mM 6-AN (Figure 3D). The opposite fluorescence 

pattern was found when 3’UTRRhBRC1-contained callus was supplied with 6-PG, a substrate of 
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OPPP. The 3’UTRRhBRC1-contained callus displayed an increased fluorescence as 6-PG 

concentration reduced (Figure 3E). More interestingly, when the callus was co-treated with 

1mM 2-DOG and different concentrations of Glc-6P (glycolysis/TCA-cycle was blocked by 2-

DOG and  Glc-6P preferentially fuels OPPP), fluorescence level of 3’UTRRhBRC1-contained 

callus changed significantly and consistently decreased as Glc-6P concentration increased 

(Figure S2B). Under the same experimental conditions, no significant changes in fluorescence 

level of 3’UTRNOS-contained callus was found, supporting that this regulation was specific to 

3’UTR of RhBRC1, that played a major role in the OPPP dependent post-transcriptional 

regulation of RhBRC1. 

 

 
 
Figure 2. Fluorescence level of 3’UTRRhBRC1-transformed callus (P35S::GFP::3’UTRRhBRC1) compared 

to that of 3’UTRNOS-transformed callus (P35S::GFP::3’UTRNOS) under different sugar treatments. A, 

B&C, Fluorescence level of 3’UTRRhBRC1- and 3’UTRNOS- transformed callus treated with different 

mannitol, sucrose or glucose concentrations respectively. D, E&F, Fluorescence level of 3’UTRRhBRC1- 

and 3’UTRNOS- transformed callus treated with different lactulose, mannose and 3-OMG concentrations 

respectively. RhBRC1, 3’UTRRhBRC1–transformed callus; NOS, 3’UTRNOS-transformed callus. Data are 

mean ± SE of three measurements, each measurement contained six Rosa callus. The letters indicate 

significant differences between the different treatments with P＜0.05. 
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Figure 3. Both Glycolysis/TCA-cycle and OPPP participate to the post-transcriptional regulation of RhBRC1 

through its 3’ UTR. A, Different effectors function at different enzymes in primary metabolism pathway; 

B&D, Fluorescence level of 3’UTRRhBRC1- and 3’UTRNOS- transformed callus in response to 100mM sucrose 

and different 2-DOG or 6-AN concentrations respectively; C&E, Fluorescence level of 3’UTRRhBRC1- and 

3’UTRNOS-transformed callus in response to different glycerol or 6-AN concentrations respectively. GPI, 

Glucose-6-phosphate isomerase; PGD, Glucose-6-phosphate dehydrogenase; 6-PG, 6-phosphogluconate, 

Suc, sucrose. RhBRC1, 3’UTRRhBRC1 contained callus; NOS, 3’UTRNOS contained callus. Data are mean ± SE 

of three measurements, each measurement contained six Rosa callus. The letters indicate significant 

differences between the different treatments with P＜0.05. 
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Identification of PUF family in Rosa chinensis  

The Pumilio RNA-binding protein family (PUF family) is mainly involved in post-

transcriptional control by binding to specific regulatory cis-elements which contained a UGUR 

(R, purine) flanked by a AU-riched sequence. Through this interaction, they govern RNA decay 

and translational repression (Tam et al., 2010). Based on the presence of 6 putative PUF binding 

motifs in 3’UTR of RhBRC1 (Figure 1), we hypothesized that PUF protein might mediate the 

post-transcriptional regulation of RhBRC1 in response to sugar. The phylogenetic analysis 

among the identified RcPUF (Rosa chinensis PUF) proteins was processed by MEGA7.0 

software. According to previous studies, the PUF family in Arabidopsis have 26 members and 

can be grouped into five subfamilies through the phylogenetic analysis (Tam et al., 2010, Figure 

4A). In Rosa chinensis, we only identified twelve PUF members which are much less than 

Arabidopsis. The PUF protein members can be categorized into four groups (Figure 4A), and 

their gene length varies from 2000bp to 5000bp, which is quite different within each members 

(Figure 4B). Moreover, of these twelve PUF members, eleven of them contain eight PUF 

repeats and only RC7G0558100 contains seven PUF repeats (Figure S3). 
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Figure 4. Identification of PUF members in Rosa chinensis. A, Phylogenetic tree of PUF members in 

Arabidopsis thaliana and Rosa chinensis. The maximum likelihood analysis in MEGA program was 

used for building the phylogenetic tree. The PUF sequence of Rosa chinensis and Arabidopsis thaliana 

were downloaded from GDR database and TAIR database respectively. B, Gene structure dynamics of 

PUF members in Rosa Chinensis. Gene structures of RCPUF members were performed by the GSDS 

software. C, The sequence alignment of Pumilio repeat among PUF members. Multiple alignments were 

generated using ClustalX program. The PUF sequence of Rosa chinensis were downloaded from GDR 

database (https://www.rosaceae.org/). 
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Transcription level of RhPUF4 is under the effect of sugar 

Firstly, in order to check whether PUF family proteins could be involved in sucrose-induced 

bud outgrowth, the expression pattern of all twelve RhPUFs (Rosa hybrida PUF) were 

investigated by RT-PCR in in-vitro cultured buds supplied with 100mM sucrose (non-dormant 

buds) or 100mM mannitol (dormant buds) for 24h. Using specific primer for each PUF member 

(Table S1), only RhPUF4 (a homologue gene of RC5G0568300) showed high expression level 

in 100mM sucrose-fed buds, while almost no expression with 100mM mannitol was observed 

(Figure S4). Furthermore, RhPUF4 expression level increased in manner that was positively 

correlated with sucrose concentration, supporting being a sugar inducible gene in growing bud 

(Figure 5C). The time course of RhPUF4 expression within the early stage, prior the onset of 

rapid bud growth, showed RhPUF4 to be early (highest level at 10h) and temporarily expressed 

in 100mM sucrose-fed buds (non-dormant ones), comparatively to those supplied with 100mM 

mannitol (dormant buds, Figure 5B). In line with this, RhPUF4 is more expressed in non-

dormant (released from apical dominance) than in dormant bud (under apical dominance) 

(Figure 5A). The RhPUF4 transcription pattern was oppositely correlated with the transcription 

level of RhBRC1, because its level was lowest in the buds with high expression level of RhBRC1 

(10mM sucrose) and highest in the buds of low expression level of RhBRC1 (250mM sucrose) 

(Barbier et al., 2015). Taken together, these findings showed that RhPUF4 expression was early 

and highly expressed in non-dormant axillary buds and is negatively correlated with the 

expression of RhBRC1. 
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Figure 5. RhPUF4 expression was under the control of sucrose and sucrose metabolism. A, 

Transcription level of RhPUF4 in the bud before decapitation (BD) or after decapitation (AD); B, 

Transcription level of RhPUF4 of in vitro cultured buds at 0h, 10h and 24h under 100mM of sucrose or 

mannitol; C, Transcription level of RhPUF4 in buds treated with different sucrose concentrations.  Mtl, 

mannitol; Suc, sucrose. Data are mean ± SE of three repetitions. The letters indicate significant 

differences between the different treatments with P＜0.05. 
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Transcript level of RhPUF4 was more likely to be sensitive to an OPPP-emanating signal   

To go further in the understanding of the relationship between RhPUF4 and sugar-dependent 

post-transcriptional regulation of RhBRC1, we investigated its transcript level in buds treated 

with the glycolysis/TCA-cycle effector (2-DOG), as it was the case for the transformed Rosa 

callus (Figure 3B). When buds co-feed with sucrose and 2-DOG, RhPUF4 level did not 

significantly change under 10mM sucrose, while unexpectedly reduced under 100mM sucrose 

(Figure 6A). In accordance with this, buds only supplied with glycerol or pyruvate, two 

compounds of glycolysis/TCA-cycle, did not exhibit significant change in RhPUF4 transcript 

level (Figure 6B&C), supporting that glycolysis/TCA-cycle mediated RhBRC1 post-

transcriptional regulation would be independent of RhPUF4. In order to check whether 

RhPUF4 regulation was dependent on OPPP-emanating signal, RhPUF4 transcription level was 

investigated in buds in response directly to OPPP inhibition (sucrose-fed buds supplied with 

5mM 6-AN) or to OPPP activation (buds supplied with 6-PG, a direct substrate of OPPP). The 

in-vitro cultured buds treated with 5mM 6-AN exhibited a downregulation of RhPUF4, which 

was higher with low (10mM) than with elevated (100mM) sucrose concentration (Figure 6D). 

