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1. Titre et résumé des travaux.

Génétigue de la floraison de plantes d’intérét agmnique et horticole.

Apres une thése sur le développement de la luZ®tnguncatuld, mes travaux de recherche
ont principalement porté sur le controle génétiguenoléculaire de la floraison chez une
plante annuelle d’intérét agronomique (le poiskspahez une plante pérenne ornementale (le
rosier). L'objectif était d’isoler des genes clés dontrle de [linitiation florale et de
comprendre leur régulation et leur diversitée avemme enjeu le contréle de la floraison
(précocité de la floraison du pois d’hiver et fisan du rosier). Pour cela, une approche géne-
candidat a été développée en comparant les domm&lésulaires disponibles chez la plante
modeéle annuelléArabidopsis thalianaet les données physiologiques disponibles chez les
plantes d’intérét. J'ai ainsi montré le role import joué par les répresseurs floraux de la
famille TFL1 (TERMINAL FLOWER )1 Chez le pois, un homologue ddé-L1, LATE
FLOWERING contréle la précocité de floraison alors qu’untr@au homologue,
DETERMINATE gest impliqué dans I'architecture de l'inflorescenCéez le rosienKSN un
homologue d&FL1, est un régulateur de la floraison continue diero®Nous avons montré
gu'il était régulé par les gibbérellines. Ces réasl originaux sur le contrble de la floraison
chez une plante pérenne ont été poursuivis pappi@oches de génétique fonctionnelle, de
physiologie moléculaire et d’analyse de diversies études ont permis de mettre en
evidence la conservation des genes controlanotaifion entre différentes plantes présentant
des modes de floraison tres différents (monocagiprsus polycarpique). Ces plantes ont
développé différentes stratégies en termes de atgul des genes (duplication et
spécialisation chez le pois, régulation par les Gliez le rosier).
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2003-2011: A 'UMR Génétique et Horticulture (GenHort, INRINH/ Université, Angers),
jai animé un projet sur I'architecture du rosiea thématique a été centrée sur le
déterminisme génétique de la floraison et plus padulierement de la remontée
de floraison Nous avons étudié le déterminisme génétique deciEaes
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Atanassova, R., Baudino, $oucher, F.,Le Bris, M., Gouzy, J. and Bendahmane,(5bumis)
Transcriptome database ressource and gene exprasisio for the rosMC Genomics

2. Ouvrages, chapitres d'ouvrages, rapports diplémats

Foucher, F.(2009). Functional genomics in rose. In Genetius @enomics of Rosaceae, K.M. Folta
and S.E. Gardiner, eds (New york: Springer), p-382.

Foucher F. (1999) Etude du réle et de la fonction d'une ayliD3, Medsa;CycD3;1, chez la
luzerne Thése , Institut National Agronomique §&tignon.

Foucher F. (1995) Etude du devenir des facteurs Nod dankitmsphére lors de la symbiose entre
Rhizobium meliloti et Medicago sativa, DEA , Unigi&é Paris V, Xl et INAP-G.

3. Communications dans des congrés et colloques

Orale; (orateur)

Foucher F, Sakr S., Bendahmane M., Smulder M., Debener &.Ri2k J., Torres A. M., Amaya I.,
Millan T., Zamir D., Sargent D., Nybom H., Atanag3a, Hokanson S., Byrne D., Sosinski B.,
Main D., Bruneau A., Rees J., Matsumoto S., Yam@d@012). The rose genome sequencing
initiative Plant & Animal Genome XX, San Diego (CBSA), 14-18 janvier 2012

Randoux M, Thouroude T., Juchaux M., Daviere J. M., GastonDenoyes B., lwata H., Hibrand
Saint-Oyant, L., Bucher, F.(2012). The continuous flowering regulatBQKSN is induced by
gibberellins to modulate flowering in rose. PlantAimal Genome XX, San Diego (CA,
USA), 14-18 janvier 2012

Iwata, H., Gaston A., Remay, A., Randoux, M., Tlouge, T., Jeauffre, J., Gala, R., Kawamura, K.,
Hibrand-Saint Oyant, L., Takashi, A., Denoyes-Rath@oucher F. (2010). Blooming and
blooming again : what we learn from rose and stexwb 5" internationalRosaceagenomics
conference. Stellenbosch (South Africa), 14-17 ndwer 2010.
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Galillard S., Lang T., Franc A., Frigério J.M., Mo2d., Pernet A.Foucher F., Garnier-Géré P.,
(2009). Automatic treatment of sequences from hdfaiploid DNA, two new tools : SegQual
and ploymorfind. Colloque INRA-EPGV : détection,stjen et analyse du polymorphisme
nucléique des génomes végétaux. Evry (France)3Ihaly 2009.

Djenanne S., Lalanne D., Thouroude T., Sakr S.uteN., Foucher F., Hibrand-saint-Oyant L.,
(2009) Impact des facteurs environnementaux suédalation des génes MAX/RMS lors du
débourrement chez le rosier de jardin. SéminairSAE « Construction et santé du végétal :
sélection de résultats marquants des recherchBggion Pays de la Loire ». Angers (France),
10 décembre 20009.

Foucher F., Hibrand-Saint Oyant L., (2009) Genomics and trepsamics resources and projects at
the INRA in Angers. Rose genomics meeting. Hanné&blemagne), 8-9 Juillet 2009

Foucher F, Pernet A ,Gaillard S, Hibrand-Saint Oyant L, Lalanne D, Leljpgg M-C, Chauveau A,
Bérard A, Brunel D. (2008) Analyse de SNP / indeéz le rosier par séquencgage direct de
produits PCR. In: Sinoquet C (ed) Séminaire BILRIN Angers, France

Gaillard S Foucher F, Pernet A (2008). Polymorfind : un outil pour dééx les SNP et indel sur des
séquences issues de séquencage direct de prodRBit g@Gr des especes hétérozygotes.
Application au rosier et a la vigne. In: Plomion(&€d) Séminaire INRA-CIRAD Diversité
nucléotidique de génes candidats. INRA, Villena@ridon

Remay A.,Lalanne D., Thouroude T., Hibrand-Saint OyantHoucher F., (2008). Rose flowering :
in the search for the recurrent blooming gerfelrdernationalRosaceagienomics conference.
Pucon (Chili), 16-19 march 2008.

Foucher F., Remay A., Thouroude T., Lalanne D., Hibrand-S@igant L. (2007). Molecular control
of recurrent blooming in rose by genetic and geraapiproaches. Plant & Animal Genome XV,
San Diego (CA, USA), 11-17 janvier 2007

Foucher F., Remay A., Lalanne D., Thouroude T., Hibrand-8ddyant L. (2007) Control of
flowering in rose by genetic and genomic appro&itst International Rose Genomics. Angers,
11-13 Décembre 2007

Pernet A. Foucher F, Gaillard S., Hibrand-Saint Oyant L., Lalanne Blichel G., Thouroude T.,
Ayata S. D., Fy C., Lucas V., Salman A., Brunel ODgédel S. (2007). Impact of selection in
Rosa methodological aspects and first results. Fing¢rhational Rose Genomics. Angers, 11-
13 Décembre 2007.

Foucher F, Lalanne D., Remay A., Freslon V., Corre C., Hildta8aint-Oyant L. (2006) Molecular
control of recurrent blooming in rose by genetiad ayenomic approach.™3International
Rosaceaé&enomics Conference. Napier, (Nouvelle Zéland@R2 March 2006.

F. Foucheret S. Demotes (2006) « Déterminisme génétiquendtannemental de I'architecture du
rosier », Journée des Jeunes Chercheurs du DGAJeré\n

E. Foucher (2005) “Etude de génes-candidats intervenant daosrtrole de la floraison du rosier »,
Réunion du groupe National Rose, Antibes (France)

F. Foucher, L. Hibrand-Saint Oyant (2004) « Déterminisme dignie de I'architecture du rosier »,
Séminaire de I'INRIA, Rennes (France)

L. Hibrand-Saint OyantS. Rajapakse, L. Crespel, L. afRd Foucher (2004) Development of a
genetic linkage map and study of candidate geneffofmering control in rose. San Diego Plant
and animal Genome XIlI

Foucher F, Lalanne D., L. Hibrand-Saint Oyant (2003) “Etudie la remontance chez le rosier”,
Réunion du Groupe National Rose, St Etienne (Fjance

Foucher F., Morin J., Grillot P., Lejeune-Henaut I., Ellis NRameau C. (2003) « Use of the
Arabidopsis thaliananodel for the identification of genes controllingrél initiation in pea”,
Séminaire 2003 Génoplante, Futuroscope, Jaunay{Efance).
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Foucher F.,Morin J., Grillot P., Lejeune-Hénaut I., Ellis NndaRameau C. (2003) “DETERMINATE
and LATE FLOWERING are two TFL1 homologues, whiabntrol two different phases of
floral initiation and development in pea”, 7th Imtational Congress of Plant Molecular
Biology, Barcelona.

Foucher F., Rameau C., Anglares S., Bullier E., Thomas MraBger A., Burstin J., Lejeune-Henaut
I, Sarda X. (2001) "Identification of genes of sraimportance for the development of winter
pea", Deuxiéme Seminaire Génoplante, Futuroscapenay-Clan (France), communication
orale et réesumé.

Foucher F. (1998) “Réactivation du cycle cellulaire par lasteurs Nod lors de la symbiose” Janvier
1998, Troisieme rencontre de Phytobacteriologiessais (France)

Posters :

Miclot A. S., Roman H., Gironde S., Porcher L., Tlmude T., Chastellier A., Massot M., Foucher F.
and Hibrand-Saint Oyant, L. (2012). Developmentaofose genetic map into the “Rosa
fortissima” project: a Rose project to control thiseases. Symposium on Horticulture in
Europe, Angers (France), 1-5 Juillet 2012

Foucher F, Sakr S., Bendahmane M., Smulder M., Debener &.Ri2zk J., Torres A. M., Amaya I.,
Millan T., Zamir D., Sargent D., Nybom H., Atanag#, Hokanson S., Byrne D., Sosinski B.,
Main D., Bruneau A., Rees J., Matsumoto S., Yam&d@012). The rose genome sequencing
initiative Plant & Animal Genome XX, San Diego (CBSA), 14-18 janvier 2012

Kawamura, K., Hibrand-Saint Oyant, L., Thouroude, Talanne, D. androucher, F. (2011)
Quantitative trait loci for flowering time and inflescence architecture in rosb.isternational
Rosaceagenomics conference. Stellenbosch (South Afrib&)17 november 2010.

Gaillard S.,Foucher F, Pernet A. 2010 Polymorfind : a tool for SNP andel detection on PCR

products sequencing from heterozygous species. MQOBlontpellier, France September 6-9,
2010

Kawamura K., Thouroude T., Hibrand-Saint OyantRoucher F. 2009. Heritability of growth form
and its genetic correlation with flowering behavimigarden rose. The annual meeting 2009 of
Japanese Society for Horticultural Science (JSH&yo, Japan. March 19-20, 2009

Kawamura K., Thouroude T., Hibrand-Saint OyantHoucher F.2009. Quantification of branching
structure in garden rose and the estimation ohdstability. The 115th annual meeting of
Japanese Society of Breeding (JSB). March 26-209.2Z0sukuba, Japan

Remay A., Thouroude T., Lalanne D., Kawamura K.laG&, Hibrand-Saint Oyant LEoucher F.,
2009. Gibberellins are a key hormone in the contfoflowering in rose. 8 Plant GEMS
Lisbons (Portugal), 7-10 October 2009

Remay A., Le Couviour T., Thouroude T., Lalanne Bihrand-Saint oyant LFoucher F.2007. Do
floral initiation and recurrent blooming share coampathway?, Plant GEMs 6, Tenerife, 2-9
octobre 2007

Rousseau M., Hibrand-Saint Oyant Equcher F. Barrot L., Lalanne D., Sargent D., Simpson D.,
Laigret F., Denoyes-Rothan B. (2006) “Comparativapping in the Rosoideae tribe: Rosa and
Fragaria” 3rd International Rosaceae Genomics Cenée, Napier (New Zealand).

Foucher F., Hibrand-Saint Oyant L., Remay A., Lalanne D. ébiiroude T. (2006) “Genetic and
Genomic basis of architecture in garden roses” cBaine scientifigue du DGAP, Batz sur Mer
(France)

Hibrand-Saint Oyant L. Lalanne D., Freslon V., Rajapakse S. &odcher F. (2005) “Development
of genetic map on rose to understand flowering gsst4th Plant GEMS, Amsterdam
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L.Hibrand-Saint Oyant, V. Barba$S. Rajapakse, L. Crespel aRdFoucher (2004) Development of
microsatellite based genetic map Rbsa colloque de la societe d'amelioration genetique.
Athenes

Foucher F, Lalanne D., Freslon V., Bayle C and Hibrand-SgfyL. (2004) “A gene candidate
approach to study the control of recurrent bloonimgpse”, ¥ Plant GEMS, Lyon

Hibrand-Saint Oyant |..Lalanne L., Crespel L., Huguenet P., Scallieta@d Foucher F. (2003)
“|solation and mapping oEENTRORADIALISN rose”, 7 International Congress of Plant
Molecular Biology, Barcelona

Foucher F.,Cadioux S., Lejeune |., Rameau C. (2002) "Clorohgenes controlling floral initiation
in pea usingArabidopsisand Medicago tools”, January 2002, Plant, Animal and Microbe
Genomes X, San Diego (USA).

Foucher F.,Lejeune I., Rameau C. (2001) "Control of floratiation in pea: a molecular approach”,
September 2001, Molecular and Genetics of Modelubegs: Impact for Legume Biology and
Breeding, Golm (Germany).

Loridon K., Foucher F., Jacquin F., Goussot M., Haurogne K., AubertRa&tjer J., Deniot G., Lainé
AL., Lejeune-Henaut I|., Baranger A., Burstin J.,nikau C. (2001) "Development of a
reference map in pea based on microsatellites msagkel PCR markers corresponding to genes
of known functions" Octobre 2001, Deuxiéme Semm&gnoplante, Futuroscope, Jaunay-Clan
(France).

Kondorosi, E., Cebolla, A.Foucher F, Gyorgyey, J., Mergaert, P., Roudier, F., Tarayse,
Vinardell, J.M., Vaubert, D., Kondorosi, A. (2000htegration of the cell cycle in the nodule
developmental program dledicagd July 2009, 8' International Congress on Molecular Plant
Microbe Interactions, Amsterdam (Netherlands).

Foucher F, Vaubert D, Hirt, H., Kondorosi, A., Kondorosi, EL997) “Expression otycMs4in
transgenicMedicago truncatulaR108-1", July 1997, Medicago truncatula and assedia
organism workshop, Paris (France)

Foucher, F, Schultze, M., Staehelin, C., Kondorosi, A., Korak E. (1996) “TheD-acetyl group at
the non reducing end protects rhizobial nodulatgignals against degradation by root
hydrolases”, September 1996 EFuropean Nitrogen Fixation Conference, Poznarefi)

Communication avec acte a un congres national

Naouar A.,Foucher F, Gala R., Jeauffre J., Dorion N., Hibrand-SainaftyL., et Raies Y. (2012).
Isolement du génk€SNchezPelargonium domesticurRevue Sci. Nat. de Tunisie 37 : 72-80

4. Instruments pour la recherche mis a dispositiode communautés scientifiques (logiciels,
bases de données, matériel biologique...)

Deux bases de données pour les ESTs ont été dpeemp
(1) une premiéere suite a la production des 5088Ts (Foucher et al, 2008;
http://urgi.versailles.inra.fr/GnpSedgollaboration avec Fabrice Legeais, URGV, Ev)partir des
5000 séquences uniques de cette base de donné&eguoe de type Affymétrix® Rosier a été
développée (Collaboration avec Mohammed Bendahni\$,Lyon, Financement INRA).
(2) Une seconde base de données suite au projet (@tB://iant.toulouse.inra.fr/R.chinensis
Collaboration groupe Nationale Rose et Jérome GdMSA, Toulouse)
Pour la détection des SNPs a partir de produits &®@Rividus diploides hétérozygotes, un pipeline a
été développé en collaboration avec Alix PernevéBiité génétiqgue du rosier) et Sylvain Gaillard
(bioinformaticien, GenHort) :
http://genhort.angers.inra.fr/projects/polymorfinidi/index.php/Polymorfind

5. Produits, documents et publications destinés aed utilisateurs de la recherche
(professionnels, partenaires institutionnels...)
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Brevet :

Rameau, C.Foucher, F, Lejeune-Henaut, I. (2004) « Polypeptides involiredloral development
and genes encoding the same », Patent acceptedlygn29th (2004), Publication number
W02004/063378
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4. Activités de recherche

Ma carriere scientifique a commencé par les étudésteractions plantes-
microorganismes, qui sont résumeées dans la premp@te de cette synthese. Au cours de
ces études, jai pu appréhender comment les miganismes influencaient le
développement de la plante, lors des interactigmsb®tiques chez la luzerne. Je suis
progressivement passé des bactéries aux interacia@t les plantes, puis au développement
des plantes. Ainsi, je me suis spécialisé dangVeldppement des plantes par des approches
de génétique classique et fonctionnelle. Ces étadegrincipalement été réalisées a partir
d’approches de type géne-candidat. Il s’agissaipadir des données disponibles sur les
plantes modéles (principalemeArabidopsis thaliang d’étudier la fonction des geénes
homologues chez une plante d’'intérét. J'ai ainsr@® le contrdle du cycle cellulaire chez la
luzerne (travaux de thése), puis le contréle détaison chez le pois (post-doc a 'INRA de
Versailles dans le cadre d’'un programme Génoplagttehez le rosier (travaux réalisés a
'INRA d’Angers depuis mon recrutement comme CR22803). Plus globalement sur le
rosier, dans le cadre de 'TUMR GenHort (puis maiaté au sein de 'IRHS), je développe un
programme sur la génétique et la génomique durrosie

4.1. ROle des oligosaccharides dans les interactions npa&-micro-
organismes

4.1.1. Etude de la transduction du signal lors de l'accumiation des
phytoalexines au cours de linteraction entre le ga et le pathogene
Phytophthora megasperma

Cette étude a été réalisée dans le cadre d'ue sta@ mois dans le laboratoire de
M.G Hahn (Complex Carbohydrate Research CenteensthUSA). En réponse a I'agression
par le champignon pathogernehytophthora megaspermé soja accumule des composés
anti-fongiques, les phytoalexines. Cette accuniadi lieu en réponse a un éliciteur produit
par le pathogéne (Ebel and Grisebach, 1988) quéspond a une molécule simple, un hepta-
B-glucane, issu de la dégradation de la paroi dogggine par des enzymes végeétales (Cheong
et al., 1991).

L’objectif de I'étude était de mieux comprendreransduction du signal en réponse a
cet éliciteur et plus particulierement d’analyser rble des pompes ‘HATPase par une
approche pharmacologique (utilisation d’inhibitetrde stimulateurs de ces pompes). Cette
étude a été réalisée a partir d'un essai biolog&jredes cotylédons mis au point dans le
laboratoire (Cheong et al., 1991). En utilisant stésulateurs et inhibiteurs de ces pompes et
en variant le pH du milieu extracellulaire, nousrs émis I'hypothese que I'activation des
pompes H-ATPase serait une étape importante dans lindoctie I'accumulation des
phytoalexines.
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4.1.2. Etude du devenir des facteurs Nod dans la rhizosph& au cours
de la symbiose entre&sinorhizobium melilotiet Medicago sativa

Cette étude a été réalisée dans le cadre de maga de& DEA de phytopathologie,
effectué dans le laboratoire d’Eva Kondorosi (bustdes Sciences Veégétales, CNRS, Gif sur
Yvette) sous la direction de Michaél Schultze.