Furthermore, 6-PG-treated buds displayed a concentration dependent response of RhPUF4 

transcript level. Indeed, the highest level of RhPUF4 was found when bud was supplied with 

10mM 6-PG, relatively to 0.1mM 6-PG (Figure 6F). To confirm this data, the transcript level 

of RhPUF4 was assessed in 2-DOG (a blocker of glycolysis/TCA-cycle) and Glc6P-(used by 

OPPP) co-treated in vitro cultured buds. When 1mM 2-DOG-fed buds were supplied with a 

gradient concentration of Glc-6P (from 0 to 5mM) to activate preferentially the OPPP, the 

transcript level of RhPUF4 increased in concentration dependent manner and reached its 

maximum under 5mM Glc-6P (Figure 6E). In addition, exogenous addition of glycerol to 6-PG 

treated buds did not affect the RhPUF4 level (Figure 6G), supporting once again that transcript 

level of RhPUF4 could be tightly sensitive to OPPP-dependent pathway.  
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Figure 6. Transcription level of RhPUF4 was hardly sensitive to glycolysis/TCA-cycle, but sensitive to 

OPPP. A&D, Transcript level of RhPUF4 in buds treated with 10mM and 100mM sucrose with or 

without 5mM 2-DOG or 6-AN respectively; B&C, Transcription level of RhPUF4 in buds treated with 

different concentration of glycerol or pyruvate respectively; E, Transcript level of RhPUF4 in buds 

treated with 1mM 2-DOG and different concentration of Glc-6P; F, Transcript level of RhPUF4 in buds 

treated with different 6-PG concentrations. G, Transcript level of RhPUF4 in buds treated with different 

combination of glycerol and 6-PG. Glc-6P, glucose 6-phosphate; 6-PG, 6-phosphogluconate. Data are 

mean ± SE of three repetitions. The letters indicate significant differences between the different 

treatments with P＜0.05.  
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RhPUF4 could bind to the 3’UTR of RhBRC1 and promote plant growth  

In order to know whether RhPUF4 could real bind to the 3’UTR of RhBRC1, the NCBI 

database was used to find the homologue gene of RhPUF4 in Arabidopsis. The Blast result 

showed that the APUM2 (AT2G29190) is a homologue gene of RhPUF4 with a high query 

cover (99%) and a low E-value (0.0). Moreover, our polygenetic tree also confirmed that 

RhPUF4 was closely related to APUM2 (Figure 4A). APUM2 is involved in cell differentiation 

and highly expressed in shoot meristem in Arabidopsis (Abbasi et al. 2011). Based on the 

previous reports, APUM2 has a high binding affinity to a conserved sequence, which contained 

a core motif of UGUR flanked with a NRKR motif (Francischini et al., 2009; Zhang and 

Muench, 2015). Moreover, UGURNRKD motif also existed in the 3’UTR of RhBRC1 (Figure 

1) and could be recognized by RhPUF4. In order to know whether RhPUF4 can also response 

to the same motif, we used the SWISS-MODEL database (Schwede et al., 2003; Biasini et al., 

2014) to predict the tertiary structure of RhPUF4 and APUM2. The result showed that the 

structure of them has a high QMEAN (-1.47 and -1.45 respectively, Figure 7A&B), both of 

them have a conserved eight pumilio repeats (Figure 7A&B). Furthermore, the WoLF PSORT 

database was used to determine the subcellular localization prediction of RhPUF4 (Horton et 

al., 2007). This analysis indicated that RhPUF4 located in the nuclear and cytoplasm. Both of 

these results supported that RhPUF4 and APUM2 could bind to the same motif in the 3’UTR, 

probably based on their conserved PUF motif. In order to know the function of RhPUF4 during 

plant branching, the overexpressing APMU2 mutant in Arabidopsis showed a bigger plant and 

longer lateral buds, relatively to wild type. Moreover, the overexpressing mutants also have a 

thicker and longer stem than wild type (Figure 7C). In addition, the knockout mutant of APUM2 

showed a wthinner and shorter stem and no bud outgrowth compared with wild type (Figure 

7C). 

 

 



168 
 

 

Figure 7. The RhPUF4 could promote plant growth and bind to the PUF motif. A&B, the putative 

tertiary structure of RhPUF4 and APUM2 respectively, based on the prediction of SWISS-MODEL 

database (https://swissmodel.expasy.org/); C, the phenotype of APUM2 knockout and overexpression 

mutants compared with wild type. The APUM2 and RhPUF4 protein sequence were downloaded from 

NCBI database (https://www.ncbi.nlm.nih.gov/) and GDR database (Jung et al., 2018; 

https://www.rosaceae.org/). The red triangle means pumilio repeats. 
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Discussion 

Involvement of 3’UTR region in sugar-mediated downregulation of RhBRC1  

BRC1 and its homologues genes played central role in shoot branching and were 

downregulated by sugars (Wang et al., 2019). We showed that one mechanism behind sucrose-

dependent RhBRC1 downregulation occurred through its 3’UTR sequence, which contained six 

putative PUF motifs, one of them is present in the reported sugar-related motif 

(UAUAUAUGUA) (Figure 1). BRC1 was regulated at different levels, including post-

transcriptional level, as evidenced by micorRNA393-dependent repression of OsTB1 and 

stimulation of the tillers in rice (Li et al., 2016). Proteins interactions also participate in this 

process; because BRANCHED1 interacts with FLOWERING LOCUS T to repress the floral 

transition of the axillary meristems (Niwa et al., 2013) and TIE1 (TCP interactor containing 

EAR motif protein 1) can directly interact with BRC1 directly, and repress its binding efficiency 

(Yang et al., 2018). In addition, the expression of some TCP transcription factor members, the 

same family as BRC1, is regulated through post-transcriptional regulation (Parapunova et al., 

2014; Liu et al., 2017). In Arabidopsis, miRNA319 can target many TCP transcription factor 

members, in response to ABA and CK (Liu and Chen, 2009; Zhou and Luo, 2014). 3’UTR of 

some genes are also under SL control. For example, miR156 targeted the 3’UTR of SL-related 

genes, SPL3, SPL9 and SPL15, to regulate shoot branching process (Gandikota et al., 2007; 

Schwarz et al., 2008; Bennett et al., 2016). Here, exogenous supply of sucrose or glucose can 

indeed reduce the fluorescence of the P35S::GFP::3’UTRRhBRC1-transformed callus in a 

concentration dependent manner (Figure 2A), while no effect was observed for control 

(P35S::GFP::3’UTRNOS-transformed callus) (Figure 2A). In line with this, no effect of mannitol 

was found in both cases of transformed callus (Figure 2A). The involvement of 3’UTR region 

in sugar signaling is limited to cases related to sugar abundance (Chan and Yu, 1998b; Cheng 

et al., 1999), and 3’UTR may constitute a link between organ metabolism and sugar availability 

in plants. The exact motif involved in sugar-mediated post-transcriptional regulation is still 

unknown but a role of UAUAUAUGUA sequence has been reported in sugar-

posttranscriptional dependent regulation of α-amylase 3 (Chan and Yu, 1998a). Interestingly, 

this motif exists 3’UTR of RhBRC1 in Rosa, supporting to be conserved between monocots 

(rice) and dicots (Rosa).  

Sucrose-mediated posttranscriptional regulation of RhBRC1 mainly through OPPP 
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3’UTR of BRC1 is sensitive to sucrose and lactulose (its non-metabolizable analog) that both 

induces bud outgrowth and represses RhBRC1 expression in Rosa buds (Barbier et al., 2015). 

In contrast to glucose, no significant decrease was exhibited by P35S::GFP::3’UTRRhBRC1-

transformed callus in response to mannose mannose, a non-metabolizable glucose analog and 

linked to HXK signaling pathway (Rabot et al., 2012),  assuming a minor role of this pathway 

in glucose-mediated BRC1 posttranscriptional regulation. Downstream of HXK, 

glycolysis/TCA-cycle and OPPP are the two important sugar metabolism pathways. They 

provide the energy for plant development, the precursor for amino acid synthesis and the signal 

molecule for modulating some pathways (Koch, 2004; Gibson, 2005). Moreover, they also 

involve in the regulation of microRNAs, transcription factors and for crosstalk with hormonal, 

oxidative and defense signaling (Ruan, 2014). Here, we showed that two sucrose metabolism 

pathways regulate, at different extent, RhBRC1 abundance at post-transcriptional level. The 

fluorescence level of P35S::GFP::3’UTRRhBRC1-transformed callus indicated that 3’UTR of 

RhBRC1 was slightly but significantly sensitive to glycolysis/TCA-cycle (Figure 3B&C). 

Although sucrose + 2-DOG co-treated 3’UTRRhBRC1-contained callus displayed an increased 

fluorescence, in a manner that was correlated with 2-DOG concentration, this difference 

remained only slightly statistically significant. The same results were also found with the 

glycerol and pyruvate treated 3’UTRRhBRC1-transformed callus, indicating that the glycolysis 

and its related TCA cycle-dependent RhBRC1 expression could weakly be mediated through its 

3’UTR. By contrast to glycolysis, the 3’ UTR of RhBRC1 was found to be significantly 

responsive to OPPP (Figure 3D&E). Indeed, the fluorescence of 3’UTRRhBRC1-transformed 

callus was activated and inhibited by 6-AN (OPPP blocker) and 6-PG (OPPP inducer) 

respectively. In accordance with this, the combination of 2-DOG (blocker of glycolysis) and 

Glc-6P (preferentially used by OPPP in the presence of 2-DOG) reduced fluorescence of 

3’UTRRhBRC1-contained callus. All these findings were specific to 3’UTRRhBRC1, because no 

significant modification of fluorescence was found with 3’UTRNOS-contained callus. In 

eukaryote cells, many factors are related to post-transcriptional regulation, such as RNA-

binding protein, microRNA, protein phosphorylation, methylation (Chekulaeva and Filipowicz, 

2009; Filipowicz et al., 2008; Keene, 2007). It has been indicated that some post-transcriptional 

related factors were involved in OPPP. For example, TOR kinase can mediate the upregulation 

of G6PD (glucose-6-phosphate dehydrogenase, one of key enzymes in OPPP) and that the 

activity of TOR kinase is probably under the positive regulation of NADPH, a production of 

OPPP (Corradetti and Guan, 2006; Liu and Bassham, 2010). Moreover, MicroRNA124 and 

Hsp27 in Homo sapiens were also reported to be involved in OPPP (Qiu et al., 2015; Cosentino 
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et al., 2011). However, there are very few reports about the link between OPPP and post-

transcriptional factors in plants.  

Involvement of RhPUF4 in posttranscriptional of RhBRC1 mediated by OPPP  

OPPP and glycolysis could reduce the expression of RhBRC1 through its 3’ UTR region, 

even if the glycolysis had a weak effect (Figure 3). However, the post-transcriptional regulation 

between sugar metabolism-emanating signal and 3’UTR of RhBRC1 was still unknown. The 

regulatory regions within the 3’UTR can influence polyadenylation, translation efficiency, 

localization, and stability of the mRNA (Barrett et al., 2012). RNA binding proteins that can 

bind to those cis-elements are key players in controlling mRNA stability, translation and 

localization (Wickens et al., 2002) and the functional characterization of RNA-binding proteins 

have shown that these proteins possess several conserved motifs and domains such as RNA-

recognition motifs (RRMs), zinc fingers, K homology (KH) domains, DEAD/DEAH boxes 

(highly conserved motif (Asp-Glu-Ala-Asp) in RNA helicases), pentatricopeptide-repeat (PPR) 

domains and Pumilio/FBF (Caenorhabditis elegans Pumilio-fem-3 binding factor, PUF) 

domains (Wang et al., 2018). Among the domains mentioned above, the PUF protein can bind 

cis-elements which contained a UGUR (R, purine) motif (Valley et al., 2012; García-Rodríguez 

et al., 2007). Sucrose-fed in vitro cultured buds exhibited high ability to grow out, coupled with 

a downregulation of RhBRC1 (Barbier et al., 2015) and an upregulation of RhPUF4 (Figure 5). 

At the plant scale, RhPUF4 is more abundant in non-dormant buds than in dormant ones. This 

sucrose-mediated RhPUF4 was tightly linked to OPPP because it was reduced by 6-AN (OPPP 

blocker) but stimulated by 6-PG (OPPP inducer) (Figure 6D, E&F). In accordance with this, 2-

DOG and Glc-6P co-treated buds exhibited an upregulation of transcript level of RhPUF4 and 

the same effect was found in response to Glc-6P alone (Figure 6E). These findings indicated 

that the RhPUF4 level was more likely controlled by an OPPP-emanating signal, and was 

stimulated when OPPP was active and bud can grow out. Given OPPP led to both RhPUF4 

stimulation and RhBRC1 down-regulation through its 3’UTR (Figure 3&6), it is tenting to 

speculate that RhPUF4 may be a mediator between OPPP and 3’UTR RhBRC1 (Figure 7). This 

is supported by the fact that RhPUF4 was closely related to APUM2 (Figure 4A), that has a 

high binding affinity to a conserved sequence, containing a core motif of UGUR flanked with 

a NRKR motif (Francischini et al., 2009; Zhang et al., 2015) that exists in 3’UTR of RhBRC1 

(Figure 1). In that condition, OPPP-mediated upregulation of RhPUF4 can reduce mRNA 

stability and/or translation of RhBRC1 by binding to its own 3’UTR.  
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In contrast to OPPP, the transcription level of RhPUF4 was not regulated by glycolysis. 

Sucrose+2-DOG, glycerol or pyruvate treated buds exhibited no significant modification of 

RhPUF4 level. It seems that the RhPUF4 may not be mediated by glycolysis/TCA-cycle 

dependent signal, and arises the question about the involvement of another post-transcriptional 

player. One possible candidate would be a microRNA, because in Homo sapiens, some 

microRNA are regulated by glycolysis and regulate its target genes (Zhao et al., 2016; Tang et 

al., 2012). 
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Material and methods 

Cloning and transformation of RhBRC1 3’UTR  

To isolate the 3’UTR of RhBRC1 (206 bp), genomic DNA was extracted from leaves of Rosa 

hybrid ‘Old blush’, using a NucleoSpin Plant II kit (Machery-Nagel Inc., Düren, Germany). A 

primer pair (Pr3’UTRs: 5’ CACCTAACACCGCGATGAATATCGATC 3' and Pr3’UTRas: 5’ 

AATGAGAAAGGTGGAAATTAGGTAG 3') was designed to amplify the 3’UTR sequence. 

The 4 base pair sequence (CACC) necessary for directional cloning in pENTR was added on 

the 5’ end of the forward primer. PCR amplification was carried out by initial denaturation at 

98°C for 30s followed by 35 cycles of 98°C denaturation for 30s, 60°C annealing for 30s, and 

72°C elongation for 2 min, and with a final extension of 72°C for 10min. The 20μL reaction 

mixture for the PCR consisted of an aliquot of 35ng DNA template, 0.2mM each of dNTP, 

0.4unit of Phusion DNA polymerase and 10pmol each of the primers. PCR products were 

separated in 1% (w/v) agarose gel and purified using the Wizard SV Gel and PCR Clean-Up 

System kit (Promega, USA). The PCR products were separated in 1% (w/v) agarose gel and 

purified using the Wizard SV Gel and PCR Clean-Up System kit (Promega, USA). 