Lors de la symbiose entre les Légumineuses etRlezobiacées, un dialogue
moléculaire se met en place entre la plante etatdébie, menant au développement de la
nodosité fixatrice d’azote. Les facteurs Nod, pitdpar la bactérie, sont reconnus par la
plante et déclenche le programme de nodulationgfir@uand Kondorosi, 2000). Les facteurs
Nod sont des molécules lipochito-oligosaccharidsg(fagure 1, (Savoure et al., 1994)). Les
différences entre les facteurs Nod reposent saoiebre de résidul-acétyl glucosamines,
sur la nature de la chaine d’acide gras et sudélesrations présentes aux extrémités (comme
groupement sulfate dD-acétyl). Ces variations jouent un réle importaaslla spécificité et
l'activité des facteurs Nod. Les facteurs Nod sontsubstratn vivo pour des chitinases
(Staehelin et al., 1994). Ce clivage des factenrdimeres ou trimeres inactive les molécules.
De plus, une nouvelle activité hydrolytique, ineéuitar les facteurs Nod, formant des diméres
lipophiles (dénommée D.F.E., pour Dimer Forming #ne) a €té mise en évidence
(Staehelin et al., 1995).

L’objectif de mon DEA était de comprendre qu’gleuvait étre I'importance de cette
dégradation lors de la symbiose. Il s’agissait diere le devenir des facteurs Nod dans la
rhizosphereif planta au cours de la nodulation.

Accumulation de NodRmIV(Ac,C16:2,S) au cours de laodulation

Nous avons déterminé la nature des facteurs Nodufsopar la souche utilisée. Elle
produit principalement 4 types de facteurs Nod I¢@lb 1). Le facteur majoritaire est
NodRmIV(Ac,C16:2,S) (figure 1). Ces résultats otgt @mparés avec ceux obtenus au cours
de la nodulation. Il s’agissait de suivre I'évotuti des facteurs Nod présents dans la
rhizosphéere (équilibre entre production et dégiadatTres rapidement (apres 48 heures), un
seul facteur, NodRmIV(Ac,C16:2,S), est détectée dandizosphére. Ce facteur Nod est le
facteur produit majoritairement par la bactériejsmeous avons aussi montré qu'il s’agissait
du facteur le plus stable dans la rhizosphéreggabl).

Pour étudier cette stabilité, la dégradatiorvitro au cours du temps par différentes
enzymes (chitinases de classe | et lll, DFE) atégdée vis-a-vis des 4 facteurs Nod
majoritairement produits (tableau 1). NodRmIV(Ac82,S) est le facteur le plus stable. Il
est dégradé uniquement par la DFE. Cette difféerateestabilité entre les facteurs Nod
pourrait s’expliquer par les décorations aux exirésnréductrices et non réductrices, telles
gue la présence du grouPeacétyl.

En conclusion, I'activité a long terme des factebied, menant a la formation des
nodosités, serait déterminée par I'action d’enzymalolytiques. D’autres études ont montré
le clivage des facteurs Nod par les enzymes aveaedgrés de stabilité différents selon les
facteurs Nod (Staehelin et al., 1994; Staehelal.etL995; Minic et al., 1998; Schultze et al.,
1998; Ovtsyna et al., 2005). Aujourd’hui aucuneupee formelle de l'implication de ces
enzymes dans le contréle de la nodulation n'a ppo@ée malgré la production de plantes
transgéniques surexprimant des chitinases ou dedolages (telles que la DFE,
communication personnelle de M. Balland). La questeste donc toujours ouverte.
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Recherche d’'une nouvelle activité modifiant les faeurs Nod.

Suite a la caractérisation des facteurs Nod, yruemajeur était I'isolement des
récepteurs de ces facteurs et la compréhensioa tlarisduction du signal. Au début de ma
thése, j'ai décidé de m’intéresser a un autre t/petivité enzymatique qui pourrait jouer un
réle dans la perception des signaux Nod. Une a€tVhydrolyse de la chaine d’acide gras
pourrait étre impliquée dans la transduction daaidNod. En effet le micro-bombardement
de racines de vesc#&/i€ia sativg avec des chito-oligosaccharides (sans la chakmde
gras) provogue une induction des divisions celtataau niveau du cortex interne, alors que
dans le méme temps les mémes molécules appliquéés imcine sont sans effet (Schlaman
et al., 1997). La chaine d’acide gras des factdosjouerait un réle dans la délivrance de la
molécule a l'intérieur des cellules (et/ou de laima). Nous avons émis I'hypothése qu’une
activité acyl-hydrolase pourrait intervenir dansignalisation des facteurs Nod. L'objectif de
ma these était ainsi de mettre en évidence une &ellivité, et de voir son role dans la
perception des facteurs Nod.

Apres avoir mis en place un test de détection 'aetivité par chromatographie
gazeuse (détection de la présence de la chainédel’'gtas), j'ai cherché cette activité
enzymatique dans différentes fractions protéiqgaemaires. De nombreuses conditions ainsi
gue différentes acyl-hydrolases purifiées ont ésfées, mais aucune activité n'a pu étre mise
en évidence. Face a cette absence de résultatprgfaré ne pas continuer dans cette voie,
I'hypothése de départ ne pouvant étre vérifiée.résaltats récents montrent que I'hypothése
eémise était fausse. En effet, les facteurs Nodesdrpercus par des protéines présentant un
motif Lysine associé a un domaine kinase (LysM-RLBhezMedicago truncatulat Lotus
japonicum, deux genes de cette familleMiNFP, MtLYK3 LjNFR5 et LjNFR1) sont
nécessaires pour l'infection et la nodulation eporése aux facteurs Nod (Limpens et al.,
2003; Madsen et al., 2003; Radutoiu et al., 2008jghAi et al., 2007). Ces protéines
interagissent directement avec les facteurs Nodeehient ainsi les récepteurs de ces
molécules (Broghammer et al., 2012).

4.2. Analyse de I'expression et du role d’'une cycline [MedsaCycD3
chez la luzerne.

J'ai réorienté ma thése en m’intéressant a lativédion du cycle cellulaire par les
facteurs Nod au cours de la nodulation. Une dematiues principales du laboratoire d’Eva
Kondorosi (ISV, CNRS, Gif/Yvette) était la comprésen de la régulation du cycle
cellulaire chez les végétaux en utilisant comme @fod’organogenese de la nodosité
fixatrice d’azote chez la luzerne. Je me suis @#8¢ au réle d’'une cycline G1, cycline de
type D3 Medsa;CycD3)ors du développement de la plante et lors detibbgenése.

4.2.1. Contréle général du cycle cellulaire

La régulation du cycle cellulaire est un processusiplexe. Le cycle cellulaire est
divisé en 4 phases. La phase S (Synthése d’ADNVY dMitose) représentent les deux
évenements clé, séparés respectivement par leghases G1 et G2 (G pour Gap) (figure 2).
Les points de contrble sont situés au niveau @esitions G1/S et G2/M. Le passage de ces
points se fait par l'intégration de nombreux sighandogenes (taille de la cellule) et
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exogenes (présence de facteurs de croissancelra@siions sont régulées par I'activation de
kinases spécifiques : les CDK (Cyclin Dependental§es, dénommées également CDC2), qui
interagissent avec des sous-unités régulatricescyelines. L'activité du complexe CDK-
cycline est finement régulée par linteraction ades protéines inhibitrices, les CKI (CDK
inhibitors) et par différentes phosphorylationsoetbléphosphorylations. De fagon générale
(mais avec quelques exceptions), les CDK sont eg@as constitutivement au cours du cycle
cellulaire. L’expression des cyclines est régulecalifférentes vagues (figure 2a) : cyclines
mitotiques (dites A et B) et les cyclines G1 (difest E).

Au début de ma thése (1995), les mécanismes dabdrdu cycle cellulaire
commencaient juste a étre élucidés chez les végétauclonage et I'étude de nombreux
genes impligués dans le contrbéle du cycle cellalaimt permis de montrer que sa régulation
était assez semblable a celle observée chez lewaxi(pour revue voir (Stals et al., 2000;
Stals and Inze, 2001)). Ainsi de multiples CDK (Jesi et al., 2000), ainsi que des cyclines
mitotiques, type A et B (Chaubet-Gigot, 2000) et dwclines G1, type D (Meijer and
Murray, 2000) ont été clonées chez les végétauXidiae 2a présente les différents genes
impliqués dans le contréle du cycle cellulaire cheduzerne. Les CDK sont activés par
l'interaction avec des cyclines, dont I'expressist régulée au cours du cycle cellulaire.
D’autres éléments régulateurs ont pu étre mis edegue tels que la phosphorylation et
déphosphorylation des CDK (Zhang et al., 1996; &ual., 1999), la dégradation des cyclines
(Genschik et al., 1998), la présence d’homologuka geeoteine Rb chez les végétaux (Grafi et
al., 1996; Xie et al., 1996) ou du facteur de tcaipsion E2F (Ramirez-Parra et al., 1999).

Ainsi de facon assez similaire aux animaux, laditeon G2/M serait contrélée par la
formation d’'un complexe MPF (Maturation Promotioactor) comprenant un CDK et une
cycline A ou B. Ce complexe serait activé par phosglation et déphosphorylation du CDK.
En fin de mitose, le complexe serait désactivé deggradation des cyclines mitotiques via
'APC (Anaphase Promoting Complexe). De méme ilté& groposé que les cyclines D
interagiraient avec une CDK en phase G1 et peraietir la phosphorylation de la protéine
Rb et le relargage du facteur de transcription EZEgssaire a la transcription des genes de la
phase S (figure 2b).

Ces études ont permis de comprendre les mécanisraksulaires du contréle du
cycle cellulaire sur les végétaux. Il est égalenmmortant de comprendre comment le cycle
cellulaire est intégré dans le développement gedate (interaction avec les hormones telles
gu’'auxines ou cytokinines). Quelques éléments genge commencent a étre apportés avec
par exemple les cytokinines et les cyclines D (ig@b). Comme chez les animaux, les
cyclines D joueraient un role d’'intégration desnsigx et seraient le lien entre hormone et
réactivation du cycle cellulaire. Une cycline D3ezhArabidopsis est activée par les
cytokinines, et sa surexpression peut se subst#urrcytokinines (Riou-Khamlichi et al.,
1999).

Le développement de la nodosité fixatrice d’azest un modéle pour étudier
l'intégration du cycle cellulaire dans les prograesnile développement végétal (Foucher and
Kondorosi, 2000). En effet, il est possible de suia dédifférenciation des cellules du cortex
en réponse au signal Nod, et la mise en place dauveau méristeme d'ou les cellules
quittent le cycle cellulaire pour entrer en difféc&tion. Il s'agit de comprendre comment en
réponse aux facteurs Nod la réactivation du cyelellaire mene a la formation du méristeme
nodulaire et comment les cellules en prolifératiguittent le cycle cellulaire pour se
différencier en cellules fixatrices d’azote.

Pour répondre a ces questions nous avons choisiadailler sur la plante modeéle
Medicago truncatulaet je me suis intéressé a limplication possiblend cycline D3,
MedsaCycD3 (Dahl et al., 1995) dans I'organogemEséa nodosité. Des études antérieures
montraient que les cellules du cortex interne étaddoquées au stade GO/G1 et ré-entraient
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dans le cycle cellulaire par une synthese d’ADNv{fbige et al., 1994; Yang et al., 1994). De
par leur réle lors de la transition G1/S, les ayedi D3 pourraient étre le lien entre les facteurs
Nod et la réactivation du cycle cellulaire.

4.2.2. Objectifs et approches développées lors de la these

Les objectifs de mon travail de these étaientaiieer le réle de la cycline D3 lors de
l'organogenese de la nodosité et d'étudier l'ingtlan de cette cycline dans le
développement de la plante.

Deux approches ont été développées pour réporzie guestions :

(1) Analyse de I'expression de la cycline par sdwil’activité GUS dans des plantes
contenant le gene rapportawidA fusionné aux promoteurs de la cycline, par hyliotan
situ, par Northern et par RT-PCR

(2) Analyse fonctionnelle par surexpression deyldine chezMedicago truncatula

4.2.3. Caractérisation des séquences génomiques de la ayelD3 chez
Medicago sativaet Medicago truncatula

L’analyse par Southern génomique (hybridation daesonde ADN) a montré qu'il
existe au moins 3 copies du geMedsaCycD3XhezMedicago sativaNIs) et une seule copie
chezMedicago truncatulgMt). Apres criblage d’une banque d’ADN génomiqoeus avons
isolé 2 clones indépendants chez Ms et un clone kleLes deux cyclines isolées chielz
sativaont été dénommeées Msl et Msll et celle chkezruncatulaMt (figure 3).

Les principales différences entre les 3 séqueseestuent dans la zone 5’ (zone dite
promotrice). Entre Msl et Msll, on note la présemiee4 insertions chez Msll (figure 3).
L'une de ces insertionsMisbf? est un élément transposable du type MITE (Minlescu
Inverted Transposable Element) et a fait I'objeind publication (description des éléments
MITE, bigfootchezMedicago(Charrier et al., 1999)). Une des autres insestiésentait des
homologies avec une séquence non codante de tabaéguence Mt est assez semblable sur
les 500 premiéres paires de bases (pb) en amorit de transcription avec la séquence Mtl.
On note la présence de I'insert 2 et d'un nouvséihpropre a Mt (insert Mt). La suite de la
séquence est divergente, on ne retrouve plus d'lomieoavec les séquences de Msl ou I
(figure 3).

Les régions 5’ promotrice de Msll et | ont étéidimmees de facon traductionnelle avec
le géene rapporteur GUS et les constructions oninétéduites cheMedicago truncatulgar
tranformation viaAgrobacterium tumefaciens

4.2.4. Analyse de l'activité GUS des plantes transgéniqugsromoteur
CycD3-GUS

Pour chaque construction, plus de 12 plantes smntigntes (validées par Southern
génomique) ont été régénérées. Une premiére anadymde de I'expression GUS a la
génération TO en culturi@ vitro a montré que les 2 promoteurs (Msl et 1l) présentaies
profils d’expression différents. Il semble que M&xprime dans les tissus en division (cals
ou pointes racinaires) et Msll dans les tissusit@rdnciation (feuille, racine). Pour préciser
ces résultats, I'expression GUS a été étudiéegariération suivante (génération T1).

Nous avons analysé I'expression GUS au cours deloi@gwement de la plante et au
cours de la nodogenése. Les résultats obtenus ténwvéifiés par d’autres techniques
(Northern, hybridationin situ ou RT-PCR). En effet, les résultats obtenus aee&GUS
peuvent étre parfois artéfactuels.

19



La premiére difficulté a laquelle nous avons étafamtés était I'hétérogenéité des
profils observés pour une méme construction. lit etasez difficile de définir un profil
majoritairement représentatif. Sans entrer danslé¢ails, avec les plantes Msll, on observe
trois types de profil (pas d’expression, expressitiendue, profil aberrant) représentant un
tiers des plantes respectivement. Pour la suitéétiede, nous n’avons conservé que les
plantes présentant un profil «attendu » (profilteoln par d'autres approches comme
I'hybridationin situ), mais on ne doit pas oublier que ces plante€sepitent seulement un
tiers des plantes régénéreées.

Le second probleme concerne I'expression dansalgeas. Aucun signal GUS n’est
détecté avec le promoteur Msll, et seulement umasigqu niveau de la coiffe avec le
promoteur Msl, signal qui disparait rapidement aurs du développement de la racine. Ce
résultat est surprenant car la cycline D3 avaitd&érite comme s’exprimant dans I'apex
racinaire (Dahl et al., 1995). Nous avons vérifag plorthern et par hybridatioim situ le
profil d’expression de la cycline au niveau de &zime. On détecte un faible signal par
Northern et par hybridatiom situ au niveau de I'apex racinaire (figure 4a et b).dhes par
Northern sur les racines des plantes transgéniquesn transcrit du genadA (GUS) n’est
détecté (figure 4a), confirmant I'absence d’acéviEUS dans les racines. Cette absence
montre un comportement anormal des plantes. Dawe@lis régulateurs importants pour
I'expression de la cycline dans les racines seraadasents. Ces éléments pourraient étre
présents dans les introns ou la partie 3'UTR dwegen

Dans les parties aériennes de la plante, on déieetactivité GUS semblable pour les
deux constructions : dans lI'apex caulinaire (zorgristématique), dans les jeunes feuilles
('activité n’est plus détectable dans les feuillestures) et dans les fleurs (étamines et
carpelles). Au cours de la germination, la cyclD@ est exprimée dans la graine aprés
imbibition (embryon et cotylédon). Cette expresgiominue avec la croissance de la plante et
se limite aux cotylédons. Ces données montrentrégelation de I'expression de la cycline
au cours du développement de la plante.

Au cours du développement de la nodosité, les prewmn® présentent deux profils
distincts. Aucun signal GUS n’est détecté avec riempteur Msl, alors gqu’un signal est
détecté avec les plantes Msll (Figure 5a). Ce s$igsialocalisé dans la nodosité mature dans
les zones | (méristeme), zone |l et interzonell(Zbne en différenciation). Ces résultats ont
été confirmés par hybridation situ (figure 5b). L’expression de la cycline D3 dans denes
en différenciation laisse supposer un nouveau pdler cette cycline, qui ne serait pas
uniquement lié a la prolifération cellulaire. Césultats ouvrent de nouveaux horizons pour
les cyclines D3 dans des processus de différeaniaklles pourraient étre impliquées dans
les phénomenes d’endoréduplication qui ont lies b la différenciation des cellules de la
nodosité.

Aucun signal n'a pu étre détecté dans les prenstrdes de développement de la
nodosité par Northern, hybridatiam situ ou dans les plantes promoteur-GUS (figure 5). Pour
détecter un faible signal, nous avons analysé itesgion de la cycline D3 par RT-PCR et
montré une induction précoce de la cycline (aphgse®de facon transitoire (jusqu’a 4 jours)
avec des amorces spécifiques de la cyclineD3-Mglaldonc une activation transitoire de la
cycline D3 dans les étapes précoces de la nodogdrbies que la réactivation du cycle
cellulaire (les premiéres divisions sont visiblepres 48h). Une cycline D3 (Msl)
interviendrait donc précocement lors de la réatibmadu cycle cellulaire (hypothése de
départ), puis une autre (Msll) plus tardivemens Ide la différenciation (figure 6, (Foucher
and Kondorosi, 2000).

Nous avons étudié la difféerence d’expression desg@romoteurs Msl et Msll dans la
nodosité, et recherché I'élément responsable deression dans la nodosité. Pour cela, des
délétions successives du promoteur Msl ont étéseem. Les résultats obtenus, ainsi que les
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comparaisons de séquences entre Msl et Il, ontipetensupposer que I'élément responsable

serait l'insert 3 (figure 3). Pour tester cette diyy@se, des expériences de gel retard ont été
réalisées entre l'insert 3 et des extraits pro&sqle nodosités. Différentes conditions ont été

testées, mais aucun retard sur gel n’a pu étremévidence.

4.2.5. Etude des plantes surexprimant la cycline D3 en antation sens.

La cycline D3 a été introduite ch&k truncatulasous le contréle d’'un promoteur fort
(35S) en orientation sens. Une quinzaine de plantEpendantes a été régénérée et étudiée.
La surexpression du gene a été veérifiée dans lalefe par Northern. Différents niveaux
d’expression ont été obtenus, le plus souvent gipé la plante sauvage.

Une analyse phénotypique détaillée des plantés géalisée. Aucun probleme n’a été
rencontré lors de la régénération. Le développerdestplantes était semblable aux plantes
sauvages. Toutes les plantes formaient des noddbsitdrices. Pour vérifier un réle possible
de la cycline dans les processus d’endoréplications avons regardé le niveau de ploidie
dans les nodosités, aucune différence n’a été tdéteDe plus aucun effet sur la croissance
racinaire en présence de phytohormones (auxing/tolinines) n’a été mis en évidence. La
surexpression de la cycline D3 ne provoque pas liengiype majeur, ceci pourrait
s’expliquer par une régulation post-transcriptidlnédégradation rapide de la protéine,
interaction avec le CDK, phosphorylation).

Ces résultats sont différents de ceux obtenus Ahazidopsis ou la surexpression de
la cycline D3 provoque différents phénotypes (peot# de régénération, feuilles anormales,
absence de besoin de cytokinines pour I'embryogesesnatique (Riou-Khamlichi et al.,
1999)). Il semble donc que la cycline D3AdAbidopsiset celle deMedicago aient des
fonctions ou régulations différentes.