The PCR products of RhBRC1 3’UTR were sub-cloned into an entry vector using a pENTR 

Directional TOPO Cloning Kit (Invitrogen). The ligation product was transferred into 

Escherichia coli strain One Shot TOP10 Competent E.coli by thermal shock at 42°C. The 

plasmids of several bacteria clones were extracted using a NucleoSpin plasmid extraction kit 

(Macherey-Nagel, Germany) and confirmed by sequencing using two different primers (M13F: 

5’ GTAAAACGACGGCCAG 3’ and M13R: 5’ CAGGAAACAGCTATGAC 3’). From 

positive entry vectors, 3’UTR of RhBRC1 was then cloned, respectively, into pKGWFS7 

destination vector (Karimi et al., 2002) and pGWB6 destination vector (Tsuyoshi et al., 2007) 

using an LR Clonase II kit (Invitrogen). The ligation product was transferred into Escherichia 

coli strain One Shot TOP10 Competent E.coli by thermal shock at 42°C. The plasmids of 

several bacteria clones were extracted using a NucleoSpin plasmid extraction kit (Macherey-

NagelGermany) and confirmed by sequencing using GFP-F 5’ CCACCCTCGTGACCACC 3’ 

and GFP-R 5’ CACGAACTCCAGCAGGAC 3’ primers for respectively pGWB6 and 

pKGWFS7. The 3’UTR of RhBRC1 were introduced by electroporation in Agrobacterium 

tumefaciens EHA105 (-pBBR1-MCS-5). 

Rosa callus transformation 
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In vitro propagated shoots of Rosa were used as starting material. They were repeatedly sub-

cultured every 6 weeks on Shoot multiplication medium (Hamama et al., 2015), consisting on 

(Murashige and Skoog [MS] salts and vitamins with 0.1 gꞏL-1 Fe-EDDHA, 30 gꞏL-1 sucrose, 

0.1 gꞏL-1 myo-inositol, 4.44 μM 6-benzyladenine), solidified by 3 gꞏL-1 Phytagel. young leaves 

were injured by several cuts and inoculated by Agrobacterium (EHA105) which had been 

suspended in re-suspension medium until DO600=1 for 5 min. The inoculated leaves were blot 

drayed on sterile paper and transferred in the callus induction medium (Ibrahim et al., 2000) 

completed with cefotaxime (500 mg/L) and Kanamycine (100 mg/L). Leaf discs were sub-

cultured every 6 weeks on the same medium until the callus formed. The genomic DNA was 

extracted from the selected callus and PCR was used to confirm that whether the target fragment 

was transformed into callus steadily. 

Callus treatments and GFP quantification  

The transformed callus were put into liquid basic medium (Murashige and Skoog [MS] salts 

and vitamins, pH=8.8) with different treatments for 8 hours under light in 22℃. Indeed, the 

kinetics of GFP fluorescence showed that 8 hours incubation was the best observation time, 

because the fluorescence was stronger than for 2, 4 and 6 hours while it dropped after 24 hours. 

GFP intensity was assessed under the fluorescence microscope and its quantification of the GFP 

intensity was performed on 2D images using ImageJ software. Integrated density of grey was 

determined on the 30 randomly selected spots on the representative part for each sample. Each 

condition were replicate between three and eight times. 

Plant culture and in vitro cultivation of axillary buds analysis 

For the experiments on Rosa hybrida L., cuttings from cloned mother plants were grown in 

a greenhouse where the temperature was maintained around 22°C. Nodes from the median part 

of the stem were harvested on single-axis plants when the floral bud was visible (BFV stage), 

as previously described (Girault et al., 2010, Rabot et al., 2012, Barbier et al., 2015). For 

decapitation plant, stems of plants with a terminal floral bud (0.5 cm above the fifth basal five-

leaflet leaf) were removed. After 24h, the lateral bud from third and fourth basal five-leaflet 

leaf were collected for qRT-PCR. For in vitro cultured bud, 1.5-cm stem segments were 

transferred in vitro on classical solid MS medium with different sucrose metabolism effectors 

(2-DOG for glycolysis, 6-AN for OPPP) or different products in sugar metabolism pathway 

(Glucose 6-phosphate a precursor of glycolysis and OPPP, glycerol and pyruvate for glycolysis, 
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6-phosphogluconate for OPPP), in a growth chamber (Strader) with a 16h day length at a 

temperature of 23/20°C (day/night). 

RNA extraction 

Total RNAs were extracted from the in vitro-cultured buds using an RNA NucleoSpin kit 

(Macherey-Nagel) (Barbier et al., 2015). Genomic DNA was removed by incubating RNAs 

with DNase (Biolabs, Inc) for 10 min at 37°C (1 μl of DNase for 10 μg of RNA). The reaction 

was stopped by adding EDTA at a final concentration of 5 mM followed by 10 min at 75°C. 

The absence of contamination by genomic DNA was checked by PCR using a specific primer 

designed against an intron region of the RhGAPDH gene (Girault et al., 2010; Henry et al., 

2011). cDNA was obtained by reverse transcription performed on 1μg of RNA using 

SuperScript III Reverse Transcriptase (Invitrogen, Inc). 

qRT-PCR 

Quantitative real-time PCR (qRT-PCR) was performed with SYBR Green Supermix (Biorad, 

Inc) using cDNA as a template, with the following program: 2min at 50°C, 10min at 95°C, then 

40 cycles of 15 s at 95°C and 60 s at 60 °C. Specific sets of primers were selected according to 

their melting curves. Fluorescence detection was performed using a Chromo4 Real-time PCR 

detector (Biorad, Inc). Quantification of relative gene expression was determined 

using RhUBC expression as an internal control (Chua et al., 2011; Jain et al., 2006). The 

RhPUF4 expression level was detected by primer qPrRhPUF4 (Forward, 5’-

GCTTGCTGCCCTGAATGAT-3’; Reverse, 5’-GCAAGGCTCCAAGATACGC-3’) and each 

PCR results corresponded to three biological repetitions.  

Statistical analyses 

R software was used for caring the statistical analyses. One-way ANOVA (α = 0.05) was run 

to test for the effects of different conditions on bud outgrowth, gene transcription level and 

fluorescence level. Significant differences are indicated by different letters or asterisks directly 

on the figures. 
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Supplemental Data 

Table S1. The specific PCR primers of each RhPUF members 

PrRhPUF1 
Forward 5' GAGGAACATGAGTGGAGGTCT 3' 
Reverse 5' CATTTGAAGGCTAAGGGTCAG 3' 

PrRhPUF2 
Forward 5' TGCCCTACCAGAACGGTTTA 3' 
Reverse 5' CAGCAAGAGCCTGACAACACT 3' 

PrRhPUF3 
Forward 5' ATGGCTTAGGTGGGTTTGGT 3' 
Reverse 5' ACTGACAATGCCGTCTGGAA 3' 

PrRhPUF4 
Forward 5' CTTGAAACAGCCACTACGGA 3' 
Reverse 5' GGTCATCACAAGTCTCCAACAC 3' 

PrRhPUF5 
Forward 5' TCAGGTCCTCTTCTTGTCCG 3' 
Reverse 5' TCCCTTTCAGTGCCTTATTCC 3' 

PrRhPUF6 
Forward 5' ATGCAGCACATGCTCTGG 3' 
Reverse 5' TAAGTTGGTTCGTCAATTCGT 3' 

PrRhPUF7 
Forward 5' AGCGTCCAATCATGCCACTAG 3' 
Reverse 5' ATACTGGTCCTGAGCAAGAGCA 3' 

PrRhPUF8 
Forward 5' TAGTGGCAGTTCAGGCAATC 3' 
Reverse 5' TCCATCCGTCCCTGTTAGTC 3' 

PrRhPUF9 
Forward 5' TCTTGCACTAAGATGCCAATG 3' 
Reverse 5' CAGCTTATCTCGATGTCTCCC 3' 

PrRhPUF10 
Forward 5' ATACAAAGCCATTGCCTCAG 3' 
Reverse 5' CTTGCAGATCAATCGGTCTC 3' 

PrRhPUF11 
Forward 5' TGCACAATATGGTGCGAGTG 3' 
Reverse 5' CCTCTTTGAAAACAGACGCCT 3' 

PrRhPUF12 
Forward 5' GCAGCGATAACCAGTTAGGC 3' 
Reverse 5' TCTCTCAGCTCCAAACATATGC 3' 

 

 

Figure S1. 3’UTR region of α-amylase 3, AtBRC1 and OsTB1. The 3’UTR of them was gotten from NCBI 

database (www.ncbi.nlm.nih.gov). The red letter means the sugar related motif found in α-amylase 3 in Oryza 

sativa. The underlined letter means the core PUF binding motif. 
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Figure S2. Fluorescence level of 3’UTRRhBRC1-transformed callus (P35S::GFP::3’UTRRhBRC1) is sensitive to 

OPPP, but slightly sensitive glycolysis/TCA-cycle. A, 3’UTRRhBRC1-transformed callus was treated with 

different pyruvate concentration; B, 3’UTRRhBRC1-transformed callus was treated with 1mM 2-DOG with 

different Glc-6P concentration. Glc-6P, glucose-6-phosphate. Data are mean ± SE of three measurements, 

each measurement contained six calli. The letters indicate significant differences between the different 

treatments with P＜0.05. 

 

 

 

Figure S3. The sequence alignment of Pumilio repeat among PUF members in Rosa chinensis. Multiple 

alignments were generated using ClustalX program. The PUF sequence of Rosa chinensis were downloaded 

from GDR database (https://www.rosaceae.org/). 
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Figure S4. The expression of 12 putative RhPUF members in 100mM sucrose treated bud and 100mM 

mannitol treated bud. A, The expression of 12 RhPUF members in 100mM sucrose treated buds. B, The 

expression of 12 RhPUF members in 100mM mannitol treated buds. L, Ladder; 1, RhPUF1; 2, RhPUF2; 3, 

RhPUF3; 4, RhPUF4; 5, RhPUF5; 6, RhPUF6; 7, RhPUF7; 8, RhPUF8; 9, RhPUF9; 10, RhPUF10; 11, 

RhPUF11; 12, RhPUF12; -, negative control. 
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Figure 1. The overview of hypothesis in this study. Auxin can go to the bud to inhibit glycolysis/TCA cycle, 

but sucrose can stimulate it. The reduced glycolysis/TCA cycle leads to a high AMP/ATP ratio (low energy 

status). While the AMP activate the SnRK1, which might phosphorylate NAC2 transcription factor. The 

phosphorylated NAC2 can bind to the promoter region of RhBRC1 to influence its transcription. Meanwhile, 

the influenced of OPPP can lead to the change of CK level, which was reported to be a repressor of BRC1 

etranscription. After transcription, RhPUF4 can bind the 3’UTR of RhBRC1 to regulate its expression. There 

exist some PUF binding sites in the 3’UTR of RhBRC1. PUF protein can recruit Ccr4-Not complex to the 

3’UTR of target mRNA and enhance the degradation of target mRNA by cutting poly(A) tail. Moreover, the 

transcription of RhPUF4 is stimulated by OPPP that enhanced by sucrose and inhibited by auxin. +P, 

phosphorylation; 6-PG, 6-phosphogluconate; CK, cytokinin; INV, vacuolar invertase. The colorful dashed 

line measn the effect of sucrose or auxin. 
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Auxin and sucrose affect antagonistically the primary sugar metabolism and sink strength 

of bud  

Sugar is a central factor of many essential metabolic and signaling pathways. Plants 

synthesize sugar from carbon dioxide and water through photosynthesis, allowing them to store 

energy absorbed from sunlight internally. In plants, sugar not only provides energy, but also 

various products for plant development, including amino acids, plant hormones and nucleotides. 

Moreover, some important signaling molecules, such as sucrose, glucose, trehalose 6-phosphate, 

UDP-glucose, and those derived from sugar metabolism downstream hexokinase played an 

important role in plant growth and development (Doiron et al., 1996; Moore et al., 2003; 

Schluepmann et al., 2003; Wahl et al., 2013; Garapati et al., 2015; Janse van Rensburg and Van 

den End, 2018, Sakr et al., 2018). Here, we showed that the exogenous stem auxin could inhibit 

the primary sugar metabolism by reducing the transcription level of many key enzymes related 

to glycolysis (hexokinase, 6-phosphofructokinase, pyruvate kinase), TCA cycle (2-oxoglutarate 

dehydrogenase and malate dehydrogenase) and OPPP (glucose-6-phosphate 1-dehydrogenase 

and 6-phosphogluconate dehydrogenase). This situation led to the reduction of bud ability to 

import and use carbohydrate necessary for its outgrowth. In line with this, Otori et al (2017) 

indicated that the overexpressing of fructose-1,6-bisphosphatase in the cytosol enhance sucrose 

metabolism capacity and stimulate Arabidopsis shoot branching. Our data also showed a tight 

correlation between the ability of bud to grow out and the transcription level of many key 

enzymes-related to glycolysis/TCA and OPPP, because they were both higher in 100mM 

sucrose-fed buds than in those supplied with 10mM sucrose. Accordingly, the auxin–dependent 

inhibition of bud outgrowth could be linked to a bud state marked by sugar starvation and 

energy depletion, which in accordance with the abundance of the sugar starvation markers in 

auxin-treated buds (STP1 and ASN1, Baena-González and Sheen, 2008; Delatte et al., 2011; 

Cordoba et al., 2014) and with the low ATP/AMP ratio. The sugar status is thus deeply involved 

in the ability of bud to grow out and might affect the transcript level of BRC1 within bud (Mason 

et al., 2014; Barbier et al., 2015a; Barbier et al., 2015b). Interestingly, auxin-dependent 

reduction of both bud outgrowth and sugar metabolism occurred in manner that it was anti-

correlated with sucrose availability for bud growth. At low (10mM) sucrose concentration, 

exogenous stem auxin inhibited completely bud outgrowth and strongly sugar metabolism 

while this effect was significantly mitigated with elevated (100mM) sucrose concentration (in 

this condition, there was both a moderate bud outgrowth and sugar metabolic activity). Taken 
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together, these findings indicate that the primary sugar metabolism (glycolysis/TCA and OPPP) 

is one prevailing target of auxin and sucrose interacting effect.  

The detail mechanism behind how auxin regulates the transcription level of those seven 

sucrose-catabolizing enzymes is still unknown. Stem-transported auxin cannot enter axillary 

bud and two non-mutually exclusive models have been proposed to explain the relationship 

between auxin and bud outgrowth. One is “the second messenger model” and another one is 

“the auxin canalization model”. According to the second messenger model, auxin promotes 

strigolactones (SL, a repressor of bud growth) and represses cytokinins (CK, an inducer of bud 

growth) pathways, which can move into buds to exert their antagonist action on bud outgrowth 

(Teichmann and Muhr, 2015, Rameau et al., 2015). Based on the promoter bioinformatics 

analysis, the promoter of all the genes encoding for the seven sugar metabolism enzymes under 

the combined effect of auxin and sucrose contained the ARR-B transcription factor (CK related 

transcription factor, Yokoyama et al., 2007; Kieber, 2008) binding sites. Among them, both 2-

oxoglutarate dehydrogenase and 6-phosphofructokinase contain three ARR-B transcription 

factor-binding sites; 6-phosphogluconate dehydrogenase and glucose-6-phosphate 1-

dehydrogenase contain five ARR-B transcription factor-binding sites; Hexokinase, malate 

dehydrogenase and pyruvate kinase have seven, nine and twelve ARR-B binding sites 

respectively. This indicated that CK might participate to sucrose metabolism through the 

regulation of these main enzymes of glycolysis/TCA and OPPP. However, only promoter of 2-

oxoglutarate dehydrogenase gene (TCA cycle) and glucose-6-phosphate 1-dehydrogenase gene 

(OPPP) contained one BES1 transcription factor (SL related transcription factor, Wang et al., 

2013) binding site respectively. Therefore, the further experiments are needed to demonstrate 

whether auxin can influence sugar metabolism through CK-and SL-related transcription factors. 