4.2.6. Conclusions

Lors de cette étude, deux cyclines D3 ont été ténaées chekl. sativaprésentant
des profils d’expression différents lors de la Hatlan: Msl s’exprimerait lors de la
réactivation du cycle cellulaire et Msll lors de diférenciation (figure 6). Ces données
laissent supposer un nouveau réle de la cycline s processus de différenciation
(nodulation ou développement de I'embryon). Ce mawvrble n'a pu étre veérifié par
'approche fonctionnelle (absence de phénotype umaphez les plantes surexprimant la
cycline). Nous avons également montré que la ogcld3 était impliquée dans le
développement de différents organes.

Il pourrait donc exister deux types de cycline @&z les végétaux avec des fonctions
différentes : I'une impliquée dans la réactivatidn cycle cellulaire et la perception de
signaux (facteurs Nod ou cytokinines) et l'autrepliquée dans la différenciation. Chez
Arabidopsis les cyclines CYCD3 (CYCD3-1; CYCD3-2 et CYCD348uent un rdle dans
'équilibre entre cycle mitotique et d’endoreduplion (Dewitte et al., 2007). CYCDS3
restreindrait I'endoreduplication et intégrerag kgnaux hormonaux (auxine et cytokinine).

Suite a ma these ou j'ai acquis des compétencgérastique fonctionnelle ainsi
gu’une connaissance du développement et des Fah@eéété recruté pour travailler sur la
floraison d’une autre Fabacée le pois par des appsode génétique.
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4.3. Controle de la floraison chez les plantes : imparte des genes de la
famille TFL1 chez le pois, une plante monocarpiquet, chez le rosier,
une plante polycarpique.

4.3.1. Le contréle de la floraison chez les plantes: un odéle de
référence :Arabidopsis thaliana.

La floraison est un processus complexe mais astepbur la survie et la
multiplication des plantes. Son contr6le est aifisiement régulé par des facteurs
environnementaux (photopériode, froid, quantitélueiere, température ambiante) et des
facteurs endogénes (comme les hormones, princigalentes gibbérellines, ou le
développement de la plante). La floraison corredpaun passage d’'un méristeme végétatif a
un méristeme floral, menant a la formation d’'ureifl(ou d’'une inflorescence). Ce processus
peut étre décomposeé en plusieurs étapes (Figure 7):

* 'induction florale correspond a l'acquisition de la compétence aifl@n réponse
aux facteurs environnementaux et/ou endogénes.

* |'initiation florale est marquée par les changements morphologiquesvéissau
niveau du meéristeme.

* e développement floratorrespond au développement des différentes pftrates
(sépales, pétales, étamines et carpelles).

Ces différentes étapes font intervenir de nombrgemxes interagissant entre eux et
avec les différents facteurs environnementaux dogénes. A partir de mutants, les études
approfondies menées chéz thalianaont permis de mettre en évidence un réseau génique
complexe, qui aujourd’hui sert de bases pour I'étdds bases moléculaires de la floraison
chez de nombreuses plantes. Ces nhombreuses éhidsé targement synthétisées (Amasino,
2010; Fornara et al., 2010; Turnbull, 2011; And@esd Coupland, 2012). Pour une
compréhension des résultats présentés, je vaigebn@nt décrire les principaux résultats et
surtout m’attarder sur la famille des geddsRMINAL FLOWER XTFL1)/ FLOWERING
LOCUS T(FT).

4.3.1.1. Un réseau génique complexe contrélé par de mudtiabées

A. thalianaest une plante de jours longs (LD) facultativeeLltertains écotypes
(Winter annual), une période de froid, vernalisatiaccélere la floraison. La température
ambiante accélére également la floraisrabidopsisfleurit plus vite a 23°C qu’a 16°C (Lee
et al., 2007). Les gibbérellines (GA) stimulentfliaraison avec un effet plus important en
jours courts (SD), conditions photopériodiques imatuctibles.

Au cours de l'induction florale (IF), les génesndiation florale sont induits et
activent les genes d’identité floraleHAFY (LFY), APETALA1 (APEBt FRUITFUL (FUL)
qui marquent la conversion du méristeme végétatiimgristeme floral (initiation florale,
figures 7 et 8). Les génes d’identité florale etowe vont mener a l'induction des genes
d’identité des organes floraux (modéle ABCE, (1ryig&010)). Deux génes de I'lF jouent un
réle clé, il s’agit des intégrateurs floraukT et SUPRESSOR OF CONSTANEODC). Ces
deux génes intégrent différentes voies environnésesn (photopériode, vernalisation,
température ambiante) et endogénes (age de laeplaote autonome, gibbérellines).
L’ensemble de cette régulation complexe est pletiednt décrite en détail dans la figure 8.
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En réponse a la photopériode, le facteur de trgntgs CONSTANSst accumulé en
LD dans les feuilles et active la transcriptionkleet de son paralogueSF (TWIN SISTER
OF FT). FT (et TSH sont des activateurs de la floraison (Kardailskgl., 1999; Kobayashi et
al., 1999; Yamaguchi et al., 2005) et sont unecoesposantes du floriggh&Corbesier et al.,
2007; Jaeger and Wigge, 2007; Mathieu et al., 2003taguchi et al., 2008). Ainsi les
protéines FT et TSF migrent des feuilles via leophie vers I'apex ou elles interagissent avec
un facteur de transcription FD (FLOWERING LOCUS @pe et al., 2005; Wigge et al.,
2005). Le complexe FD/FT induit les ger&®®C1,AP1let FUL. L’induction deAP1 pourrait
étre indirecte viaSOC1 qui induiraient les facteurs de transcription defdmille SPL
(SQUAMOSA PROMOTER BINDING PROTEIN L|K#ung et al., 2012)), qui induisent les
géenes d’identité florale (Yamaguchi et al., 2009).

FT est la cible de nombreuses régulations. Il esti anduit par la photopériode via
CO. Il est réprimé par le facteur de transcriptitentype boite MADS, FLC (FLOWERING
LOCUS C). FLC est un répresseur central de lailorachezArabidopsis(pour revue, (Kim
et al., 2009)). Ce répresseur est réprimé par faalisation et la voie autonome. Chez les
ecotypes dArabidopsisqui ont un besoin de vernalisation, en absenceedgalisationFLC
est fortement exprimé et accumulé. Cette expressiorssite la présence d’'un alléle actif au
locus FRIGIDA (FRI). En réponse au froid, le niveau de transcritsF€ diminue. Des
modifications de la chromatine ménent a I'abseneetmnscription deFLC. FLC est
egalement réprimé par la voie autonoReC réprime la transcription deET en formant un
complexe avec un autre facteur de transcriptiontygee boite MADS, SVP (SHORT
VEGETATIVE PHASE, (Li et al.,, 2008))SVP intervient également dans le contrble la
floraison par la température ambiante (Lee eaby).

Les gibbérellines (GA), et principalement gGActivent la floraison che&rabidopsis
majoritairement en SD (Eriksson et al., 2006).,@#erviendrait a plusieurs niveaux dans le
contrble de la floraison. Dans les feuilles, G/&duirait I'expression deCO en LD
(Hisamatsu and King, 2008; Porri et al., 2012). ®8apex, les GAs auraient comme cible
SOClet LFY par une voie indépendante de CO/FT. L'activatier @Y ferait intervenir un
facteur de transcription de type MYB33 régulé par GA (Gocal et al., 2001; Eriksson et al.,
2006). En réponse au GA, la protéine DELLA est dd§e et permet la libération du facteur
de transcription (SPL) qui permettrait I'inductide LFY (Yu et al., 2012). L’activation de
SOClpar les GA passerait par une répressiorsde (Moon et al., 2003; Li et al., 2008).
Avant l'initiation florale, GA, s’accumule dans les feuilles et migre vers l'ap€ette
accumulation ne correle pas avec une modificatiométabolisme des GA (Eriksson et al.,
2006).

L’age de la plante fait intervenir une régulatid@ 2 miRNA MiR156et miR173.
miR156promeut la phase juvénile en réprimant les génda tiamille SPL(Wu and Poethig,
2006; Gandikota et al., 2007), qui induisenRNA172Wu et al., 2009). La surexpression de
miR156retarde la floraison et étend la phase juvéniles (8id Poethig, 2006; Wu et al.,
2009). Progressivement au cours du développemela gieante,miRNA156est réprimé via
un signal provenant des feuilles (Yang et al., 2@ miRNA172est accumulé (passage de la
phase juvénile a la phase adulte). En absenceiRBA156]es facteurs de transcription SPL
s’accumulent et 'accumulation deiRNA172réprime des répresseurs floraux de la famille
AP2 tels quesMZqui répriment directement ou indirectemgiit(Mathieu et al., 2009).

Ce réseau génique de contréle de la floraison daisi intervenir a la fois des
activateurs et des répresseurs floraux qui répdndar différentes voies endogénes et

! La notion de florigéne a été développée a paesrtdavaux de Knott (1934) qui a montré que la@hétode
était percue au niveau des feuilles. Cette étudaipla question de la migration d'un signal desllies vers
I'apex pour induire la floraison. Des études uares ont montrés que ce stimulus floral passajpdints de
greffe et était universel. Il fut dénommeé floriggraa Chailakhyan (1936)
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environnementales. Au final, le signal est intégwéniveau de I'apex. Au niveau de l'apex,
une autre protéine TFLhtervient dans le devenir du méristeme.

4.3.1.2. Importances des génes de la famille TFL1 / FT ddgveloppement
des plantes.

TFL1 (TERMINAL FLOWER 1) est une protéine de lam famille que FT. Cette
famille de génes a été dénommée CETS pdENTRORADIALIS/TERMINAL
FLOWER1/SELF PRUNINGChez Arabidopsis,cette famille comprend 5 gen&d, TSF
(paralogue deFT), TFL1, ATC (ARABIDOPSIS THALIANA CENTRORADIALIBHT
(BROTHER OF FTEtMFT (MOTHER OF FT AND TFL1Xomme nous venons de le voir,
FT et TSE 2 paralogues, sont des activateurs de la flanagtgoue un réle central comme
intégrateurs floraux et composante du florigene eETSF sont des régulateurs du facteur de
transcription FD en formant un complexe protéiqéddeg et al., 2005). Chez le riz, ce
complexe ferait intervenir une protéine de type813tqui permettrait la localisation nucléaire
de la protéine FT (Taoka et al., 2011). De mémiT est un activateur floral. Sa
surexpression provoque une floraison précoce, fimatée mutantmft ne présente pas de
phénotype (Yoo et al., 2004).

Dans la famille CETS, des genes ont une fonctiotagoniste et répriment la
floraison. Le plus étudié de ces génesTédtl. Le mutantfll présente une floraison précoce
et une croissance déterminée de linflorescencesgn@n place rapidement d’'une fleur
terminale, figure 9a). AinsiTFL1 contrdlerait l'identité du méristtme en réprimdat
transition florale et en maintenant l'identité dwenmsteme inflorescenciel (Bradley et al.,
1997; Ratcliffe et al., 1998 FL1 est principalement exprimé dans le méristeme médula
caulinaire avec une augmentation de son expressismle I'initiation florale (Bradley et al.,
1997; Ratcliffe et al.,, 1998). La protéine est nmhét se retrouve dans I'ensemble du
meéristéme caulinaire (Conti and Bradley, 2007).pkésence de TFL1 maintiendrait ainsi la
croissance indéterminée de l'inflorescence, saulfesuflancs du méristeme ou se développent
les primordia floraux et ou les genes d’identitgrdl (commeLEAFY et APETALAl¥ont
exprimés (figure 9b). Une régulation complexe exigntre TFL1 et LFY/AP1 La
surexpression &P1 provoque la répression d&-L1 (Liljegren et al., 1999) alors que le
triple mutantapl cal fulprésente une forte expressionTde.1 (Ferrandiz et al., 2000). AP1
régulerait directement I'expression @€&L1 en se fixant sur des élémemis (boite CArG)
situés en aval du géene (Kaufmann et al., 2010).mwdation de ces sites provoque un
phénotype semblable aux mutariftd. De méme un mutant dominant négatif diEY
provogue une expression ectopiqueldd.1 dans les primordia floraux, expression corrélant
avec une réversion de l'inflorescence (Parcy et2102). L'expression d@FL1 dans le
meéristéme apical permet de maintenir une croissartEerminée de celui-ci, alors que sur
les flancs du méristeme, la régulation négativd lel parAP1et LFY permet la formation
d’'un méristeme floral a croissance déterminée.

La régulation deTFL1 par les facteurs endogénes ou environnementauyezst
connue.TFL1 interviendrait dans la réponse a la températut@amte. En effet le mutarii1
présente une faible différence de floraison enG@etl23°C. TFL1 jouerait un role répressif
principalement vissOC1(Strasser et al., 2009).

Concernant le mode daction de TELITFL1 agit comme un répresseur
transcriptionnel et cette répression nécessitedagnce de la protéine FD (Hanano and Goto,
2011). Une hypothese serait une compétition enfreetFTFL1 pour l'interaction avec FD
(Abe et al., 2005; Wigge et al., 2005). La formatid'un complexe FD/FT activerait la
floraison, alors que la formation d’'un complexe FBIL1 aurait une activité répressive. Cette
différence d’activité reposerait sur un seul aadené essentiel. Ainsi la substitution de cet
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acide aminé chez TFL1 (H88Y) et son acide aminéespondant chez FT (Y85H) modifie
I'activité répressive de TFL1 en activateur et irpegnent chez FT (Hanzawa et al., 2005). La
substitution de cet acide aminé affecte la striectles protéines, modification d’'une loupe
externe (Ahn et al., 2006). Au niveau cellulairéLT est localisé majoritairement dans le
cytoplasme (Conti and Bradley, 2007), toutefoisigmal est détecté également dans le noyau
en systéme hétérologue (Hanano and Goto, 2011)prEésence de FD, la protéine est
relocalisée dans le noyau (Hanano and Goto, 2@ peut supposer que comme pour Hd3a
('homologue de FT chez le riz), TFL1 interagit avene protéine 14.3.3 qui relocalise la
protéine dans le noyau et permet I'interaction év@dTaoka et al., 2011). De plus, TFL1 est
présent dans les compartiments endo-membranairaateviendrait dans le trafic des
vacuoles du stockage protéique (Sohn et al., 200¥)mutanttfll présente un défaut au
niveau de ce trafic.

Deux autres génes de la famille CETS ont une ig&tiépressive commeFL1. I
s’agit dATC et de BFT. ATC est un répresseur floral; sa surexpression peiaet
complémentation du mutatftl. Toutefois, le mutaratc ne présente pas de phénotypg&C
est uniguement exprimé dans I'hypocotyle de jeysastules (Mimida et al., 2001). Les
plantes surexprimanBFT ont une floraison retardée et présentent des pradede
développements floraux assez semblables a ceuxvélsiers de I'expression ectopique de
TFLL1 Le mutantbft ne présente pas de phénotype alors que le doutidnttiil bft présente
un phénotype au niveau de l'inflorescence, suggénae fonction redondante enff&L1 et
BFT pour le développement de I'inflorescence (Yool e2810).

Au cours d’'une étude chez le pois et le rosier,glaordé la fonction des genes de la
famille TFL1 chez ces deux espéces. A partir d'une approcheypke ‘gene-candidat’,
I'objectif était d’étudier la fonction des genes dette famille et leur évolution chez une
espece monocarpique et polycarpique.

4.3.2. DETERMINATE et LATE FLOWERING, deux génes impliqués
dans l'architecture de I'inflorescence et le contre de la floraison, sont
des paralogues du genéFL1.

Lors d’'un post-doctorat réalisé dans le cadre ghajet Génoplante Pois, s'intitulant
"Développement d'une carte de référence de genémdion connue chez le pois". Dans le
groupe de Catherine Rameau (INRA, Versaillgs), participé au développement de
marqueurs de genes de fonction connue impliqués danla précocité de floraison
(principale activité) et dans l'architecture du pos (encadrement d’Erika Bullier dans le
cadre de son stage de DEA). Un des objectifs mageit'INRA en ce qui concerne la culture
de pois est le développement de pois d'hiver. Catiélioration passe par une meilleure
résistance au froid mais aussi par un évitemengdiées de printemps, en jouant sur les dates
d'initiation florale. En effet tant qu'une planta pas initié la floraison, cette plante est plus
résistante au froid. Ce processus est connu sonened'échappement au froid (“freezing
escape"). Toutefois, la floraison ne doit pas &wp tardive pour éviter le développement et
le remplissage de la graine lors des fortes chaldigté. Une régulation fine, et donc une
connaissance du controle de la floraison, sontgsades. La physiologie de la floraison du
pois est bien documentée et l'utilisation de nomkreutants avait permis de proposer des
modeles de contrdle de la floraison impliquant digsresseurs et des activateurs floraux
(figure 10a, (Reid et al., 1996; Weller et al., TP9La synthese d’'un stimulus floral est sous
le contr6le deGIGAS (Beveridge and Murfet, 1996). La synthése d’unbitbur floral est
régulée par la photopériode et sous le controldiffiéents genesSTERILE NODE, HIGH
RESPONSE, PHOTOPERIO&nd DAY NEUTRAL Au niveau de l'apex, le geneATE
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FLOWERING (LF integre les différents signaux et détermine leuchage floraison chez le
pois (Figure 10a et b). Quatre classes d'alléles, Lf, If et If-g ont été définies pour le gene
LF conférant respectivement dans les conditions inkgtun nceud minimal de floraison de
15, 11, 8 et 5 (Murfet, 1975). Apres linitiatiotofale, le pois développe une inflorescence
indéterminée (Figure 10b). Le mutadeterminate (det)produit rapidement une fleur
terminale apparente (Singer et al., 1990). En feig étude fine par microscopie a permis de
montrer que la fleur terminale était en fait axibaet que le méristéme cessait son activité et
entrait en sénescence (Singer et al., 1990).

J'ai confronté les modeles physiologiques dévedspghez le pois avec les modeéles
moléculaires développés pour l'initiation floralbez Arabidopsis (voir introduction). La
méme approche a été développée par I'équipe desllen(Hobard, Australia) sur les génes
du développement floral. L’ensemble a permis d’avmie vision globale de la conservation
des genes de floraison entkeabidopsiset le pois (Hecht et al., 2005). Ainsi la plupdes
genes sont conservés chez le poif\rtbidopsis méme si certains genes semblent avoir
évolué differemment (comm&@ERMINAL FLOWER 1, TFD)1 De plus, plusieurs génes
importants, commé&RIGIDA et FLOWERING LOCUS Gont absents (Hecht et al., 2005).
Une forte synténie a été montrée entre le poia Etgumineuse modéMedicago truncatula,
montrant des transferts possibles entre plantegéddt agronomique et plantes modéles.

Parmi les génes isolés, une caractérisation phéeige a été réalisée sur les
cryptochromes, photorécepteur de la lumiere bleexiste 3 cryptochromes chez le pois
(CRY1, CRYZ2at CRY2b. Les protéines codées par les ge@BY 2comportent une partie C
terminal plus courte et les 3 génes sont difféedleinent regulés (Platten et al., 2005).

Les résultats les plus intéressants ont été obtenétudiant des homologues du géne
TFL1 Nous avons isolé 3 homologuesTde.1 chez le poisPsTFL1a, PsTFL1etPsTFL1c.
Par cartographie et séquencage de mutants, nouas aémontré quesTFLlaet PSTFL1c
correspondait au gemeETERMINATE (DEY et LATE FLOWERING (LFyespectivement
(Foucher et al.,, 2003). Le séquencage de 3 altd¢s permis de mettre en évidence 3
mutations responsables d’'une perte de fonchd&il contrdle I'architecture de l'inflorescence
et son expression est limitée au méristéme apjprakd’initiation florale (Singer et al., 1990).
LF retarde la floraison en allongeant la phase véagétdta variation allélique a ce locus est
un élément important de la variation naturelle adldraison chez le pois (Murfet, 1975).
Nous avons montré que les alleles les plus sé\Brasfloraison tres précoce) portent une
délétion ou une mutation menant a la synthése dwogtine non fonctionnelle. Les alleles
intermédiaires ne présentent pas de modificatiotageotéine, la difféerence s’explique par
une régulation transcriptionnelle différente du @étors de la transition florale, une faible
guantité de transcrit deF correle avec une floraison précoce, et une farentjté de transcrit
deLF corréle avec une floraison tardive (Foucher et28l03). Les plantes portant les alleles
de floraison précoce (If) accumulent moins de tatsLF que les plantes portant les alleles
de floraison tardive (LF-d, LF). Ainsi chez le podeux homologues d€FL1, DET et LF
contrblent deux phases distinctes de développenierd qu’'un méme gen@FL1, contrble
les deux phases chézabidopsis thaliangFigure 10c) Cette étude montre comment deux
organismes ont pu développer différentes stratgugias controler leur développement.

Ces études sur la familleFL1 ont été récemment complétées par une étude des
homologues d€T par I'équipe de Jim Weller (University of TasmarAaistralia). Les genes
FT chez les Fabacées sont représentés par trois clddesomologue dé=T (PsFTal)
correspond au gemBIGAS Le mutantgigas présente une absence de floraison en LD et un
retard en SDGIGAScontrole la production d’un signal induisant larflison et transmissible
par greffe (Figure 10a, (Beveridge and Murfet, 19Bi@cht et al., 2011)). Une épistasie
compléte de_F surGIGASa été mise en évidendses mutantgigas If etlf ont exactement
le méme phénotyp&IGASstimulerait la floraison via une régulation négatdeLF (Hecht

26



et al., 2011). Cette régulation négative pourragger par une compétition de (homologue
de TFL1) et deGIGAS(homologue dé-T) vis-a-vis de la protéine FD, comme proposé chez
Arabidopsig(Abe et al., 2005; Wigge et al., 2005)

Au cours de ce post-doctorat, j'ai également pigi a I'encadrement d’une étudiante
de M2 sur le contrdle de la ramification en camséidt I'expression d'un géne clé
RAMOSUS1 (RMS1un orthologue d&ORE AXILLARY GROWTH 4 (MAX4ous avons
montré un gradient d’expression du géene dans leggbons axillaires le long de la tige (Foo
et al., 2005). Il a été montré récemment que cee getervenait dans la synthese d’une
nouvelle hormone, les strigolactones (Gomez-Ro#taal., 2008; Umehara et al., 2008).

4.3.3. Contrble de la floraison chez le rosier.

Suite a ce post-doc, jai été recruté en tant QR2 a I'INRA d’Angers pour
développer un programme sur l'architecture du ro&iétude réalisée sur le pois m’'a permis
de voir 'importance de combiner une approche ggunétet moléculaire pour caractériser des
genes-clé du développement. Ce type d’approcheéadéveloppé sur le rosigvour
comprendre les bases moléculaires et génétiques kirchitecture aérienne du rosier
buisson, et plus particulierement le contréle de laemontée de floraisonLe contrble de la
floraison est un enjeu majeur en horticulture oreetale, ou la valeur d’'une plante repose
principalement sur sa fleur. Je développerai danpramier temps les résultats obtenus sur
limportance du géen@FL1 dans le contrdle de la remontée de floraison, agdardévelopper
plus largement les approches de génétique et ggnendéveloppées sur le rosier.

Concernant la floraison, les principales études @é menées chez les plantes
monocarpiquesArabidopsis thalianariz, pois...), les études sont encore peu nonseseu
chez les plantes polycarpiques, plantes pouvant plusieurs floraison successive. Le rosier
est un modele original pour I'étude de la floraistez les plantes polycarpiques. En effet la
plupart des plantes polycarpiques ont une floraipan an, or chez le rosier, certains
génotypes peuvent refleurir plusieurs fois par @e. processus est appelé remontée de
floraison. Cette remontée peut avoir lieu occasstiement (souvent a I'automne) ou tout le
long de I'année (floraison continue, figure 11aa floraison continue est contrdlée par un
gene majeur récessiRB pour RECURRENT BLOOMING(Semeniuk, 197))introduit a
partir des rosiers de Chine (Ogisu, 1996). Des eitughysiologiques antérieures avaient
montré que I'apport exogéene de gibbérellines (GApentemps inhibaient la floraison des
rosiers non remontants, mais étaient sans effelesurosiers remontants (Roberts et al.,
1999). De plus, nous avons montré que chez lerrnsie remontant, I'induction florale a lieu
au printemps trés rapidement aprés la reprise aissance, alors que chez de nombreuses
RosacéeqFraisier, Pommier, Pécher) I'induction florale iaul & I'été avant I'entrée en
dormance du bourgeon. Au niveau moléculaire, ceepsier, I'induction florale est marquée
par linduction d’un homologue d&T, puis deLFY (Remay et al., 2009)Au niveau
morphologique, on observe la conversion du méristédgétatif en un meéristeme floral
(Foucher et al., 2008). Dans le cadre d'une apgragne candidat, nous avons émis deux
hypothéses pour le contrdle de la remontée deidlomachez le rosier : implication de
répresseurs floraux (qui bloqueraient de nouvdll@sisons) et implication de la voie des
GA.
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4.3.3.1. KSN, un homologue de TFL1 contrdle la remontédalaison chez le
rosier et la fraise des bois.

Nous avons montré que le géne contrdlant la Boraicontinue est codé par un
répresseur floral, dénomni®oKSN appartenant a la famille de-L1 (Ilwata et al., 2012).
Chez les rosiers a floraison continlRgKSNprésente une insertion d’un rétrotransposon (de
type copiad) dans le second intron du gene (Figure 11b). lésence de ce rétrotransposon
provogue un épissage alternatif et aucun trangmnittionnel du géndRoKSNn'a pu étre
détectéchez les rosiers a floraison continue. Les roséeroraison continue produisent
régulierement des mutants a refloraison occasitmfmutation de type ‘Climbing’, (Lewis,
1994)). Cette mutation (en fait une réversion) espliquée par la recombinaison du
rétrotransposon et la restauration d’'un alléle fionoel chez six couples de mutants
d’origines variées (Figure 11b). L’ensemble de @=altats nous a permis de conclure que
RoKSN,un homologue du géneFL1 contrélait la floraison continue chez le rosievdta et
al., 2012). L'expression d&RoKSN est régulée au cours du développement avec une
expression faible lors de la premiere floraisonuee forte expression dans les tiges
veégetatives. Ainsi, une forte expression du géeneli@s a une absence de floraison alors
gu’'une faible expression est associée avec I'titiaflorale. De plus, nous avons étudié la
remontée de floraison chez la fraise des biéisvéscd, une espece proche du rosier ou une
remontée de floraison existe également. Chez iaefrdes bois, la floraison continue est
contrblée par un gene majeur récesSIHASONNAL FLOWERIN@GLF. Nous avons montré
gue les lociSFL et RB sont synténiques entre le fraisier et le rosier.plds, cheZ. vesca
une délétion de deux paires de bases dans la régidante de 'homologue dRoKSN,
FVKSN, est proposée comme responsable de la remontderdiesdn. Ces résultats ont été
obtenus en collaboration avec lkaru Ilwata (Wakezin@o ; Hiroshima, Japan) et Béatrice
Denoyés-Rothan (UREF, INRA, Bordeaux). Une équipkifidaise a confirmé les résultats
obtenus chez le fraisier par une validation fomsiglle chezArabidopsiset le fraisier
(Koskela et al., 2012). L'extinction du géReKSNpar RNAi permet la remontée de floraison
chez un fraisier non remontant. Les auteurs propasee régulation négative dle’/KSNpar
les jours courts (SD), expliquant la floraison én @& fraisier des bois (Koskela et al., 2012).
Ces résultats sont controversés car d’autres autiarivent les fraisiers des bois a floraison
continue comme ne répondant plus a la photopériBdéey et al., 1998) ou comme des
plantes de jours longs (Sonsteby and Heide, 2008).

La validation fonctionnelle du geroKSNest en cours. Nous avons complémenté le
mutanttfll d’Arabidopsis(floraison tardive et croissance indéterminée)uaexpression de
RoKSN(Marie Randoux, non publi€¢). Des rosiers transgées surexprimarRoKSNont été
obtenus en collaboration avec les entreprises Dekltha transformation a été réalisée sur un
rosier remontant. Trois plantes indépendantes tEnbltenues (validée par Southern blot).
Elles présentent une accumulation importante destrdés deRoKSN(gqRT-PCR) et de la
protéine ROKSNWestern blot). Aprés plusieurs mois en serre 82 ptantes n’ont pas fleuri
alors que les témoins (vecteur vide) présentenideagent une inflorescence. Ainsi la
surexpression dR&oKSNchez un rosier remontant bloque la floraisBoKSNest bien un
inhibiteur de la floraison (Marie Randoux, réswdtadbn publiés).

4.3.3.2. KSN est sous le contrdle transcriptionnel des GA.

L’autre hypothése concernant le contrdle de leor@ge de floraison implique les GA.
Nous avons isolé chez le rosier les génes impligaés la signalisation et le métabolisme des
GA. Deux homologues de génes importants de la lksgitian, RODELLAet ROSPINDLY se
localisent génétiquement proches du gene de lanemale floraison et d’'un QTL contrblant
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la date de floraison (Remay et al., 2009). L'analygécise des séquences n'a pas pu
permettre de valider leur implication dans le coletide la floraison. Pour valider la fonction
de RoDELLA nous avons surexprimé le gene chez le pélarggnplamnte ornementale
facilement transformable et présentant une remaseéftoraison (Hamama et al., in press).
La surexpression d&RoDELLA bloque ou retarde la floraison. D’autres effets $ar
développement des pélargoniums ont été obserwduction de la taille, ramification et
formation des racines (Hamama et al., in press).

Nous avons isolé des homologues de genes impldags le métabolisme de GA : 2
homologues de geénes clé de la synthése des forotegesades GA ;RoGA200X et
ROGA3OXet un géne impliqué dans I'inactivation des GRBGA20X(Remay et al., 2009).
Nous avons proposé que le métabolisme des GAmapliqué dans le contrble de la floraison
chez les rosiers. Ainsi une dégradation des GAitsaggessaire avant linitiation florale
(induction d'un géne codant une enzyme de dég@muates GA, et répression d’'un gene
impliqué dans la synthéese, Figure 12a,(Remay e2@09)). Ces données correlent avec des
données antérieures concernant I'évolution du conten GA au cours du processus de
floraison : faible contenu lors de I'induction féde et augmentation de la concentration en
GA lors de l'initiation et le développement flof&oberts et al., 1999)

Robert et al. (1999) avaient également montré lgaerosiers a floraison continue
étaient insensibles aux GA. L'apport exogéne der@#hibait pas la floraison. Nous avons
etudié plus en détail le lien entre GAROKSN Chez les rosiers non remontants, les GA
inhibent la floraison au cours de l'induction fl@apériode ou I'intégrateur flor&RoFT est
normalement induit. En présence de GA, on obseneefarte accumulation des transcrits de
ROKSN une réduction de I'accumulation des transcritfRd€T et RoSOC1let une absence
d’accumulation des transcriRoLFY, RoAPlet RoAP1 (Randoux et al., in press). Cette
régulation transcriptionnelle dBoKSNpar les GA a été validée dans d’autres systemes
(culture de nceuds) et I'analyse du promoteur dwed@ar expression transitoire dans des
feuilles de tabac) a permis de mettre en évideacprésence d’élémeris contrblant la
réponse aux GA (Randoux et al., in press). L'inbibfflorale par les GA serait ainsi médié
via I'induction deRoKSN Chez les rosiers remontants (en absendeakSN, en présence
de GA3, uniquemeniRoLFY et RoFD sont réprimés, suggérant une régulation indépeadant
de RoKSNpour ces deux génes.

Les résultats actuels nous permettent de propwserodele de contréle de la floraison
du rosier intégrant le géne de la remontée deifloneet les GA (Figure 12b et 12c). Ainsi au
printemps, une faible teneur en GA pourrait pemaette maintenir un niveau faible de
transcrits de l'inhibiteur floraRoKSNet ainsi la floraison pourrait avoir lieu. En pnése de
GA, le geneRoKSNs’accumule et interagirait avec FD et bloqueragicdumulation des
transcrAprés cette floraison, le niveau ReKSNest éleve, et de nouvelles floraisons sont
impossibles. Cette accumulation des transcritRdiKSNpourrait étre liee a la présence de
GA. Toutefois, I'apport exogéne d’'un inhibiteur dgnthése des GA, le paclobutrazol, ne
permet pas une floraison, mais réduit la taille degenoeuds (Randoux et al., in press).
D’autres facteurs (tels que le froid) pourrait menir dans le controle doKSN Chez les
rosiers a floraison continue, du fait de I'absede&®oKSN quelles que soient les conditions
(présence ou absence de GA) et la période, l'itdhibiest absent et la floraison a lieu. La
répression dRoLFY, indépendante de@oKSN n’est pas suffisante pour réprimer la floraison.
Ces résultats montrent un rdéle important du génka demontée de floraison aussi bien lors
de la remontée de floraison que lors de la florad® printemps.
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4.3.3.3. Existence d'autres voies de contrble de la floraisloez le rosier.

Pour compléter I'approche géne-candidat (qui rems des hypothéses), nous avons
également développé une approche sapsiori basée sur la comparaison du transcriptome
au cours de linduction florale chez deux rosiecs1 nemontantsR. x wichurana et R.
hybrida ‘Félicité et Perpétue’. Pour cela, nous avonssétila puce Affymétrix® Rosier
développée dans le cadre d'une collaboration aveblS de Lyon (voir le chapitre
‘Développement de ressources geneétiques et génesijqu

Pour étudier précisément l'induction florale etnitiation florale, nous avons
caractérisé les modifications morphologiques aursode ces processus. Apres le
débourrement, le méristeme est étroit et en formeddme avec présence de primordia
foliaires sur ses flancs, une structure typiquendiméristeme végeétatif (stade VM1 pour
méristéme végétatif). Rapidement, le méristemeagjél et les primordia foliaires ne sont
plus visibles (Stade VM2, pour ‘pré-floral’). Enwii le méristeme devient floral, avec
élargissement et aplatissement, le premier vdei¢#épale) pouvant étre visible (stade FM
pour ‘méristeme floral’ (Dubois et al., 2011). Naaxsons comparé le transcriptome de ces 3
stades chez les deux rosiers non remontants eningusssant plus particulierement a la
transition entre VM1 et VM2 (induction florale).

ChezR. wichurana(W) et ‘Félicité et Pérpétue’ (FP), 824 et 652 egrespectivement
sont différentiellement exprimés (DE) entre lesdetaVM1 et VM2. Pour augmenter la
confiance dans la découverte des génes, nous amahsé les genes DE en commun entre W
et FP. Nous en avons ainsi mis en évidence 22ga@eentant un profil semblable entre FP
et W dont 131 génes sont induits entre VM1 et VMQ2lesont réprimés (Dubois et al., 2011).
Parmi les genes induits, on retrouReAPlet RoSOC1dont on avait déja montré qu’ils
étaient induits au cours de la floraison (Remagl.e2009). Cette approche n’a pas permis de
mettre en évidence de gene impliqué dans la voie @A (principale hypothéese
préecédemment étudiée). Toutefois, six genes im@siglans le transport et la signalisation de
'auxine sont dérégulés au cours de l'inductiorrdle (Dubois et al., 2011). Ces résultats
suggérent une signalisation active de l'auxine awrg de l'induction florale. Chez
Arabidopsis thaliana,un rdle de l'auxine a été montré uniquement aurscodu
développement de linflorescence ; le méristemimiagcentiel du mutarginl ne fait pas de
fleur (Reinhardt et al., 2000). De plus, 2 genepligués dans la signalisation de I'éthyléne
sont réprimés, suggérant un role synergique eétieylene et l'auxine.

Récemment, nous avons développé de nouvelles HSTeatisé du RNASeq
(expressionn silico des genes) chez un rosier remontBntchinensisOld Blush’ a partir de
différents tissus, dont des tissus au cours ddidition florale (voir le chapitre suivant).
Comme lors de I'approche transcriptomiqSOClet RoAP1sont induits au cours de la
floraison. De méme, trois génes de signalisatiofialxine, deux genes de signalisation de
I'éthylene et deux génes du métabolisme de I'étigylgont dérégulés au cours de I'induction
florale. Comme proposé chez des rosiers non rembiizubois et al., 2011), l'auxine et
I'éthyléne pourrait jouer un réle dans le contrdke la floraison chez un rosier remontant
(Dubois et al., soumis).

L’ensemble de ces résultats suggérent un rolalpesse I'auxine et de I'éthylene au
cours de I'induction florale. Des expériences campntaires sont nécessaires pour valider
cette hypothese.
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4.4. Geéneétique et Génomique de l'architecture du rosier

4.4.1. Développement de ressources génétiques et génomique

Les outils de génétique ont été principalementhlbdpés par Laurence Hibrand-Saint
Oyant (IR dans I'équipe). Je ne développe que bneant cet aspect. De nouveaux marqueurs
co-dominants (microsatellites) ont permis d’étoftecarte génétique (Hibrand-Saint Oyant et
al., 2008). Ces études ont été complétées paralegsagon d’'une carte consensus rosier
(Spiller et al., 2011) au niveau international ellaboration avec T. Debener (University of
Hannover, Germany), D. Byrne (Texas AM Universty$SA) et R. Schmulder (PRI, The
Netherland). En paralléle, des études de synténiiété réalisées entre le fraisier yesca et
le rosier, deux plantes trés proches (Section desoidées dans la famille des Rosaceées).
Nous avons montré une colinéarité bien conservéee eces deux plantes et plus
particulierement au niveau du locus contrélanetaaontée de floraison (lwata et al., 2012).

En 2003, au commencement du projet Rosier a Anges (ou pas) d'outils de
génomique existait chez le rosier. Afin de dévetpges études de transcriptomiques, nous
avons produit des EST chez un rosier remont&nt Hybrida ‘Black Baccara’) et non
remontant R. x wichurang a partir de tiges au cours de l'initiation flaralFoucher et al.,
2008). Les EST ainsi produites ont été assembléaslas EST disponibles dans les bases de
données (Channeliere et al., 2002; Guterman €2@02) et ont permis d’obtenir un premier
jeu de 5000 séquences uniques qui ont servi desbaséa construction d'un puce
Affymétrix®, utilisée pour étudier I'initiation de développement floral en collaboration avec
M. Bendahmane (INRA, RDP, Lyon) (Dubois et al., 2DICes données ont été complétées
en 2009 par la production d’'un nouveau jeu d’ESmsd@ cadre d’'un projet national (AIP
Bioressources), regroupant I'ensemble des équipddigoes francaises travaillant sur le
rosier: RDP (Lyon), GenHort (Angers), SAGAH (Anggr IMEP (Marseille), URIH
(Antibes), BV-PAM (St Etienne), CNRGV (Toulouse)|PM (Toulouse). Ce séquencage
d’EST a été réalisé a partir de banques normaligéenues a partir de différents tissudRde
chinensisOld Blush’ (séquencage 454). Nous disposons a@uagiurd’hui de 67 000 contigs.
Ce séquencage 454 a éte complété par une apprdokedy via un séquencage SOLEXA de
chacune des banques non normalisées. L’ensembtésidtats ainsi produit est disponible en
ligne (dB Rosa: http://iant.toulouse.inra.fr/plants/rosa/portal/ooga.cgj. Pour chaque
contig, une annotation précise a été réalisée et axpression virtuelle (comptage des
séquences SOLEXA) est disponible (voir discussiomr des résultats floraison
transcriptomique). Ces résultats sont en coursubégation (Dubois et al., soumis).

En vue dune validation fonctionnelle, un travahportant a été engagé pour
développer des protocoles rapides et efficacesatsformation génétique du rosier. En effet
le rosier est une plante récalcitrante a la tramsge (Debener and Hibrand-Saint Oyant,
2009). En collaboration avec Philippe Vergne (INFENS Lyon), les développements sont
en cours sur des rosiers remontants et non remtentlans le cadre du projet Genius
(investissement d’avenir) avec l'implication de ifatHamama (IR, Université d’Angers) et
Laurence Hibrand-Saint Oyant.