The auxin canalization model results from the consideration that outgrowth and establishment 

of auxin canalization (polarized auxin transport) from an axillary bud is tightly correlated (Li 

and Bangerth, 1999). According to this model, the downward auxin stream in the main stem 

blocks the establishment of auxin canalization from axillary buds, and these axillary buds are 

activated when only they are able to export their own auxin (Li and Bangerth, 1999; 

Domagalska and Leyser, 2011). In this case, the present of auxin in dormant bud can block 

sugar metabolism and this effect can be released when auxin come out the bud. In this case, we 

cannot exclude that bud-located auxin regulate negatively sugar metabolism and this inhibitory 

effect would be removed when bud resumes its outgrowth and exports its own auxin on the 

main stem. In line with this, many AuxREs (auxin response elements, Ulmasov et al., 1995) 

exits in the promoter of the genes of seven sugar metabolism-related enzymes. At this stage of 
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our knowledge, these two mechanisms are plausible and additional work is needed to confirm 

which hypothesis could actually be of a great interest.   

The transcription level and protein activity of vacuolar invertase and sucrose synthase were 

also involved in the antagonistic effect between sucrose and auxin. In plant, sucrose synthase 

is an enzyme that catalyzes sucrose into UDP-glucose and fructose, while vacuolar invertase 

catalyzes sucrose into glucose and fructose. They both influence the sink strength deeply (Chen 

et al., 2017; Bahuguna et al., 2018; Morey et al., 2018). Auxin and sucrose affected 

antagonistically the expression and activity of these two sucrose-metabolizing enzymes. More 

interestingly, auxin inhibited both expression and activity of vacuolar invertase, which in line 

with being a positive marker of bud outgrowth in Rosa sp (Girault et al., 2010; Rabot et al., 

2012). This situation arises the question on the role of sucrose synthase in bud outgrowth and 

what would be the role of the balance between sucrose synthase and vacuolar invertase during 

bud outgrowth. Taken together, these findings and those from sugar metabolism support that 

auxin influences negatively the sink strength of buds and this effect was mitigated by elevated 

sucrose supply to bud.  

The bud not only requires carbon skeleton to outgrowth, but also need additional nutrient 

factors, such as nitrate, sulphur, phosphorus, potassium, etc. (Barbier et al., 2017; Umehara et 

al., 2010; Cline, 1991; Van Cleve, 1977; Rubinstein and Nagao, 1976). Furthermore, sugar 

metabolism has a tight connection with them (Leigh and Wyn Jones, 1994; Jonasson et al., 

1996; Deeken et al., 2002). However, the molecular mechanism whereby different nutrient 

factors participate to bud outgrowth is still deficient. One example from Umehara et al (2010) 

showed that strigolactones can act as endogenous inhibitors of axillary bud outgrowth due to 

phosphate deficiency. Potassium also can influence cell development by affecting calcium 

signaling and ROS signaling (Ho and Tsay, 2010). 

Moreover, nitrate is a key nutrient as well as a signaling molecule that affects both 

metabolism and development of plants (Krouk et al., 2010). As previously reported, nitrate is 

necessary for bud outgrowth (Scheible et al., 1997; Vasudevan et al., 2004; Le Moigne et al., 

2018; Wang et al., 2019). Moreover, nitrate controls numerous signaling and metabolism 

pathways during plant development, such as signaling pathways of calcium, auxin, cytokinin 

and metabolism of sugar and amino acid (Riveras et al., 2015; Desikan et al., 2002; Miyawaki 

et al., 2004; Krouk et al., 2010; Champigny and Foyer, 1992). In addition, there exist a tight 

interaction between nitrate and sugar (Lejay et al., 2003; Chow et al., 2007; Balotf et al., 2016; 

Sakr et al., 2018). All these information underline the complexity of the regulatory molecular 
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network behind the modulation of bud outgrowth and deserve to be integrated in the future 

research to understand how all these factors converge into to the regulation of bud growth.  

Auxin and sucrose antagonistically regulate RhBRC1 expression at the promoter level  

BRC1 is highly interesting as a key regulator of multi-layered signals that govern plant 

architecture in response to multiple internal (hormones, nutrients) and environmental (light) 

signals. In bud, auxin can stimulate the expression of BRC1, while its expression is reduced by 

sucrose (Barbier et al., 2015a; Rameau et al., 2015). Here, we clearly showed that this 

antagonistic effect between sucrose and auxin was integrated at both promoter level of RhBRC1.  

Indeed, the region located between 1973 and 611bp was required for integrating auxin- and 

sucrose-mediated upregulation and downregulation of BRC1 respectively. These findings arise 

the question about the molecular mechanisms behind such a regulation. At this stage of our 

knowledge, many hypotheses are still being plausible. As we mentioned above, the effect of 

auxin relied on the antagonistic action of two hormones, SL and CK, which act downstream 

auxin and are able to enter bud and regulate BRC1 expression (Ferguson et al., 2009; Brewer 

et al., 2009; Dun et al., 2012). Moreover, Barbier et al. (2015a) showed an interaction between 

sucrose, CK and SL, in manner that sucrose stimulates CK synthesis and reduces SL signaling 

in Rosa buds. Based on this, one possible mechanism will be built up on the “exclusive 

hormonal hypothesis”, according to which sucrose and auxin regulate indirectly BRC1 

expression through CK and SL. Therefore, the observed effect on BRC1 expression will reflect 

the well-known opposite action of these two branching-related hormones. The interaction 

between sucrose and these two plant branching hormones has been widely reported. Previous 

studies showed that CK and sugars can cross-influence their metabolism and transport (Lara et 

al., 2004; Werner et al., 2008; Kushwah and Laxmi, 2014; Sakr et al., 2018). Li et al. (2016) 

reported that both mutants of MAX1 and MAX2, involved in SL biosynthesis and signaling, 

respectively, were hyposensitive to glucose repression of seedling establishment. This 

suggested that this repression is under the cooperative effect of SL and glucose, probably via 

the hexokinase independent pathway. An alternative hypothesis will be linked to “the sugar-

hormonal interacting hypothesis”, according to which sucrose influences BRC1 level through 

both hormonal (CK and SL) pathways and sugar specific pathway (irrespectively of CK and 

SL). This hypothesis was in line with our findings emphasizing the prevailing of primary sugar 

metabolism in the BRC1 regulation (see below).  Arabidopsis buds lacking BRC1 expression 

can remain inhibited and sensitive to inhibition by SL (Seale et al., 2017), indicating that SL 

effect could also involve in a not-yet identified actor.  
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In eukaryotic cells, amino acids synthesis is related to sugar metabolism. Different products 

of glycolysis and TCA cycle provide carbon skeleton for amino acids synthesis. In Rosa sp., Le 

Moigne et al. (2018) indicated that root-derived asparagine is required for bud outgrowth not 

only for transferring the nitrogen to bud, but also might be acting as a signaling entity. In Homo 

sapiens, recent study demonstrated that asparagine can stimulate TOR signaling pathway by 

regulating mTORC1 activity and protein synthesis (Krall et al., 2016). In plants, TOR signaling 

can integrate nutrients and energy signaling to promote cell proliferation and growth (Xiong 

and Sheen, 2014). Moreover, in Arabidopsis, TOR can activate cell proliferation in shoot 

apexes (Li et al., 2017). Based on this, it will be interesting to complete our knowledge on the 

regulation of BRC1, while investigating whether BRC1 expression could be sensitive to 

asparagine signaling pathway and how sucrose and asparagine act synergistically to control 

BRC1 expression at both promoter level.  