4.4.2. Bases genétiques de I'architecture du rosier

Ce projet est développé en collaboration avec desphysiologistes de I'UMR
SAGAH. Il fait partie du projet structurant du centNRA d’Angers-Nantes et a été soutenu
par la région « Pays de la Loire » dans le cadreprdgramme « COSAVE », dont jétais
'animateur de 'axe 2 « Fonctionnement des stmgstyprécoces au cours du développement
des plantes »
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Au niveau de la plante entiére, nous avons réalisé étude génétique sur les
composantes architecturales (Post-doctorat de 2ewk®ji Kawamura, financé par I'INRA).
Une méthodologie adaptée au matériel végétal adételoppée en collaboration avec
Evelyne Costes (INRA, Montpellier) pour phénotyfgeforme de la plante, la ramification et
I'architecture de l'inflorescence. Cette étudeé@réalisée sur une nouvelle descendaRce (
wichuranaX ‘The Fairy’) pour laquelle une carte génétiquété développée. Ainsi plus de
60 caractéres ont été analysés. Ces caractéredexammsont tres héritables et controlés
majoritairement par 6 zones du génome, dénomméeg,gipur QTL commun (Kawamura
et al.,, 2011). Des co-localisations intéressant#sété mises en évidence entre ces QTL
(Figure 13). Ainsi le locus controlant la remontie floraison ROKSN / RBjoue un réle
majeur dans l'architecture de la plante. L’homolegieFT (RoFT) co-localise avec un QTL
intervenant dans la date de floraison (cette caligation est confirmée sur une autre
descendance (Hanae Roman, M2, 2012)). Un autre €Flocalise avec I'homologue de
RoFD. Ainsi les génes de la familleFL1 (ou des partenaires de ces genes) pourraient jouer
un roéle important dans le développement des plamtde non limité au contréle de la
floraison.Enfin, un QTL contrdlant le degré de ramificatiam lthxe primaire co-localise avec
un homologue d&AX2, géne impliqué dans la signalisation des strigofses, hormones
contrélant la ramification (Figure 13).

Au niveau des processus, nous nous sommes interagsgradient de ramification
(Post-doctorat de 1 an de Samia Djennane dansdie @ projet COSAVE). Apres un
traitement a la lumiére et au froid, nous avons emsévidence une modification de ce
gradient chez le rosier. Cette étude a été conglpt¥ une approche moléculaire avec
lisolement des genes homologuees genesMAX (MORE AXILLARY MERISTEM)
impliqués dans le contréle de la ramification cAeabidopsis Dans le traitement lumiére, le
gradient de débourrement correle avec l'expressies génesMAX2 (perception des
strigolactones). Ces résultats sont en cours agisation (publication en cours de rédaction).
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5. Description de [I'expérience dans I'encadrement et
I'animation d’'une recherche

5.1. Encadrement des étudiants, doctorants et post- doctorants.

Le tableau 2 présente la liste des étudiants 'querjcadrés au cours de ma carriéere.
Le devenir de ces étudiants est également prédemtiste des mémoires des travaux que j'ai
encadrés est présentée dans le chapitre 5.6 (ldsteavaux encadrés).

J'ai encadré un étudiant en thése: Arnaud Ren2@P5-2009) sur «les bases
moléculaires de la floraison chez le rosier » (Boué le 17 septembre 2009, Université
d’Angers). Le directeur de thése était MathildeaBti (Professeur a Agrocampus Ouest), j'ai
réalisé l'encadrement scientifique et technique quotidien. De plus jencadre
scientifiquement depuis fin 2009 une nouvelle th@darie Randoux, « Contrdle moléculaire
de la remontée de floraison chez le rosier », Agmuus-Ouest). Cette these est dirigée par
Noélle Dorion (Professeur émérite a Agrocampus Qukes thése d’Arnaud Remay a mené a
la publication de trois articles dans des revuemmité de lecture, dont deux en premier
auteur. La these de Marie Randoux a mené a laqatioln d’'un article en premiéere auteur.

J'ai encadré 2 post-doctorants : Koji KawamuraG@nétiqgue quantitative de
larchitecture du rosier de jardin: analyse amttiirale et étude du déterminisme
génétique », 2007-2009, financement INRA) et SalDjananne («Impact des facteurs
environnementaux sur la régulation des geviaX/RMSlors du débourrement chez le rosier
de jardin », 2009, projet COSAVE, financement réglp. Samia Djenanne a été recrutée sur
un projet conjoint avec 'TUMR SAGAH (Angers), eeté co-encadrée avec Soulaiman Sakr
et Nathalie Leduc (UMR SAGAH). Dans le cadre dutpmiixc de Koji Kawamura, deux
articles ont été accepté, dont un en premier au@amcernant Samia Djenanne, un article est
en cours de rédaction. Lors de mon post-doc a Wessg'ai encadré une Ingénieur d'étude
sous contrat (Julie Morin).

Au cours de ma carriére, jai eu l'occasion d'alrea des étudiants en M2 (11
étudiants) et L3 (2 étudiants). Ces encadremeritpwi@étre conjoints avec des membres de
I'équipe : Laurence Hibrand-Saint Oyant (Ingénidarrecherche), Alix Pernet (Ingénieur de
recherche), Vanessa Soufflet-Freslon (Maitre defétences) et Sylvain Gaillard (Bio-
informaticien). Je participe a I'élaboration eplamgrammation du sujet de recherche, au suivi
des expérimentations, a I'analyse des résultdsscarrection du rapport et a la préparation de
'exposé. Les étudiants sont associés aux pulbicatide I'équipe si la contribution est
significative.

5.2.  Animation scientifique

Au sein de I'unité mixte de recherche :
Au sein de 'UMR GenHort (Génétique et Horticulture), depuis mon recrutenesn

2003, jai assuré l'animation d’'un petit groupe rclitecture du Rosier », regroupant une
ingénieur de recherche (Laurence Hibrand-Saint @yamn technicien en génétique
fonctionnelle (David Lalanne, remplacé en 2009.Judien Jeauffre, suite a une mobilité), une
technicienne de terrain (Tatiana Thouroude, reorateé en 2005, 50%), un technicien de
culture in vitro (Gilles Michel, 50%) et une technicienne en maggu@énétique (Annie
Chastellier, recrutement en 2010, 50%). L’animatiargroupe se fait en étroite relation avec
lingénieur. L'ingénieur est plus responsable dppraches de génétique quantitative et je
géere plus les approches de génétique fonctionnBliegressivement, nous avons essayé
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d’élargir ce groupe en nouant des relations aveautt®s personnes de I'UMR pour
développer des approches de validation fonctioeanehez le rosier (Noélle Dorion
(Agrocampus Ouest), Latifa Amama (Université d’Arg)e et des études sur la diversité
géneétique du rosier (Alix Pernet, INRA ; Florencadnin, Université d’Angers). Ceci a mené
a la mise en place d’'une animation scientifiquedoefladaire commune sur les activités de
recherche concernant le rosier au sein de I'UMRsc{gision des résultats, des projets,
présentation d’articles...).

Ce groupe appartient a I'équipe « Ornement » it @himée jusqu’en 2009 par Véronique
Kapusta. Depuis 2009, jai pris I'animation de Uge « Ornement » (une vingtaine de
personnes) qui regroupe les activités de rechesahde rosier (« Architecture du rosier »,
« Diversité génétique ») et des activités sur leége(Phylogénie et développement d’outils
d’aide a la sélection). Dans ce cadre, j'ai coordopour le groupe la rédaction du bilan de
I'équipe et le projet de la future équipe au sal'dRHS pour I'évaluation par 'AERES.

Depuis 2012, au sein de ''RHJUMR « Institut de Recherche en Horticulture et
Semences »), je co-anime avec Agnés Grapin (Eradigthercheur a Agrocampus Ouest)
I'équipe GDO (Genetics and Diversity of Ornamenta3ette équipe, qui comprend 25/30
personnes, regroupe lI'ensemble des activites memdé&3HS sur la génétique des plantes
ornementales. Les enjeux de I'équipe sont de camdpee de gérer et d'utiliser la diversité
géneétique. Le projet de I'équipe se décline souméode 3 questions :

(1) Quels sont les bases génétigues et molécsilales principaux caractéres
ornementaux. Nous nous intéressons a I'archite¢ainglus particulierement a la floraison) et
a la résistance aux maladies foliaires (projet Hosg#ssima). Mon activité de recherche sur
I'étude de la floraison s’insére dans cette thémoti

(2) Quels sont les impacts des pratiques humahee la sélection naturelle sur la
diversité des especes du geResa? Une partie des travaux concernant cette quessbn
abordée dans le cadre d’'une étude sur la remomtémrmison (projet SIFLOR) et dans le
cadre d’'un projet pluridisciplinaire sur les fag®de succes de l'innovation variétale chez le
rosier aux XVIIF et XIX® siécles en France (projet FLORHIGE). Ces projety gécrits en
détail dans la partie « Prospective ».

(3) Comment utiliser les données de diversité tigme en sélection ? Cette
thématique est principalement développée dansdesau projet BRIO (Breeding Research
and Innovation on Ornamentals).

Au niveau national :

Plusieurs équipes sont impliquées dans des trasauxe rosier. Ces équipes sont
réunies au sein du Groupe National Rose qui sdtriaws les 2 ans pour échanger et mettre
en place des projets communs. L'équipe GDO estlément moteur de ce groupe. Nous
avons organisé en 2007 la réunion de ce groupe a3 En 2008, un projet AIP
Bioressource (INRA) a été porté par le groupepranis le séquencage d’EST chez le rosier.

Pour réfléchir sur les enjeux de la filiere ornataée, en lien avec les collegues de
TUMR SAGAH (nouvelle équipe ArchE de I'IRHS), noavons organisé une réunion de la
filiere ornement (avec des représentants des @tentdes producteurs, des distributeurs, des
economistes et les chercheurs de I'IRHS). Cetteio@uws’est tenu le 25 janvier 2011.

En 2010, jai été nommé par le chef de départemdbénétique et Amélioration des
Plantes », animateur du groupe Ornement du DGARAIN Je suis membre du groupe
filiere « Ornement » de I'INRA.

Au niveau international :
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Je me suis impliqué activement dans la mise ecepdun groupe international pour
promouvoir la génomique et la génétique du rodietre équipe a ainsi organisé en 2007 le
premier meeting international sur la génomique akier (1st International Rose Genomics
Meeting, Angers, 11-13 décembre 2007, 80 parti¢cga®u cours de cette réunion a éte
décidée la création d’'un consortium international la. génomique du rosier dans lequel je
suis membre du « steering committee ». L'un degadif§ principaux de ce groupe est de
promouvoir le séquencage du génome de rosier. &xyoort a cette initiative les équipes
francaises sont leaders (GDO et ArchE a AngersP Ryon).

Animation de projet

Dans le cadre d’'un projet régional COSAVE (Corddtamn et Santé du Végétal, 2005-
2009), jai été l'animateur de I'axe 2 « Fonctionment des structures précoces au cours du
développement des plantes ». Depuis 2012, je ssjnsable du projet SIFLOR, « Signature
de sélection et déterminisme génétique de la redeodé floraison chez le rosier » (30k€,
financé par le département de génétique et d’anad¢ilbm des plantes de I'INRA). A partir de
2013, je serai responsable du projet FLORHIGE, ctdtais de succes de linnovation
variétale du rosier aux XVflet XIX® siécles en France: démarche interdisciplinaire
géneétique et historique » (270k€, financé par @ore Pays de la Loire dans le cadre des
appels d’offre ‘Paris scientifiques’).

Cette HDR est aussi l'occasion de faire le bilanlss projets déposés depuis mon
recrutement & I'INRA (Annexe 1). La liste est loeglet interroge sur la course et la
compétition que menent les chercheurs aujourd’lowir wiécrocher des fonds. Une analyse
retrospective montre un taux d’échec assez impbtenpremieres années et un taux de
réussite plus important depuis 2 années. Ces tésssexpliquent aujourd’hui principalement
par la reconnaissance du groupe en génétique enggme du rosier et sur une meilleure
gualité des publications. Les principaux soutignarfciers que nous avons eus sur le rosier
sont ceux de I'INRA (principalement BV/GAP), la iég Pays de la Loire et sur des travaux
en collaboration avec les professionnels (CTPS, @AS). Les tentatives aupres de 'ANR
ont tout été veine et pose la question sur le iearent de travaux finalisés sur I'ornement
par cette instance.

5.3. Reéflexion sur I'encadrement de la recherche

L’encadrement des jeunes chercheurs devrait @&jau@’hui une priorité de tous.

Nous devons collectivement faire un effort pouirattles jeunes vers la recherche (et ce a
tous les niveaux du technicien au chercheur). Uariepdu probléme repose sur des choix
politiques. Il s’agit de l'effort national qui doiétre fait pour consolider les parcours
professionnels en recherche. La précarité desécesrien recherche n’est pas un facteur
incitant les jeunes a s’engager dans cette voie.ggagrammation pluriannuelles de I'emploi
scientifique serait un signal fort envoyé aux jeurgénérations et pourrait les inciter a
s’engager en recherche. Combien d’étudiants hésitefengager dans une thése car I'avenir
est trop incertain.

Promouvoir la culture scientifigue

L’attrait vers les carriéres scientifiques peumoeencer trés jeune. La démarche
scientifique est une démarche rigoureuse qui ditun des piliers de la culture scientifique.
Dans un monde incertain, la démarche scientifidgaesaison sont des phares pour nous
éclairer le monde. Les initiatives qui favorisemtclulture scientifique sont a encourager. Les
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personnels de la recherche doivent s’engager aotine dans la promotion de la culture
scientifique. Les initiatives telles que celles eléppées par « Terre des Sciences » ou les
« Petits débrouillards » sont a multiplier. La mdpation a la promotion de la culture
scientifique devrait étre prise en compte dansaléation des chercheurs et faire clairement
partie de leur mission. Il n'y pas d’age pour sdtiver. Je voudrais citer ces quelques
exemples de ce que peut étre cette démarche aaurpeesonnel:

* Accueil de classes de maternelle. Ce fut 'ocwasl'aborder avec des mots simples
le travail d’'un scientifique, le développement duplante et de commencer a faire germer de
futures vocations...

* Participation au congrés des jeunes cherchpardes écoles privées du Maine et
Loire. Cette manifestation permet a des éleves/dee ¢l (CE2, CM1, CM2) de se rencontrer
autour d'une problématique expérimentale (le d€fhaque classe travail pour résoudre la
guestion et lors d'une assemblée pléniere les enfaonfrontent leurs résultats. C'est
'occasion pour des chercheurs de discuter avegelases, leurs questions trés libres sont
I'occasion de discuter les métiers et la démarchensfiques.

* Travaux de vulgarisation (rédaction d’articlesrsy un large public, comme par
exemple ‘Tétes Chercheuses’) et participation aogesations de communication (Féte de la
science).

Former les jeunes aux métiers de la recherche.

La culture scientifique est la premiere pierre I'églifice. Elle doit permettre aux
jeunes d’avoir envie de s’orienter vers une cagregientifique. Notre role de chercheurs et
d’enseignants chercheurs est d’accompagner cesgelwtaccompagnement passe bien sar
par I'accueil dans nos laboratoires sous forme tdgesen les formant aux pratiques de
laboratoire et a la démarche scientifique. Il estlént qu’'un stagiaire n’est pas une main
d’ceuvre a tout faire, mais hélas il est souventdmte rappeler. Le mouvement des stagiaires
a permis de mettre en évidence les dérives (etclaerche y participait) et de créer un cadre
juridique concernant les stages. Il est toutefeisidtre responsabilité de maitre de stage que
de proposer les conditions optimum de formatiomettravail des stagiaires. Accepter un
jeune en stage est un contrat moral entre le jetifencadrant. Le jeune s’engage dans le
travail qui lui est proposé. L'encadrant s’engagétée a ses cotés, a le former, a lui
transmettre ses connaissances. Je concois la ckehmvuvent comme une forme d’artisanat,
nous sommes les artisans de la connaissance. lh@rcee est une démarche, des expériences,
mais c’est aussi la curiosité, I'envie de comprendiexpliquer. Encadrer un jeune chercheur,
c’est aussi lui donner cette envie, ce regardageréiqui ne doit pas se limiter a la surface,
mais toujours creuser pour comprendre. Le tablgané2ente le devenir des étudiants que jai
encadrés au cours de ma carriere.

Former de jeunes chercheurs : le pari du doctorat.

Les doctorants représentent un cas a part ddosnhation des jeunes scientifiques. Il
s’agit d’'une formation sur la durée qui doit amepsrgressivement I'étudiant a devenir un
chercheur. Il s’agit d’'un vrai pari : pari pourdectorant qui a décidé de se lancer dans une
carriere scientifique longue et souvent incertainais aussi pari pour I'encadrant qui propose
un sujet de these (au début proposé par I'encadessiijet doit progressivement devenir celui
du doctorant).

Un des challenges de la thése est de progressivemgeffacer par rapport au
doctorant, ou bien au doctorant de progressivement s'imppaemrapport a son encadrant,
pour que le doctorant puisse exprimer sa créativitéet devenir maitre d’ceuvre de son
projet. L'autonomie du doctorant passe par une acquisftiogressive de son sujet de thése
avec un accompagnement (synthese bibliographie)apgestion des expérimentations (mise
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en place, réalisation, collecte des données etdealyse). Ce dernier point est souvent plus
difficile lorsque I'on travaille sur des plantesrg@énes, car les expérimentations sont souvent
planifiées avant le début de la these. Ainsi dansadre de la thése d’Arnaud Remay, les
plans d’expérimentation concernant l'analyse trapgszmique étaient déja bouclés au
moment ou Arnaud a commencé sa these. Toutefoisalyse des résultats de
transcriptomique (technique d’analyse, choix desegg étude de ces genes) a permis a
Arnaud d’effectuer des choix et de tester des hgxws.

Dans le cadre de cette formation qu’est la thesggctorant doit participer / se former
a I'ensemble des futures missions d’'un cherchéuyr.al bien sOr le dessin, la réalisation et
l'analyse des expériences avec un regard critidige.participation a des congres est
également un moment important pour les doctorddéss les deux théses encadrées, les
doctorants ont eu I'occasion de présenter oralemeranglais leurs travaux de thése lors de
congres internationaux. La rédaction d'articleestifiques est aussi une étape essentielle et
nécessaire. J'ai toujours laissé les doctoranesrd#itre d’ceuvre dans la rédaction de l'article
en les orientant, les recadrant. La réflexion susujet de thése, sur le travail du chercheur,
sur sa place dans la société est aussi un élémenttant de la formation. Je regrette I'arrét
par 'INRA de la formation « Réflexive » qui perrtat pendant une semaine en bindbme avec
le doctorant ce recul et cette réflexion salutasner notre travail. Enfin le travail
d’encadrement ne s’arréte pas la thése finie. dl ¢ suivi des valorisations (qui peuvent
parfois prendre plusieurs années) et du devenitodtorant.

Enfin le doctorant doit s'intégrer au sein d'urguipe, intéragir avec les différents
membres de I'équipe (techniciens, chercheurs).iA@ssdoctorants participent en lien avec la
technicienne qui en a la charge a la mise en @hae suivi du matériel végétal. Le doctorant
peut également étre amené a encadrer des étudiardsles deux théses, que j'ai encadrées,
le doctorant a co-encadré avec moi des étudiandaid_e projet proposé aux étudiants de
M2 s’inscrivait dans le cadre de la these.

5.4. Mission d'expertise

Je réalise des «reviews » (3 par an en moyenoe) ges articles soumis dans
différentes revues, comme Plant Cell, Plant ScieRtanta, Plant Breeding, Theoretical and
Applied Genetics, Plant Cell Tissue and Organ Qeltd’effectue régulierement (1 par an en
moyenne) des évaluations pour des appels d'offrar ptes régions (Aquitaine), des
universités (Lyon), des organismes (BARD)...

Participation a des comités de recrutement, comiltitage, jury thése
J'ai été membre (comme examinateur) de la thése de

* Marion Maene « Morphogénese florale chez le rosidentification et caractérisation de
genes impliqués dans le phénomene de la fleur doebloptimisation d’'un protocole de
transformation génétique stable », Ecole Normalgé8eur de Lyon, soutenue en juin 2008

* Ronan Fernandez « Etude du déterminisme du eexk développement floral chez le
melon », Ecole Doctorale « Science du Veégétal »gleedoctorale « Science du Végétal »,
Université Paris-Sud XI, soutenue le 14 décembi® 20

* Amélia Gaston « Etude et compréhension du détasmie génétique et moléculaire de la
remontée florale chez le fraisier », Ecole doctrdés sciences de la vie et de la santé,
Université Bordeaux 1&2, soutenue le 17 décembi®20
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* Baptiste Guitton « Etude des déterminismes gguoés de l'alternance de production chez
les pommiers », Ecole doctorale SIBAGHE, SupAgroiiipellier), soutenue le 19 décembre
2011.

J'ai été (ou suis) membre de 11 comités de thése

* Justine Perrotte (2011-2013) « Optimisation dteptiel de floraison chez le fraisier cultivé,
Fragaria x ananassa caractérisation moléculaire et fonctionnellegéaes impliqués dans la
floraison » (UMR Biologie du Fruit, INRA, Bordeaux)

* Youssef Chvan (2012-2015) « Bases génétiques aderbissance hétérotrophe chez
Medicago truncatula impact du stress abiotique » (IRHS, AgrocampussDlAngers).

* Mathieu Jourdan (2011-2013) « Impact de la varmahucléotidiqgue de génes de la voie de
biosynthese sur I'accumulation de caroténoides dissressources geénétiques de carotte
cultivée Daucus carotd..) » (Agrocampus Ouest, Angers).

* Baptiste Guitton (208-2011) « Study of genetitedminisms of recurrent floral induction
and its relation with architecture development peaennial fruit tree species, the apple tree »
(INRA, Montpellier)

* Saeid Daghighi (2010) “Contribution de la cytogéque a I'étude de la diversité génétique
et a la caractérisation du genome dans le geasdl (UMR GenHort, Angers)

* Amélie Rabot (2007-2011) « Implication de la <sfjgation par les sucres dans la
photomodulation du débourrement du bourgeon véfataez le rosier (UMR SAGAH,
Angers)

* Amélia Gaston (2008-2011) « Identification et aetérisation du contrble génétique et
moléculaire de la ‘remontée florale’ chez le gefaragaria (diploide et octoploide) » (UREF,
Bordeaux)

* Amani Naouar (2007-2011) « Etude de génes catsglidaur la remontée de floraison par
transgenése et mise en place d’'un protocole dsftnanation génétique du rosier » (UMR
GenHort, Angers)

* Tiffanie Girault (2006-2009) “Etude du photocadir du débourrement chez le rosier”
(UMR SAGAH, Angers)

* Jérémy Clotault (2006-2009) “Caractérisation daliversité génétique chez Daucus carota
par analyse de la variabilité de génes de la veididsynthése des caroténoides » (UMR
GenHort, Angers)

* Virginie Boucher (2006-2009) “Analyse fonctionfeelde protéines de stress de type LEA
(Late Embryogenic Abundant) impliquées dans lar&wiée a la dessiccation et I'aptitude a la
conservation chez la légumineuse modééalicagotruncatula(UMR PMS, Angers)

J'ai participé a un concours de recrutement INRAurpan profil de TR « Biologie
moléculaire » dans notre équipe. A 'automne 2@d3erai membre d’un jury de recrutement
d’'un maitre de conférences a Agrocampus Ouestdsifeennes).

5.5. Responsabilité collective

Au sein de 'UMR GenHort, j'étais animateur du gpe de biologie moléculaire dans
le cadre de la démarche AQR (15 personnes). Cepgrgere les activités collectives du
groupe BM. J'ai ainsi supervisé la rénovation dabofatoires de biologie moléculaire
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(création d’'un nouveau laboratoire dédié au géraggp, la mise en place d'un systéme de
protection des échantillons a -80°C. Ce groupe gerebudget annuel de 20000€ (achat
consommables et matériels). Au sein de I'IRHS, gatioue & animer ce groupe pour le
batiment B.

J'ai été animateur du comité éditorial de 'TUMRMBort. L'objectif de ce comité est
de favoriser les publications de I'unité au niveaalitatif et quantitatif (réalisation de groupe
de travail sur une publication, analyse biblionttte des publications de 'UMR). Ce comité
n’'a pas été maintenu au sein de 'IRHS. Entre 20@609, j'ai été membre élu du conseil de
service de 'UMR GenHort.

Au niveau du centre INRA Angers-Nantes, entre 2602011, jai été membre du
comité éditorial de la revue scientifique (Ad Liien, 4 revues par arhitp://www.angers-
nantes.inra.fr/le_centre_inra_angers_nantes/agkditt_lettre scientifigye

Depuis 2011, je suis membre élu du conseil sdigné du département de génétique
et amélioration des plantes de 'INRA. Je suis @gaint membre de commission recherche
de la CGT-INRA.

5.6. Liste des travaux encadrés

Remay, A. (2009) Bases moléculaires de la floraisbez le rosier Thése de doctorat de
'université d’Angers (soutenue le 17 septembre300

Emilie Araou (2011) Diversité génétique et origole la remontée de floraison chez le rosier
(Rapport de stage M2, Rech BioVigPa, AgrocampussQuéentre d’Angers), Co-
encadrement avec Vanessa Soufflet-Freslon

Youness Toualbia (2011) Etude fonctionnelle du géeda remontée de floraison chez le
rosier (Rapport de stage M2, Rech BioVigPa, AgrocampussQueentre d’Angers),
Co-encadrement avec Marie Randoux

Perrote, J. (2010) Contribution a I'étude du géadadremontée de floraison chez le rosier
(Rapport de stage M2 Rech BioVigPa, Agrocampus Quesntre d’Angers), Co-
encadrement avec Laurence Hibrand-Saint Oyant.

Vasseur, F. (2009) Etude du réle des génes dei¢ades gibbérellines dans le contrdle de la
remontée de floraison du rosier (Rapport de sta@eRdch BioVigPa, Agrocampus
Ouest, Centre de Rennes)

Mozar, M. (2009) Analyse du polymorphisme de typdPSet Indels chez une espéce
polyploide hétérozygote le rosier (Rapport de Stdde Pro Bio-Informatique,
Université Nantes). Co-encadrement avec Sylvaitigsaiet Alix Pernet.

Harpin, S. (2008) Etude des effets des gibérellsugde contrble de la floraison chez le rosier
(Rapport de stage M2, Université de Rennes, AgrpaanOuest), Co-encadrement
avec Arnaud Remay

Delerue, T. (2008) «Mise en place d’'une chaineraiéeetment pour la détection des SNP et
Indel (Raport de stage M2 Pro Bioinformatique, \é#nsité Paul Sabatier, Toulouse).
Co-encadrement avec Sylvain Gaillard et Alix Pernet

Fabien Lecouviour (2007) « Implication des genetadeie des gibérellines dans le controle
de la floraison chez le rosier » (Rapport de std@e Université Paris-Suc, INA-PG,
ENS ULM et Cachan)

Christophe Corre (2005) « Recherche de genes asdichpliqués dans le contrble de la
floraison chez le rosier : Etude de leur expresp@nRT-PCR et hybridatiom situ »
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Master 2 Recherche Génétique, Adaptation et Pramhscvégétales, Université Rennes
I

Vanessa Freslon (2004) « Implication des genes daniille MADS-box dans le contréle de
la remontance et de la duplicature chez le rosiddRA Altération des systemes
biologiques, Université d’Angers

Cecile Bayle (2003) « Approche gene-candidat p&tude de la remontance chez le rosier :
étude moléculaire de génes impliqués dans la réipredlorale » Maitrise Université
Paris XI.

Juliette Courtiade (2002) « Cartographie et caresetion de genes impliqués dans le contréle
de l'initiation florale chez le pois » FCIL Marqueet typage génétique”, Gif / Yvette.

Erika Bullier (2001) “ Etude de génes potentiell@manpliqués dans la ramification chez
Pisum sativunL. ”. DEA. Confidentiel. DEA Physiologie Cellul@ret Moléculaire des
Plantes
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6. Prospective : Projet de recherche

Le projet de recherche que je propose de menep@@gsur les résultats et les ressources que
nous avons développés depuis plusieurs années msiér. Il s’agira deomprendre le role

des génes de la famill@FL1 / FT lors du développement du rosiempar une approche
pluridisciplinaire en s’intéressant plus particulierement a la fkai (date et remontée de
floraison) et a I'architecture.

De plus, la réalisation de ce projet nécessite deeldppement d’outils de génomique.
L’équipe a été impliguée dans le développement di@rehtes ressources (marqueurs
géneétiques, carte géenétique, EST). Aujourd’hui njewe majeur pour la génomique du rosier
estl'obtention de la séquence du génome de rosjeressource nécessaire pour lancer des
projets de génomique ambitieux, projets dans ldsdéguipe que janime a toute sa place.

6.1. Role du géne ROKSN dans la saisonnalité de flo  raison chez
le rosier.

6.1.1. Laremontée de floraison est un caractere complexe.

La floraison a été principalement étudiée chezplastes monocarpiques (telles que
Arabidopsis le mais ou le pois). Récemment, différentes &tume été publiées concernant
limplication de différents génes dans le contrdiela floraison des plantes polycarpiques :
Arabis alpina(Wang et al., 2009; Wang et al., 201Lplium perenng(MacMillan et al.,
2005), la tomate (Pnueli et al., 1998; Lifschitzakt 2006), le peuplier (B6hlenius et al.,
2006; Hsu et al., 2006; Mohamed et al., 2010; Hsal.e2011) ou le fraisier (Koskela et al.,
2012). Du fait des données et des ressources didgesnle rosier pourrait étre un modéle
pour étudier la floraison chez les plantes polycams, et plus particuliérement la
saisonnalité de floraison.

Chez le rosier différents modes de floraison erxist Les rosiers sauvages sont
principalement non remontants (NR), ils présentard floraison uniguement au printemps.
Cette floraison est sous le contréle de facteuxsr@mementaux (froid, photopériode). De
plus les rosiers NR présentent une phase juvénile.

Certains rosiers ont la capacité de fleurir plusefois une méme année, rosiers
remontants (R). Parmi les rosiers remontants, stindue les rosiers a floraison continue, qui
fleurissent tant que les conditions environnemestasont favorables (figure 11a). La
floraison continue est sous le controle d'un régeas floral, ROKSN,homologue deTFL1
(lwata et al., 2012). Cette floraison continue plegue par l'insertion d’'un rétrotransposon
dans le gen®oKSN Cette mutation serait récessive et doit étrétati’homozygote pour que
le caractére floraison continue s’exprime. Lesewssh floraison continue seraient originaires
de Chine et auraient été introduits en Europe alllXVsiécle.

D’autres rosiers remontants (tels que certainggtés deR. damascena, R. moschata
R. rugosaou les mutants de type Climbing) refleurissent smmaellement et faiblement
principalement en automne (Figure 11a). Les mutdatype ‘Climbing’ présentent un allele
avec uniqguement un élément LTR (Long Terminal Rgpmaniveau du gene€SN Cet allele
serait d0 & une recombinaison du rétro-transposaatd et al., 2012). Cet alléle hypomorphe
ne permettrait pas une restauration compléte dungiipge. De plus, régulierement nous
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observons une faible remontée de floraison (deuxiffonaison a I'automne) chez un hybride
deR. wichuranaqui est hétérozygote pour le gé8N: un allele sauvage et un alléle avec le
rétro-transposon (résultats non publiés). L'alt&piane serait donc pas totalement récessif.

La remontée de floraison du rosier est donc uactare quantitatif complexe. Nous
avons mis en évidence un géne contrélant la flomaontinue (perte de fonction du géne
KSN. De nombreuses questions persistent concernamgléation de ce géne et son rble
dans le contréle de la floraison, et du développgna@si que son histoire au cours de la
sélection du rosier, I'implication d’autres genemssl la remontée de floraison. Le projet que
je propose de développer a pour objectif de congjpecte réle deKSN dans la floraison du
rosier et plus largement lors du développement al’plante polycarpique ligneuse en
'abordant par différentes approches:

6.1.2. Quelle est la régulation du géne RoKSN au coursldesaison par les facteurs
internes et externes.
Chez les rosiers non-remontants, nous avons maqueKSN est réprimé au
printemps (condition de floraison) et fortement xy@ plus tard (absence de floraison).
Quels sont les facteurs (internes et environnemahtgui contrdlent 'expression déSN?

- Cette étude de la régulation K8N passe paune connaissance précise de I'expression
spatio-temporelle du géne Pour cela, une étude sera réalisée par hybridatiositu
(collaboration avec Annick Dubois, ENS Lyon) et qgdétée par une immuno-localisation de
la protéine (travail de thése de M. Randoux). Eetéffa été montré che&rabidopsis que la
protéine pouvaient migrer au sein du méristéme {{Gonl Bradley, 2007).

- Importance de la voie des GANous avons montré que le géReKSNest régulé au
niveau transcriptionnel par les GA, et que cettgullaion expliquait l'inhibition de la
floraison par les GA au printemps chez les rogiensontants (Figure 12, (Randoux et al., in
press)). Cette étude sera poursuivie par: (i) yaealdes élémentsis responsables de
l'induction par les GA (caractérisation du promajewet (ii) caractérisation des éléments
trans (simple hybride). Toutefois, la régulation BReKSNpar les GA ne représente surement
pas l'unique régulation d®oKSN.Il semble que l'absence de refloraison ne puisse ét
uniquement expliquer par une régulationREKSNpar les GA (Randoux et al., in press)

- Importance des facteurs environnementaux (froid, phtopériode). Les rosiers
remontants sont auto-inductibles, ils n'ont pasolres’'un contréle environnemental pour
fleurir, contrairement aux rosiers non-remontants gont sous contrdle de facteurs
environnementaux (Havely, 1972; Foucher et al.,8200a vernalisation serait nécessaire
pour la floraison des rosiers non remontants. Eat efune vernalisation artificielle », en été,
permet une refloraison des rosiers non remontasiuliats non publiés du laboratoire). |l
s’agira de préciser I'effet de ce processus sfibtaison et sur I'expression du geReKSN
Une hypothése qui sera testée est I'interactiosiplesentre les facteurs environnementaux et
les GA. Il a été montré chdzolium perenneque la perception des GA dépendait de la
vernalisation (MacMillan et al., 2005).

6.1.3. Quel est le mode d’action du répresseur flor —al ?

Le mode d’action des répresseurs floraux de Tyflel est peu connu. Il a été montré
gque FT (FLOWERING LOCUS T), un activateur floral tee méme famille que TFL1
(Bradley et al., 1997; Ratcliffe et al., 1998), estrégulateur d’'un facteur de transcription de
type B-ZIP, FD (FLOWERING LOCUS D). FT interagit avec FD cette interaction permet
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I'induction des génes d’'identité flordlLEAFY et APETAL1(Abe et al., 2005). TFL1 a une
activité répressive qui nécessite la présence déHanano and Goto, 2011). Une hypothese
serait que TFL1 interagirait avec FD et empéchesaih activation (répression de la
floraison). Ainsi I'activité antagoniste de FT &t1 pourrait s’expliquer par une compétition
de FT et TFL1 vis-a-vis de FD (Ahn et al., 2006).

Chez le rosier, nous avons montré qu’au printefapport exogene de GA bloque la
floraison via I'induction deROKSN.On observe toujours une induction BeFT, mais une
inhibition complete déRoLFY (Résultats These Marie Randoux). AiRsKSNbloquerait la
floraison en aval de l'induction deoFT. Une hypothése intéressante pour expliquer cette
inhibition serait la compétition de RoFT et RoKSK-a-vis de RoFD. Par double hybride,
ROKSN et RoFT interagissent avec RoFD. Nous avaislé par la technique de FLIM-
FRET une compétition entre ROKSN et RoOFT vis-adasRoFD (Travail de these de Marie
Randoux, non publié). Il s’agit maintenant d’étudleffet de cette compétition sur la
floraison. Pour cela, I'activation des cibles dunptexe ROKSN/RoFT/RoFD est en cours
d’étude.

6.1.4. Quelle est la fonction du gene ROKSN dans le contrdle de la

floraison ?

La fonction du gen®oKSNsera validée par transgénése chez le rosier. lidatiah
sera réalisée par I'extinction du géne par RNAizctes rosiers NR, qui devraient présenter
une floraison continue. Comme aucun protocole desformation génétique de rosier NR
n’'est disponible (Debener and Hibrand-Saint Oy&M)9), un protocole est en cours de
développement au sein de I'équipe. L'étude de ta#gs permettra de mieux comprendre la
fonction deRoKSNdans le contréle de la floraison et son implicatians d’autres processus
de développement (voir 6.1.2).

6.1.5. D’autres genes interviennent-il dans le cont rble de la remontée de
floraison ? Existe-t-il un effet dose de lallele ROKSN sur le caractére
quantitatif de la remontée de floraison.

Des facteurs génétigues pourraient également vanier dans le contrble de
'expression du gene et ainsi du caractere. Ent, effertaines plantes hétérozygotes pour
RoKSN(diploides ou tétraploides présentant I'alléle amesans le rétransposon) présentent
une remontée de floraison faible (données non @ek)i Ce phénotype pourrait s’expliquer
par d’autres loci contrdlant la remontée de flavaisu par un effet-dose au lodeeKSN Le
déterminisme génétique de la remontée de florassva abordé a partir de deux approches
dans le cadre du projet SIFLOR. Nous recherchenarigen entre le polymorphisme de géenes
impliqués dans le contr6le de la floraison (dBWKSN et la remontée de floraison par une
approche de génétique d’association sur une cialfede rosier sélectionnée au XIXsiécle
(échantillon de 150 cultivars). Cette approche di¢yrermettre également de valider par une
autre approche I'implication de@oKSNdans le contrble de la remontée de floraison.eCett
collection sera également une ressource intéresgentr aborder I'effet dose du fait de la
variation du niveau du ploidie et du nombre de espie l'allele portantopia Nous
rechercherons une corrélation entre le nombre geé ate I'allelecopia et I'expression du
phénotype.

De plus une descendance F2 diploide, issus doisetnent frére/sceur, sera analysée
pour la recherche de QTL liés a la remontée daifion. Cette population ségrégeant pour la
remontée de floraison sera phénotypée et génotgypee des SSR et des genes de fonction
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connue impliquée dans le contrble de la floraidantravail sur cette population permettra
d’évaluer l'effet de dominance et I'effet dose dbférents alléles au locuBOKSN Cette
étude sera complétée par une analyse de l'accuonuldes transcritlRoKSNau sein des
descendants.

6.1.6. Quelle est 'origine de la remontée de flora  ison chez le rosier ?

La floraison continue aurait été introduite au MV1° siécle a partir de variétés
cultivées chinoises, puis introgressée dans lagreosuropéens pour donner naissance aux
roses modernes (hybrides de Thé). Toutefois désrsagiblement remontants existaient déja
en Europe (typdR. damascena Quatre saisonseu R. moschatapu en Asie R. rugosa
Ces rosiers peuvent refleurir une deuxieme fois phwmdivement dans la saison. Il existerait
ainsi plusieurs origines possibles. Cette appras#ra menée avec les autres membres de
I'équipe travaillant sur la diversité du rosierifmipalement dans le cadre des projets SIFLOR
et FLORHIGE).

- Quelle est l'origine du géne de la remontée de flison en Asie ?Nous avons montré
gue la floraison continue s’expliquait par I'ingert d’'un rétrotransposon de typepia dans

le geneROKSN A partir de rosiers cultivés anciens et sauvagesois, nous étudierons la
diversité du geneKSN (présence du rétro-transposon et séquencage exumnon). Des
collaborations ont été mise en place pour accéd#gsacollections de rosiers sauvages et
cultivés chinois (Mikinori Ogisu et Hikaru Iwata)a structuration de cette collection sera
évaluée a l'aide de microsatellites. De plus laatiah de I'évenement d'insertion du
rétrotransposon sera réalisée en séquencant lesnigés LTR (Long Terminal Repeat) du
rétrotransposon. Les premiers résultats prélimesafstage M2 Emilie Araou) montrent une
origine chinoise. On retrouve un SNP toujours agsag rétrotransposon, sauf chez les roses
sauvages chinoisesR( chinensisvar spontanea), ce qui laisserait supposer que le
rétrotransposon se serait inséré au sein de cgéee.