OPPP participates the regulation of RhBRC1 transcription 

The OPPP is a metabolic pathway parallel to glycolysis, and acts as a fundamental 

component of cellular metabolism. It provides precursors for nucleotide and amino acid 

biosynthesis, producing reducing power (NADPH) required for nitrate reduction, and defeat 

oxidative stress, and thereby it is important for plant development (Kruger et al., 2003; Pugin 

et al., 1997). Here, the transcription level of glucose-6-phosphate 1-dehydrogenase and 6-

phosphogluconate dehydrogenase, the two important enzymes of OPPP, were stimulated by 

sucrose and decapitation, while inhibited by auxin. Moreover, in order to investigate whether 

the transcription level of RhBRC1 is under the regulation of OPPP, the 6-AN (OPPP inhibitor) 

and 6-phosphogluconate (compound of OPPP) were used. 6-AN can stimulate the transcription 

of RhBRC1, while the feeding of 6-phosphogluconate can reduce RhBRC1 transcription in buds. 

In line with this, the results from transformed callus indicated that OPPP-dependent RhBRC1 

regulation occurred through its promoter region located between 1973 and 1611bp. In plant, the 

OPPP can provide the precursor of CKs synthesis (Hirose et al., 2008; Bahaji et al., 2015) that 

can reduce BRC1 transcription (Müller and Leyser, 2011; Dierck et al., 2016). Indeed, some 

CK related transcription factor binding sites, such as ARR-B transcription factor (Sakai et al., 

2001; Yokoyama et al., 2007) and GeBP transcription factor (Chevalier et al., 2008), also exist 

in -955bp and -864bp of the promoter region of RhBRC1 respectively. However, whether CK 

acts as a mediator between OPPP and BRC1 expression is still unknown. In other words, 

sucrose-mediated stimulation of OPPP could lead to CK production in buds and to reduction of 

BRC1 expression. This hypothesis deserves to be tested because CK and OPPP-emanating 
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signal implies the same region of RhBRC1 (between 1973 and 1611) to control negatively its 

transcriptional activity.   

NADPH is another important product of OPPP. NADPH provides the reducing equivalents 

for biosynthetic reactions and the oxidation-reduction involved in protecting against the toxicity 

of reactive oxygen species (ROS), allowing the regeneration of glutathione (GSH) (Rush et al., 

1985). Moreover, OPPP, NADPH and ROS are closely connected in plant. Plasma membrane 

NADPH oxidases catalyze the production of a ROS molecule superoxide (O2
•-) from NADPH 

and oxygen (Suzuki et al., 2011). O2
•- is crucial for root growth and root hair development 

(Foreman et al., 2003) and could be converted into another ROS molecule such as hydrogen 

peroxide (H2O2) (Dunand et al., 2007). H2O2 is important for various developmental and 

physiological processes such as the growth of root hairs, cellular proliferation and 

differentiation (Foreman et al., 2003; Gapper & Dolan, 2006; Kwak et al., 2006; Dunand et al., 

2007; Tsukagoshi et al., 2010). H2O2 could be converted by peroxidases into another active 

ROS hydroxyl radical (•OH) which is essential for cell elongation because of its loosening effect 

on cell walls (Chen & Schopfer, 1999; Liszkay et al., 2004). Therefore, ROS play an integral 

role as signaling molecules during plant development (Baxter et al., 2013). In plant, previous 

knowledge indicated that ROS signaling is integrated with many different signaling networks, 

including protein kinase networks, calcium signaling, cellular metabolic networks and redox 

responses (Mittler et al., 2011), but higher level of ROS is harmful to cell (Mittler, 2017). Chen 

et al. (2016) showed that application of hydrogen peroxide (H2O2) on axillary bud could induce 

BRC1 transcription in tomato, and then caused an inhibited bud outgrowth. In this study, 

preliminary data (not shown) carried out in sucrose fed-bud supplied with or without auxin 

showed that auxin could reduce the ROS accumulation level in bud, while it is stimulated by 

sucrose. Therefore, it is very interesting to find out the relationship between OPPP, ROS and 

BRC1 expression. In other words, whether ROS is one possible pathway, through which OPPP 

may regulate BRC1 expression. 

 Moreover, as mentioned before, we indicated some sugar related cis-elements based on the 

promoter analysis of RhBRC1, but nothing is known on OPPP related transcription factors. In 

the future, it will be particularly interesting to address this question.    

The OPPP also regulates the level of RhBRC1 through its 3’ UTR, because 6-AN treatment 

led to fluorescence stimulation of 3’ UTRBRC1-transformed callus, while 6-phosphogluconate 

can inhibit it. In line with this, very low fluorescence measured in 3’ UTRBRC1-transformed 

callus in response to the combined effect of 2-DOG (effector of glycolysis) and G6P (precursor 

of glycolysis and OPPP), relative to control (3’UTRNOS-transformed callus). More interestingly, 
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the 3’UTR of RhBRC1 bore several putative PUF protein binding sites. Among twelve PUF 

members in Rosa hybrida, we found an OPPP-related PUF protein, RhPUF4, whose 

transcription level in buds was positively regulated by OPPP. This was evidenced by the fact 

that buds supplied with 6-AN (an effector of OPPP) exhibited a low transcript level of RhPUF4, 

by contrast to those fed with 6-phosphogluconate (a substrate for OPPP). In this case, two 

questions related to the mechanism behind OPPP-mediated upregulation of RhPUF4 and to the 

ability of RhPUF4 to bind to the 3’ UTR of RhBRC1 to regulate the mRNA stability of RhBRC1 

are still unanswered.  

Glycolysis influences transcriptionally and post-transcriptionally the level of RhBRC1 

Glycolysis is the metabolic pathway that converts glucose into pyruvate, and then pyruvate 

can go further into TCA cycle. Glycolysis is the link between sucrose and TCA cycle and 

provides energy for cell functionning. In this study, we showed that glycolysis can influence 

the transcription level of RhBRC1. When buds were treated by 2-DOG, an effector of glycolysis, 

the transcript level of RhBRC1 was stimulated, indicating that BRC1 expression would be 

responsive to potentially glycolysis-emanating signal. This glycolysis effect happened on both 

the promoter region that located within 1973 and 1611bp and 3’UTR of RhBRC1, even if the 3’ 

UTR was only slightly sensitive to glycolysis. Through promoter analysis, we identified some 

sugar-related transcription factors binding sites in the promoter region of RhBRC1, such as G-

box (Hwang et al., 1998), W-box (Sun et al., 2003), E2F transcription factors binding site 

(Xiong et al., 2013) and NAC transcription factors binding site (Kleinow et al., 2009; Puranik 

et al., 2012), etc. For example, the G-box corresponds to bZIP transcription factor (Sibéril et 

al., 2001) and many bZIP transcription factors are reported to involve in sugar signaling, such 

as bZIP1, bZIP11, bZIP63, ABI5, etc (León and Sheen, 2003; Smeekens et al., 2010; Kang et 

al., 2010; Ma et al., 2011; Frank et al., 2018). Based on our RNA-seq results, two-homologue 

genes of bZIP63 and ABI5 were identified to be under the regulation of the antagonistic effect 

between sucrose and auxin. The binding sites of E2Fa, a sugar related transcription factor, 

which can be phosphorylated by TOR kinase (Xiong et al., 2013), are also found in the promoter 

region of RhBRC1. Moreover, we found that the transcription level of RhASN1 (Asparagine 

synthase 1), a marker of SnRK1 activity (Delatte et al., 2011; Nunes et al., 2013), is stimulated 

by auxin while inhibited by sucrose. It means that the activity of SnRK1 (stress and energy 

depletion integrator, Jossier et al., 2009) would be involved in the interacting effect of sucrose 

and auxin. Were identified on RhBRC1 promoter two cis-element of ATAF1, a NAC 

transcription factor, which can be phosphorylated by SnRK1 and regulates the expression of 
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many genes (Puranik et al., 2012; Kleinow et al., 2009). All these transcription factors might 

act in glycolysis-dependent RhBRC1 transcription and bud outgrowth and their exact role 

deserves to be investigated in the near future.  