- Existe-t-il d’autres origines de la remontée de draison ? L’expression du caractére
remontée de floraison est variable selon les all@gistence d’alléles hypomorphes, tels que
l'alleéle avec le LTR). L'analyse de la séquenceK@N chezR. moschata permis de mettre
en évidence des SNPs non synonymes pouvant affetévité de la protéine (Stage M2,
Emilie Araou). Ces nouveaux alléles d’origine ed@®pne pourraient étre responsables de la
remontée observée. L'objectif sera de comprendmanuent ces alleles nouvellement
identifies peuvent influencer la remontée de flapai: validation fonctionnelle
(complémentation des mutanfil d’Arabidopsis), étude de I'expression du géneawrs de

la floraison chez les génotypes, étude génétigums@mentR. moschataavec un rosier a
floraison continue), importance de ces alléles@ausde la sélection.

6.1.7. Diversité et sélection du gene de laremonté e de floraison.

La floraison continue aurait été sélectionnée @m€ L'’introduction se serait faite
progressivement dans différents groupes horticilessette, Bourbon, Portland, Thé) pour
arriver aux roses modernes remontantes (Hybridehdg. Il s’agira d’étudier la diversité du
geneRoKSNau cours de la sélection des roses ancienneséamopsR. gallica, Ralba, R.
damascena, R. centifo)iat des différents groupes horticoles (NoisetteyurBon, Portland,
Thé et hybride de Thé) et de rechercher des trdeeselection au cours du processus de
sélection (Autres approches développées dans jet [3-LOR).
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Ce projet d’étude de la sélection du gene dertoreée de floraison s’inscrit dans un
projet pluridisciplinaire avec les historiens. Cmjpt (FLORHIGE) vise a identifier les
facteurs de réussite de linnovation en hortic@ltuornementale par une démarche
interdisciplinaire génétique et historique portant la sélection des rosiers aux XVI#t
XIX® siécles, dates clé de la sélection du rosier emdeu Ce projet comprend un axe
géneétique qui vise a rechercher des signaturegldetion et identifier les bases génétiques
d’intéréts (par une approche génétique d’assodptor une collection de rosiers anciens. Ce
projet s’intéressera a la remontée de floraisons @uassi aux autres caracteres qui auraient pu
étre sélectionnés au cours de cette période. Urhiak@rique visera a retracer la complexité
des processus, évenements, connaissances et @stigili ont influenceé la création variétale
en les replacant dans le contexte de I'époque. Ulne aaxe analysera I'impact de la
constitution des collections (roseraies) sur latoé variétale et sur la conservation de la
diversité des rosiers. Les données génétiquestearrigiues seront confrontées tout au long du
projet pour aboutir a la constitution des échagl génétique et a une compréhension des
processus d’innovation. Ce projet (270 k€), quegerdonne, est financé par la région Pays
de la Loire dans le cadre d’'un appel d'offre ‘patsentifiques’. Il regroupe I'équipe GDO,
des chercheurs du CERIO (Centre de Recherche ¢mirdide I'Ouest, Université d’Angers /
CNRS), du centre Francois Viete d’épistémologid’kistoire des sciences et des techniques
(Université de Nantes), I'équipe d'étude du polypiosme des génomes végétaux (EPGV,
INRA, Evry) et différentes roseraies : Roseraie henti (Rosier sur Loire, 49), Roseraie de la
Cour de Commer (Commer, 53), Roseraie de la Baaujbiantes, 44) et Roseraie du Val de
Marne (Hay les Roses, 94).

6.2. KSN et le développement du rosier

6.2.1. Roéle des genes TFL1/FT dans le développement des plantes.

Le rble des genesT/TFL1 a été démontré pour de nombreuses espéeces
monocarpiques et polycarpiques dans le contréléadoraison en tant qu’activateurs et
répresseurs floraux respectivement. Toutefois, i&t& montré chez la betterave qu’un
homologue de FT était un répresseur floral et veteait lors de la vernalisation (Pin et al.,
2010). De méme chez le tabac, trois génes sinslaiFd ont une activité répressive (Harig et
al., 2012). Récemment, chéagabidopsis le geneFT a été montré jouer un role dans la
regulation de l'ouverture des stomates via l'adiora d’'une H+ ATPase (Kinoshita et al.,
2011).

Les études réalisées chez les plantes polycapiqué permis de proposer de
nouvelles fonctions, non plus uniqguement dans Iatrote de la floraison, mais plus
généralement au cours du développement de la plERLL/FT contrbleraient la durée de la
phase végétative chez le peuplier (Béhlenius e@0D6) ou chez le pommier (Kotoda et al.,
2010; Trankner et al., 2010). Chez le peuplierrala a également été proposé au cours du
débourrement (Rinne et al., 2011) et de I'entréda@mance (Béhlenius et al., 2006; Ruonala
et al., 2008). Chez la tomate, le ratio FT/THhferviendrait dans le controle de différents
processus du développement, les auteurs allanu’ausggrler d’'une nouvelle hormone
végétale (Shalit et al., 2009). Dans la méme famlk geneBFT interviendrait lors de la
germination chez le blé (Nakamura et al., 2011)mazle d’action de cette famille de génes
est encore inconnu en dehors de la floraison éinderaction avec la protéine FD. Toutefois,
des approches de double hybrides chez la tomate pobmmier ont permis de montrer
l'interaction avec des facteurs de transcription pourraient réguler l'architecture de la
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plante (Pnueli et al., 2001; Mimida et al., 2014issant supposer un role plus général de cette
famille de genes comme régulateur positif ou nédatfacteurs de transcription.

6.2.2. TFL1 / FT chez le rosier.

Chez le rosier, les genes de la familleL1/FT pourraient également intervenir au
cours du développement. Les mutakss (plante a floraison continue) n'ont pas de phase
juvénile et leur architecture est fortement modifiévata et al., 2012). De plus, nous avons
montré que des QTLs contrélant des caractérestactinaux (Kawamura et al., 2011) et
stage M2 de Hanae Roman) colocalisent avec des gienka familleTFL1 / FT (KSN, RoFT
et RoTFL1)ainsi que le genRoFD (Figure 13). Les genes de la famillEL1/FT pourraient
intervenir dans le contrdle de la floraison et dengeveloppement des plantes.

Je propose d’approfondir cette analyse pour meamprendre le réle de cette famille
de géenes dans le développement du rosier. Le sgagerdu rosier permettra d’avoir une
vision claire des génes de cette famille. Une étedkeur expression dans différents tissus et
au cours du développement permettra de préciser femction possible. L'analyse du
phénotype des plantes transgéniques (RRAKSN permettra de préciser la fonction de
ROKSN au cours du développement de la plante. Par desocpes géneétiques et
moléculaires, l'interaction / compétition entre ciférents génes (et leurs différents alléles)
sera étudiée ainsi que I'impact sur le développémes plantes.

De plus,RoKSNest sous le contrle des GA. Des résultats pnétimés montrent une
régulation possible du géne par les sucres. Chgelglier, les homologues dd-L1/FT
interviendraient lors du débourrement et de I'ené dormance (Ruonala et al., 2008; Rinne
et al., 2011). L’équipe ArchE de I'IRHS s’intéresse débourrement chez le rosier. lls ont
montré l'importance de la lumiére et des sucressdee processus. Récemment, en
collaboration, nous avons abordé le réle des GA darprocessus (Choubane et al., 2012). Il
serait intéressant de voir I'implication possib&ERbKSN(ou de son paraloglRoTFL) dans
ce processus et de son contréle par les GA eutges

6.3. Le séquencage du génome de la rose

Je me suis engagé activement depuis plusieuresmudir promouvoir la génomique
du rosier. Cette action a été menée au niveau nati@GGroupe National Rose avec le
développement de différentes ressources : EST, Affgmetrix) et au niveau international
(Organisation ¥ réunion sur la génomique du rosier, membre du atinsn international
pour le séquencage du rosier). Aujourd’hui Angesisreconnu internationalement pour ses
études et ressources sur la génétique et la génendq rosier. Ainsi dans le cadre du
consortium international, les équipes francaises Eaders pour le séquencage du génome.
Le projet est porté par Mohammed Bendhamane (EN&np)Let moi-méme. En lien avec le
consortium, une stratégie a été définie pour leiségage.

6.3.1. Choix d’un génotype de référence : ‘Old Blus  h’

Le génotype ‘Old Blush’ a été choisi comme génetyge référence par la
communauté international. Il s’agit d'un génotypgl@ide sur lequel de nombreuses équipes
(dont I'ensemble des équipes francaises) travaillddifférentes ressources ont été
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développées sur cette variété. Nous avons partat@ms le cadre d'un projet national a la
production d’EST (résultats en cours de publicatidriéquipe lyonnaise a développé un
protocole de transformation (Vergne et al.,, 201D¢ plus ce génotype a joué un rble
important dans la sélection du rosier (introductienla remontée de floraison et du parfum
rose de Thé). Toutefois ce rosier (comme la plugast roses) est fortement hétérozygote.
L’hétérozygotie a été estimée a plus de 80% ad'aithrqueurs microsatellites (D. Byrne,
communication personnelle). Ainsi I'un des challesigoncernant le séquencage du génome
de rosier sera de résoudre ce probleme d’hétértieygo combinant des approches de
séquencage et de cartographie.

6.3.2. Obtention d'une carte génétigue haute densit € pour ancrer la
séquence.

Cette carte sera développée a partir du matédel rpus avons produit a Angers
(croisement entre ‘Old Blush’ &. x wichurang. Cette descendance comprend plus de 300
individus. La carte « haute densité » sera dévélepgur 96 descendants. Cette ressource
permettra d’ancrer rapidement le génome sur urte ganétique. A partir de cette carte haute
densité, l'objectif est de sélectionner 10 génatyprii maximisent les événements de
recombinaison (stratégie de bin-mapping) et de es@opr en profondeur ces 10 individus.
Cette technique devrait permettre de résoudrertdsigmes liés a I'hétérozygotie, de résoudre
les haplotypes et de faciliter I'assemblage (sobgs

De plus il s’agira d’'une population de référenceiples études en génétique sur le
rosier. Elle a ainsi été choisie dans le cadre dpupjet européen (Rosa2Genome,
International Training Network) comme populationtoevail par une dizaine de laboratoires
européens pour étudier le déterminisme génétiquenatabreux caracteres (floraison,
architecture, stress biotiques et abiotiques). GgpITN est en cours d’évaluation.

6.3.3. Développement d’haploides de ‘Old Blush’

En parallele de I'approche génétique, nous avoésidd de développer deux
techniques différentes pour obtenir un haploid&dieé Blush’. Cet haploide pourrait étre une
solution pour résoudre les problémes d’assemblagellihétérozygotie de ‘Old Blush’. Nous
avons choisi d’'utiliser une technique mise au ppeat 'INRA de Fréjus. Les haploides sont
obtenus par parthénogenése induite en utilisanpallen irradié (Meynet et al., 1994). En
parallele, 'obtention d’haploides sera tentée @ipde culture de micropores de rosier suivi
de régénération. Ces approches longues et incestaont en cours et pourraient permettre de
résoudre les obstacles rencontrés.

6.3.4. Séquencage et assemblage de ‘Old Blush’

Le séquencage est en cours de réalisation par te@osGeépe qui réalisera un premiéer
assemblage (résultat attendu fin 2012). En foncten difficultés rencontrées, il pourra
s’appuyer sur la carte haute densité (voir poiic@dent). L'annotation sera réalisée par
'URGI (Versailles) et le LIPM (Toulouse). Pour liaotation nous pourrons nous appuyer sur
les EST que nous avons développés précédemment.

Le séquencage du génome permettra de faire pemgréses connaissances dans
différents domaines comme l'identification des lsaswléculaires de caracteres ornementaux
importants, l'analyse de la diversité et de I'évmn des génomes ou la génomique
comparative (au sein de la famille de@esaceag Il permettra de développer de nouveaux
outils pour faciliter le génotypage (puce ADN) ¢tude du transcriptome (puce, RNA Seq).
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La recherche de géne-candidat colocalisant aveQTds sera facilitée. Dans le cadre du
projet ITN (Rosa2Genome), un effort important a kalisé pour associer les entreprises
privées au projet et mettre en place des formapoos permettre a ces entreprises d'intégrer

les retombées issues du séquencage dans leurprogrde sélection.
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7. Réflexion générale sur le dipldome de «I'Habilit ation a
Diriger des Recherche » (HDR).

Un peu d’histoire...

L’habilitation a diriger des recherches (HDR) & étéée en application de la loi du 26
janvier 1984 sur I'enseignement supérieur. Ceita té modifiée par un arrété ministériel du
23 novembre 1988. Cet arrété donne le cadre deR'léDde sa délivrance. Il a été explicité
par une circulaire (89-004) du 5 janvier 1989 (RABD-5). Il n'est pas clair dans les textes,
mais il semble que I'HDR ait été créé pour succétedoctorat d’Etat.

Qu’est ce que 'HDR ?

L’article 1 stipule: <« ’habilitation a diriger des recherche sanctionna |
reconnaissance du haut niveau scientifique du daididu caractére original de sa
démarche dans un domaine de la science, de sotudgtia maitriser une activité de
recherche dans un domaine scientifigue ou techmpleg suffisamment large et de sa
capacité a encadrer des jeunes chercheurs. Ellempenotamment d’étre candidat a I'acces
au corps des professeurs des universitésa circulaire précise kKHDR est un dipldme dont
la finalité essentielle, sinon exclusive, est dargdtre I'accés au corps des professeurs des
universités». Il est a noter que dans certaines disciplingsd{fjues, politiques, économiques
et de gestion) il existe certaines dispositionsrgpe la soutenance de la these et de 'HDR
aient lieu en méme temps.

Y-a-t-il un équivalent ailleurs de 'HDR ?

Alors que dans le systeme anglo-saxon la thesée ediplome universitaire le plus
élevé, on retrouve en Europe un systeme qui seracpg de I'HDR, il s’agit du
‘Privatdozent(PD, que I'on peut traduite par ‘enseignant priv€D est un titre de tradition
allemande et qui permet aux personnes qui n‘ontlpasoste (de chaire) de pouvoir enseigner
a l'université sans étre payé. C’est souvent ue tiiecessaire pour avoir un poste (source
Wikipédia). Ce systéme se retrouve dans de nomipayx européens. La mise en place de ce
statut de ‘Privatdozent’ au XIXe siécle allait arém « prolétariat académique » selon les
termes de E. Durkheim, « une forme de misére detst@doublée d'une misere matérielle
considérable, au moins en ce qui concerne lesvatédzenten » issus de milieux sociaux non
privilégiés (Busch, 1963; Schultheis, 2000). Cexas’interrogent apres la défaite de 1870 de
importance de ce systeme dans la réussite degrsiies allemandes et de facon générale du
succes de I'Allemagne. Ce systéme existe encoreéueope. On le retrouve ainsi dans des
universités suisses. Il permet d’enseigner a l'ersié sans avoir de poste, mais maintenant
avec un salaire !

L’HDR en débat ?

Aujourd’hui, l'opportunité de maintenir ce systéme France se pose. On remarque
gue I'HDR existe principalement pour I'accés aupsode professeur de l'université et de
'enseignement supérieur agronomique. Ce systearediis, souvent inconnu des étrangers
ou peu accessible aux expatriés, est donc uneslarliintégration de certaines personnes aux
corps des professeurs. De plus on peut s’interregere doublon que sont 'HDR et les
gualifications par le CNU (Comité National des Unsités). Ne serait-il pas plus simple de
maintenir uniquement le systéme des qualificatibis rapport d’'un sénateur écrivait méme
sur I'HDR «les commissions de spécialistes lorsligs doivent procéder au recrutement
d’'un professeur, examinent la liste de ses travatiy,trouvent des criteres d’évaluation qui
rendent superflu le passage de I'HDR ».
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L'HDR est I'occasion de faire le point sur sonidté passée et future. En ce qui
concerne les chercheurs de I'INRA, ce travail a liggulierement dans le cadre des
évaluations des chercheurs par les CSS (CommissienSpécialistes Scientifiques). Une
évaluation approfondie a lieu tous les 2 ans pesidR2 et tous les 4 ans pour les CR1. Cette
évaluation est aussi I'occasion de faire le point’avoir un avis sur son projet et sur son
orientation.

De plus n'y-t-il pas une contradiction a devoirosvI’lHDR pour encadrer un
doctorant, et devoir avoir déja encadré un doctgraar soutenir son HDR. En quoi un jeune
CR ou maitre de conférences est-il moins a mémacddrer un doctorant ? De plus,
aujourd’hui des garde-fous existent comme les a@mnite thése qui permettent (parfois a
minima) de palier des encadrements déficientsastn@cessairement des encadrements par
des jeunes chercheurs sans HDR. De méme, est-omewtaplus sdr qu’'un encadrement par
un chercheur avec une HDR se passsera mieux gs€ san

Concernant I'encadrement, on peut noter une prigosssue des réflexions qui ont
eu lieu dans le monde de la recherche en 2003 entijdébouché sur les assises de Grenoble.
Il s’agit de la mise en place d’'une HDR a poinif $BIPR, « I'habilitation a point a diriger
des recherches ». On obtient 2 points des quedtient un poste permanent, et I'on peut
perdre des points suite a des problemes d’encadtatedhése. Le détail de la proposition est
en ligne ( http://fgimello.free.fr/CV-Bio-Liens/HRRm). Cette proposition originale pourrait
étre rediscutée lors des assises de la recherclatjieu actuellement.

L’HDR est nécessaire pour devenir Professeur degelsités. Si nous reprenons les
termes de l'article 1, 'HDR « reconnait le hauveau scientifique du candidat », il n'y est
pas fait référence aux qualités d’enseignant. Elenddgne, jusqu’en 2002 pour devenir
professeur, enseignement et recherche étaieneprcompte : le travail scientifique via une
habilitation (‘Kumulative Habilitation’) et la capdé a enseigner (évaluer par les cours a
luniversité et I'encadrement des étudiants). Si dandidat n'a pas d’expérience en
enseignement, il doit faire des cours devant dediatts et des membres de l'université. Ce
systeme pourrait globalement étre comparé aux fopadions francaises. Ensuite le candidat
présente un sujet devant un comité (Habilitatiortsag). Aprés délibération, le comité donne
l'autorisation d’enseigner et la discipline (vemégendi), il donne également I'habilitation
pour la recherche. Depuis 2002, I'habilitation hglsis nécessaire, mais les jeunes chercheurs
continuent majoritairement a la passer (Source:TRomas Debener, University of
Hannover).

L’ensemble de ces éléments dressent un tableaa esafus concernant 'HDR et sa
place dans le systéme de recherche et d’enseighdraegais (voire européen). On peut
légitiment s’interroger aujourd’hui sur le maintida ce dipldme. Il est 'occasion de faire un
point sur sa carriere et d’avoir un regard critigue son travail ; finalement peut-étre est-ce
déja suffisant ?
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Abstract

The role of gibberellins (GAs) during floral induction has been widely studied in the annual plant Arabidopsis thaliana.
Less is known about this control in perennials. It is thought that GA is a major regulator of flowering in rose. In spring,
low GA content may be necessary for floral initiation. GA inhibited flowering in once-flowering roses, whereas GA
did not block blooming in continuous-flowering roses. Recently, RoOKSN, a homologue of TFL1, was shown to control
continuous flowering. The loss of RoKSN function led to continuous flowering behaviour. The objective of this study
was to understand the molecular control of flowering by GA and the involvement of RoKSN in this inhibition. In once-
flowering rose, the exogenous application of GA; in spring inhibited floral initiation. Application of GA; during a short
period of 1 month, corresponding to the floral transition, was sufficient to inhibit flowering. At the molecular level,
RoKSN transcripts were accumulated after GA; treatment. In spring, this accumulation is correlated with floral inhibi-
tion. Other floral genes such as RoFT, RoSOC1, and RoAP1 were repressed in a RoKSN-dependent pathway, whereas
RoLFY and RoFD repression was RoKSN independent. The RoKSN promoter contained GA-responsive cis-elements,
whose deletion suppressed the response to GA in a heterologous system. In summer, once-flowering roses did not
flower even after exogenous application of a GA synthesis inhibitor that failed to repress RoKSN. A model is presented
for the GA inhibition of flowering in spring mediated by the induction of RoKSN. In summer, factors other than GA may
control RoKSN.

Key words: Floral initiation, floral repressor, gibberellins, PEBP family, polycarpic plants, rose.