Regarding 3’UTR region, we showed that the 2-DOG can slightly stimulate the fluorescence 

of 3’UTR contained callus while the fluorescence can be reduced by glycerol. These findings 

indicated that glycolysis could also influence the transcription level of RhBRC1 through its 3’ 

UTR region. By contrast to OPPP, this glycolysis-dependent posttranslational regulation of 

RhBRC1 could not be assigned to RhPUF4, expression of which in bud was insensitive to 

exogenous addition of both effector of glycolysis (2-DOG) and glycolysis substrates (glycerol 

and pyruvate). Whether some other RNA binding proteins would take part of glycolysis-

mediated posttranscriptional regulation of RhBRC1 should be addressed in the future.  

RhBRC1 could regulate the main sugar metabolism pathways  

As a TCP family transcription factor, the expression level of BRC1 is under the control of 

various factors, such as sugar, plant hormones, water, light, etc (Aguilar-Martínez et al., 2007; 

Rameau et al., 2015; Wang et al., 2019). BRC1 can control negatively the expression of many 

genes, which involved in chloroplast function, chlorophyll synthesis, amino acid and protein 

synthesis, chromatin structure and cell cycle division (González-Grandío et al., 2013). Further 

experiments showed that BRC1 positively influences ABA responses genes (González-Grandío 

and Cubas, 2014; Nicolas and Cubas, 2016). Other TCP transcription factors participate to 

various metabolism pathways and regulate plant growth. Indeed, AtTCP9 and AtTCP20 

participate to jasmonic acid metabolism in Arabidopsis, and AtTCP2, AtTCP3, AtTCP11 and 

AtTCP15 may involve in circadian clock in Gossypium barbadens (Giraud et al., 2010; Hao et 

al., 2012; Danisman et al., 2012&2013; González-Grandío et al., 2013). Despite these 

information, nothing is known about whether the primary sugar metabolism could be under the 

control of BRC1. To give the first information, the bioinformatics analysis of the promoter of 

the genes encoding for the seven sucrose metabolism-related enzymes under the control of 

sucrose and auxin were carried out. Five of them, including two glycolysis (6-

phosphofructokinase, pyruvate kinase), one TCA cycle (2-oxoglutarate dehydrogenase) and 

two OPPP (6-phosphogluconate dehydrogenase, glucose-6-phosphate 1-dehydrogenase), did 

contain at least one TCP binding motif (KHGGGVC, Davière et al., 2014). Based on this, we 

could not exclude that BRC1 may exert a negative feedback control of sugar metabolism and 

thereby strengthening the auxin-dependent downregulation of sugar metabolism in dormant bud. 
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To validate this hypothesis, first task will be to check whether BRC1 could bind to the promoter 

region the genes encodings these five sugar metabolism-related enzymes.  
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Titre : Réseau de régulation moléculaire de l'expression du gène BRANCHED1 (BRC1) dans le bourgeon 
axillaire du rosier, en réponse au sucre et à l'auxine  

Mots clés : BRANCHED1 (BRC1), débourrement, PUF, régulation transcriptionnelle, régulation post-
transcriptionnelle 

Résumé :  Le débourrement du bourgeon axillaire est 
un processus clef au cours du développement de la 
plante, qui est contrôlé par des facteurs endogènes et 
exogènes. Au niveau du bourgeon, le facteur de 
transcription BRANCHED1 (BRC1) est l’un des 
principaux intégrateurs des voies de signalisations de 
ces facteurs. Sur la base des études précédentes, le 
niveau de transcription de RhBRC1 (un gène 
homologue de BRC1 chez Rosa hybrida) est contrôlé 
par le sucre et l’auxine. Cependant, les mécanismes 
moléculaires impliqués dans cette régulation restent à 
ce jour inconnus. Dans cette étude, nous avons 
montré que l'effet antagoniste entre le saccharose et 
l'auxine peut influencer le niveau de transcription de 
plusieurs enzymes du métabolisme de sucre, 
notamment la glycolyse / le cycle de Krebs et la voie 
oxydative des pentoses phosphates (OPPP). Cette 
régulation du métabolisme du sucre s’est avérée 
centrale dans leur effet antagoniste sur l’expression 
de RhBRC1 et le débourrement des bourgeons 
végétatifs.  

Par ailleurs, la région promotrice de RhBRC1 serait 
le site de convergence de l’effet antagoniste de 
l’auxine et de sucre, médié par la glycolyse/cycle de 
Krebs et l’OPPP. Deux zones du promoteur RhBRC1 
ont été identifiées pour leur implication dans cette 
régulation transcriptionnelle. D’autre part, cet effet 
antagoniste de l’auxine et du sucre implique aussi 
une régulation post-transcriptionnelle de RhBRC1 à 
travers sa séquence 3’UTR. Une protéine de type 
PUF, RhPUF4, a été identifiée et les résultats 
obtenus isuggèrent sa capacité à se lier au 3'UTR de 
RhBRC1 et régule son expression. En conclusion, 
l’effet antagoniste de l’auxine et de sucre, deux 
facteurs majeurs contrôlant la ramification chez les 
plantes, est en partie médié par des signaux 
emanant de la glycolyse et de l'OPPP et implique 
une régulation transcriptionnelle et post-
transcriptionenle du gène intégrateur RhBRC1. 
 

 

 

Title : Molecular regulatory network of BRANCHED1 (BRC1) expression in axillary bud of Rosa sp. in 
response to sugar and auxin 

Keywords : BRANCHED1 (BRC1), bud outgrowth, PUF, transcriptional regulation, post-transcriptional 
regulation 

Abstract :  Bud outgrowth is a key process for plant 
development, which is controlled by endogenous and 
exogenous cues. At the bud level, the transcription 
factor BRANCHED1 (BRC1) is one of the main hub 
for the signaling pathways of these factors. Based on 
previous studies, the transcription level of RhBRC1 (a 
homologous BRC1 gene in Rosa hybrida) is 
controlled by sugar and auxin. However, the 
molecular mechanisms involved in this regulation 
remain unknown. Here, we have shown that the 
antagonistic effect of sucrose and auxin can influence 
the transcription level of several sugar metabolism–
related enzymes, including glycolysis / TCA cycle and 
oxidative pathway of pentose phosphates (OPPP). 
This regulation of sugar metabolism has been shown 
to be central in their antagonistic effect on both 
RhBRC1 expression and bud growth.  Indeed, 
glycolysis/TCA  cycle  and  OPPP  promote   bud 

outgrowth and have a negative effect on the 
transcription of RhBRC1. In addition, the promoter 
sequence of RhBRC1 is the convergence site of the 
antagonistic effect of auxin and sugar, mediated by 
glycolysis / TCA cycle and OPPP. Two regions of 
RhBRC1 promoter have been identified for their 
involvement in this transcriptional regulation. On the 
other hand, this antagonistic effect of auxin and 
sugar also involves a post-transcriptional regulation 
of RhBRC1 through its 3'UTR sequence. A PUF 
protein, RhPUF4, has been identified and the results 
suggest its potential ability to bind to the 3'UTR of 
RhBRC1 and to regulate its expression. In 
conclusion, the antagonistic effect of auxin and 
sugar, two major factors controlling shoot branching, 
is mediated by glycolysis and OPPP-emanating 
signals and involves transcriptional and post-
transcriptional regulation of RhBRC1. 
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