Introduction

Gibberellins (GAs), important plant growth regulators, are active in plants. The floral transition from vegetative growth to
involved in different aspects of plant development such as flowering is an important period in the life of a plant. In long-
growth promotion, seed dormancy, floral initiation, and develop- day (LD) monocarpic plants, it was reported that GA is a floral
ment (Fleet and Sun, 2005). GAs are cyclic diterpenoid mole-  stimulus and could be substituted for LDs (Lang, 1965) whereas,
cules, with GA |, GA;, GA,, and GA; being the most biologically  in most woody plants, GA inhibits flowering (Zeevaart, 1976).

Abbreviations: CF, continuous flowering; DAB, days after the beginning of treatment; GA, gibberellin; OF, once-flowering; PCB, paclobutrazol.
© 2012 The Author(s).
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For example, GA activates flowering in Arabidopsis thaliana,
whereas it represses flowering in woody fruit trees (Wilkie et al.,
2008).

The molecular basis of floral transition and, particularly, the
response to GA, was elucidated in the model plant A. thaliana, a
facultative LD vernalization-mediated plant. For this transition to
be successful, Arabidopsis must integrate different endogenous
and environmental signals (reviewed by Srikanth and Smith,
2011). Flowering is controlled by four major genetic pathways:
photoperiod, autonomous, GA, and vernalization. These different
pathways converge to activate the floral integrators, FLOWERING
LOCUS T (FT) and SUPPRESSOR OF CONSTANSI (SOCI),
and to repress FLOWERING LOCUS C (FLC), a floral repressor
involved in the vernalization response (Kim ez a/., 2009). The flo-
ral integrators then activate the meristem identity genes, LEAFY
(LFY) and APETALAI (API), leading to activation of the floral
organ identity genes known as ABCE model genes.

In Arabidopsis, GA was required for flowering under short
days (SDs) and LDs, with a weaker effect under LDs. gal-3,
a GA-deficient mutant due to a mutation in a key GA metabo-
lism gene (Koornneef and van der Veen, 1980), led to a delay
in flowering under LDs and was unable to flower under SDs.
This phenotype was reversed by exogenous application of GA,
(Wilson ef al., 1992). Under SDs, GA, was accumulated in the
shoot apical meristem (SAM) prior to floral transition. GA, may
be synthesized in the leaves and then move to the apex (Eriksson
et al., 2000).

GAs induce flowering through two different pathways. In
leaves, the GA response was F7 dependent. Under LDs, GA acti-
vated CONSTANS (CO) that in turn induced F7 (Hisamatsu and
King, 2008). In the apex, GA acted in an F'7T-independent manner
to induce SOC! and LFY (Hisamatsu and King, 2008). Failure of
the gal-3 mutant to flower under SDs was due to the absence of
up-regulation of the floral integrator SOC/ (Moon et al., 2003)
and the meristem identity gene LFY (Blazquez ef al., 1998). In
gal-3 mutants, SOCI/ was accumulated after exogenous GA,
application under SDs (Moon et al., 2003). GA, regulation of
SOC1 expression could be mediated by the down-regulation of
SHORT VEGETATIVE PHASE (SVP), a floral repressor involved
in the vernalization and ambient temperature pathways (Li ef al.,
2008). The GA effect on LFY expression is mediated by a tran-
scription factor, AtMYB33, which is able to link the GAMYB-
binding site in the LF'Y promoter (Gocal ef al., 2001). AtMYB33
expression corresponds to GA, accumulation in the shoot apex
during floral transition (Gocal ef al., 2001; Eriksson ef al., 2006).

Except for Arabidopsis, few data were available about the
molecular control of flowering by GAs in other species. In Lolium
temulentum, an obligate LD plant, GA activated flowering (Evans
et al., 1990). The leaf GA content increased after LD exposure
with transcriptional regulation of GA biosynthesis genes (Gocal
et al., 1999). GA moves from leaves to the shoot apex where the
increase in GA content corresponds to floral induction (King
et al.,2001). LD treatment can be mimicked by GA application,
especially GA; and GA¢ (Evans et al., 1990; King et al., 2001).
Lolium perenne, a perennial near-relative of L. temulentum,
requires both LDs and vernalization for flowering. LDs activate
GA biosynthesis, which then stimulates the flowering of vernal-
ized plants, whereas non-vernalized plants are unable to respond

to GA for flowering (MacMillan et al., 2005). In grapevine, the
vwGAI mutant, a gene encoding a DELLA protein, a central
repressor of GA signalling, was dwarf, GA-insensitive, and pro-
duced inflorescences along the length of the shoot instead of ten-
drils. GA represses the formation of inflorescences and promotes
the initiation of tendrils (Boss and Thomas, 2002).

Rose is an economically important ornamental crop world-
wide. Flowers represent the major value of roses, and control
of flowering is a major issue. Rose is a perennial woody plant
with different modes of flowering. Once-flowering (OF) roses
have a single annual flowering period, whereas continuous-flow-
ering (CF) roses have the ability to flower continuously during
the season. In rose, the sensitivity of plants to GA was different
between OF and CF roses. Exogenous application of GA inhib-
ited flowering in OF roses and had no effect on flowering in CF
roses (Roberts et al., 1999). GA signalling genes such as GID1, a
GA receptor, are regulated differently between OF and CF roses
(Remay et al., 2009). Furthermore, GA metabolism was involved
in floral initiation. In OF and CF roses, the amount of GA in
shoots before floral initiation was low and increased after floral
initiation (Roberts et al., 1999). This GA content was correlated
with GA metabolism gene regulation during floral transition.
In OF and CF roses, the RoGA20ox gene, encoding an enzyme
involved in GA synthesis, was transiently repressed before flo-
ral initiation. In contrast, the expression of RoGA2o0x, encoding
an enzyme involved in GA inactivation, increased before floral
initiation and decreased later (Remay et al., 2009). Recently, the
gene encoding the continuous flowering locus was shown to cor-
respond to a floral repressor homologue of TFLI, TERMINAL
FLOWERI, and was designated as RoKSN (Iwata et al., 2012).
CF roses had a retrotransposon inserted in the second intron of
RoKSN. The presence of a retrotransposon blocked the transcrip-
tion of RoKSN in CF roses, allowing continuous blooming. In
OF roses, RoKSN is weakly accumulated in spring to permit
blooming. Later in the season, RoKSN transcripts accumulate
and shoots remain vegetative (Iwata et al., 2012).

The objectives of this study were to understand the molecu-
lar control of flowering by GA in rose and to decipher the link
between the continuous flowering gene, RoKSN, a TFL1 homo-
logue, and GA. In this study, it was demonstrated that GA inhib-
ited floral initiation in rose by up-regulating the CF gene at the
transcriptional level. The promoter of RoKSN was further ana-
lysed, and GA-responsive elements were found.

Materials and methods

Plant material

Rosaxwichurana (RW), an OF rose, was obtained from the rose gar-
den, Jardin de Bagatelle (Paris, France). The mutant pair, R. hybrida
‘Félicité et Perpétue’ (FP), an OF rose, and ‘Little White Pet” (LWP),
its CF mutant, were obtained from ‘Loubert Nursery’ (Rosier sur Loire,
France). Plants were cultivated as described (Remay er al., 2009).
Nicotiana benthamiana were maintained in a greenhouse (20 °C, 16h
light), and 6- to 8-week-old plants were used for agroinfiltration.

GA and paclobutrazol treatments on plants

In December, stems were pruned at six internodes and maintained out-
side for vernalization (Fig. 1A). At the beginning of the treatment (end
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of January), plants were placed in a tunnel. Different GA; concentrations
(0, 30, 70, and 140 uM) were sprayed on plants three times a week dur-
ing different periods and for different durations (Fig. 1B). Paclobutrazol
(PCB) treatment (Bonzi®, at 42, 70, or 112 uM) was performed every 2
weeks. After blooming, a new set of plants was used for GA; and PCB
treatments. The inflorescences were removed and growing shoots were
pruned at six nodes. Plants, maintained in a greenhouse, were sprayed
with GA; (30 uM) three times a week for 34 d and with PCB (Bonzi®, at
14, 56, or 112 pM) three times during the experiment [0, 15, and 29 days
after the beginning of treatment (DAB)].

Phenotypic observations

Phenotypic observations were carried out on 10 plants with approxi-
mately five pruned stems, 2 months after the end of the treatment. Data
were gathered from the three new emerging shoots placed on the distal
part of the pruned stem (Fig. 1A). For each new emerging shoot, the
percentage of flowering that represents the ratio between the number of

A)
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flowering shoots and the number of shoots was determined. To calculate
the average internode size, three consecutive internodes placed on the
apical part of the stem were measured. Statistical analyses were done
using the R software, version 2.13.1.

Histological observations

After dissection (removal of leaves), samples were fixed and sections
of 2-3 um were observed under a microscope (Foucher et al., 2008).
Observations were made on four different dates (42, 56, 63, and 70 DAB).

RNA isolation and gene expression analysis

For RNA isolation, the terminal part of the shoot was harvested from
five plants per date and per treatment (Fig. 1 A). Samples were dissected
(removal of expanded leaves and young leaves) and frozen in liquid
nitrogen. Total RNA was isolated using the NucleoSpin® RNA plant
kit (Macherey-Nagel) according to the manufacturer’s instructions.

WA
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1‘ 1‘ 244444 1‘ M A4
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¢ 29 days 3 ‘Early treatment’
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Fig. 1. Management of R.xwichurana (RW) after GA; and PCB treatments. (A) In December, vegetative shoots were pruned at six
nodes. Plants remained outside for vernalization. At the end of January, plants were transferred to a tunnel. New shoots developed

from axillary buds of the previous years. These shoots were mainly terminated by an inflorescence. After floral development, new shoots
grew from the base. Since RW is an OF rose, the shoots remained vegetative. In summer, these shoots were pruned at six nodes and
the fate of new emerging shoots from axillary buds was studied. Under controlled conditions, these shoots remained vegetative. RW
plants were treated with GAz (0, 30, 70, or 140 nM) during vegetative growth and floral initiation between January and March (hatched
boxes). Another set of RWs was treated with GA; (30 uM) and PCB (14, 56, and 112 uM) during vegetative growth between August
and September. Arrows and asterisks indicate the sampling carried out for RNA extraction and histological analysis, respectively. (B)
Experiments with different durations and periods of GA; (30 nM) treatment. In the ‘Late treatment’, the experiment started at different
times and ended at the same time, whereas in the ‘Early treatment’, the experiment started at the same time and ended at different
times. Numbers indicate the days after the beginning of treatment (DAB). Broken lines represent the pruned shoots of the previous
years, large arrows represent new indeterminate growing shoots, and black circles represent axillary buds. Open circles represent
flowers. (This figure is available in colour at JXB online.)
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Elimination of genomic DNA and reverse transcription were performed
using 1 mg of total RNA; real-time PCRs were performed using 3 pl
of reverse transcription product (1/25 dilution), as described by Remay
et al. (2009). The amount of plant RNA in each sample was normalized
using T7CTP and UBC genes (Klie and Debener, 2011), and the relative
expression level was calculated according to Pfaffl (2001), from two
biological replicates and three technical repetitions per replicate.

DNA constructs

The upstream genomic sequence of RoKSN (promoter region) was
obtained using the Genome Walker Universal Kit (Clontech), follow-
ing the manufacturer’s recommendations from genomic DNA libraries
of R. hybrida ‘Knock Out’. Serial nested PCRs were performed using
the described reverse primers (Supplementary Table S1 available at
JXB online) and the forward primers of the kit. A 1200 bp fragment was
amplified and sequenced. Then, using Finnzymes’ Phusion® High fidel-
ity DNA Polymerase (Thermo Fisher Scientific), the promoter region
was amplified from DNA of Rosa chinensis ‘Old Blush’ and cloned
into the pGEM T easy vector (Promega). Next, successive promoter
deletions were performed to obtain fragments of different sizes: 200,
400, 800, and 1200bp. PCR products were cloned using the Gateway®
system (Invitrogen) with TOPO isomerase mix into the pENTR™/D-
TOPO" entry, followed by LR clonase recombination with pKGWFS7
(VIB, Gent, Belgium) (Karimi et al., 2005). The promoter sequence
was fused to a GUS::GFP (f3-glucuronidase::green fluorescent protein)-
coding gene. Constructions were introduced by electroporation in
Agrobacterium tumefaciens EHA105 with the plasmid pbbR.

Transient expression procedure

Agrobacterium tumefaciens C58C1 containing p19 (Voinnet et al., 2003)
and EHA 105 containing the different constructions were grown at 28 °C in
LB medium supplemented with 50mg I"! kanamycin, 50mg 1! rifampicin,
and 100mg 1! gentamicin (only for EHA105) up to the stationary phase.
After centrifugation at 5000 g for 10min, bacteria were resuspended in
Murashige and Skoog (MS) medium supplemented with 5% (w/v) sucrose,
acetosyringone (200 uM), pH 5.6, and with or without GA; (10 uM) to
obtain an optical density (ODg) of 0.4. Two days after agroinfiltration of
6- to 8-week-old N. benthamiana leaves, GFP fluorescence was observed
using a Nikon A1 laser scanning confocal microscope.

Sequence analysis

Sequences of promoters of RoKSN (HE863824), MdTFLI, MdTFLI1a
(AB366639 and AB36640), FvKSN (HQ378595), PpTFL1 (AB636121),
and TFL1 (At5g03837) were used to perform the alignment with
MVISTA online software (http://genome.lbl.gov/vista/mvista/submit.
shtml) (Frazer et al., 2004). The search for putative binding sites of cis-
elements was then carried out using Plantpan online software (http://
plantpan.mbc.nctu.edu.tw/seq_analysis.php) (Chang et al., 2008).

GUS activity

To measure GUS activity quantitatively, MUG assays were conducted
on each agroinfiltrated leaf (1-2cm?) as described by Jefferson et al.
(1987). The reaction was stopped after 5, 10, 15, 20, and 30min.
Fluorescence was measured at these different times on a FLUO-star
plate reader (BMG Labtechnologies Inc.) at 460nm when excited at
355nm. Values from the fluorescence assay were standardized by pro-
tein concentration, determined as described by Bradford (1976).

Results

Gibberellins block floral initiation in spring in
once-flowering rose

To study the effect of GA treatment on plant development, exog-
enous application of GA; at different concentrations (30, 70, and

140 uM) was performed in spring on the OF roses, RW and FP,
and its CF mutant LWP (Fig. 1).

On non-treated RW, 80% of the emerging shoots became
floral, whereas for the GA; treatment (30 uM and 70 uM),
almost all new emerging shoots remained vegetative (only
5.5% and 1%, respectively, were floral). At higher GA; con-
centrations, flowering was completely inhibited (Fig. 2B). GA,
treatment also had an effect on the vegetative development
of the stem. The length of internodes increased significantly:
without treatment, internodes measured 3 cm, at 30 uM GA;
they measured 4.3 cm, and they measured 4.5 cm for the higher
concentrations of GA; (Fig. 2A). The same inhibitory effect
on blooming was shown on FP (Supplementary Table S2 at
JXB online). Flowering was not inhibited by GA; treatment in
LWP, whereas internode length was reduced. The effect of the
GA synthesis inhibitor PCB was tested in FP and LWP. PCB
treatment significantly reduced internode length. Concerning
flowering, PCB treatment has no effect on LWP, whereas at
high concentrations (70 uM and 110 uM), flowering was sig-
nificantly reduced in FP. Only 50% of the shoots became floral
at 110 pM instead of 79% for untreated plants (Supplementary
Table S2).

To evaluate the effect of GA; treatment on the fate of the apex,
cross-sections of the apex from the vegetative to the floral stage
were taken using the OF rose, RW, treated or not with 30 uM
GA; (Fig. 3). In untreated plants after bud outgrowth (42 DAB),
the vegetative meristem was narrow with leaf primordia on its
flanks (Fig. 3A). The meristem then emerged and enlarged (56
DAB; Fig. 3C). This stage has been defined as the ‘floral ini-
tiation’ stage. The meristem then became floral and bracts were
visible (63 DAB; Fig. 3E). Later, floral organs (sepals, petals,
stamens, and pistils) are visible (70 DAB, Fig. 3G). Under
untreated conditions, the floral initiation took place 56 DAB. In
GA;-treated plants (Fig. 3B, 3D, 3F, 3H), the meristem was nar-
row and dome-shaped for all stages. Leaf primordia were vis-
ible on the flank of the meristem. This structure was typical of
a vegetative meristem. These observations clearly demonstrated
that GA; blocked floral initiation and that the meristem remained
vegetative.

GA; is necessary during a short period after bud
outgrowth to inhibit flowering.

To characterize the GA response, different durations and peri-
ods of GA; treatment (30 pM) were tested before blooming in
spring. To modify the duration and the period of the treatment,
GA; application was started and ended on different dates, the
‘late’ and ‘early’ treatments, respectively (Fig. 1B). The duration
varied from 20 d to 70 d, and the period was from late January
to the end of March.

The length of internodes significantly increased between
untreated plants (3cm) and plants treated with GA; (from
3.5cm to 4.6 cm), except for the GA; treatment of 20 d (2.3 cm)
(Fig. 2A). In general, the longer the treatment, the longer the
length of the internodes.

Concerning flowering behaviour, the longer the treatment, the
higher the GA inhibiting effect. For GA-treated roses, 5.5, 14.8,
25.5, and 40.5% of the shoots became floral for 70, 63, 47, and 33
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Fig. 2. Effect of GA; treatment on average internode size in centimetres (A) and percentage of shoots that become floral (B) on
R.xwichurana (RW). RW plants were treated with GA; (0, 30, 70, or 140 uM) for 70 d, and with GAg (30 uM) for different durations and
periods. Data were the means of 10 plant observations. There was a statistically significant difference (Waerden’s test, P < 0.05; and the
y? test, P < 0.0033, for the comparison of percentages) between means with different letters.

d, respectively, of treatment begun on different dates (Fig. 2B).
For treatment terminated on different dates (‘early’ treatment),
the same trend was observed: 80% without treatment; 16.5, 3.6,
and 3% for 20, 29, and 48 d, respectively. It is interesting to note
that for the same duration of treatment, differences are observed
if treatments are not carried out in the same period. For 47/48 d
of treatment, the percentage of floral shoots was 3% for ‘early’
treatment, whereas it was 25.5% for ‘late’ treatment. For 33/29 d
of treatment, the percentage of floral shoots was 3.6% for ‘early’
treatment, whereas it was 40.6% for ‘late’ treatment (Fig. 2B).
‘Early’ treatments were more effective at inhibiting flowering
than ‘late’ treatment. For example, an ‘early’ treatment of 20 d
had the same efficiency as a ‘late’ treatment of 47 d (15% bloom-
ing, Fig. 2B). In the ‘early’ and ‘late’ treatments, the non-floral
shoots remain vegetative and present an indeterminate growth.
GA; blocked the floral initiation and the meristem remained veg-
etative. In conclusion, a 1 month treatment in February (during
floral transition) is sufficient to inhibit floral transition almost
completely.

Floral gene expression in response to GAs treatment

To examine whether the inhibition of flowering observed after
GA; treatment could be associated with the modification of
floral gene transcript accumulation, this accumulation in RW
shoots that emerged in spring and after blooming using was
analysed by qPCR (Figs 1, 4). In spring, in the absence of treat-
ment, the transcripts of the floral genes, RoFT, RoFD, RoLFY,
and RoSOC1, were accumulated in shoots, which then become
floral. RoFT transcripts were progressively accumulated in two
steps as previously described (Remay ez al., 2009). The first
accumulation occurred early during the floral transition (15-35
DAB; Fig. 4C), and the second occurred after floral initiation.
RoFD was transiently accumulated early before floral initiation
(15 DAB; Fig. 4B). The accumulation of RoSOC! transcripts
was progressive during floral transition and occurred before
the late accumulation of the RoLFY and RoAP]I transcripts (70
DAB; Fig. 4). The accumulation of RoKSN transcripts was low
in spring (Fig. 4A).
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Fig. 3. Longitudinal cross-section through apices treated

with GAz (30 uM; B, D, F, and H) or not (A, C, E, and G). In

the untreated plant, the vegetative meristem (A: 42 DAB)
progressively changed into a floral meristem (C, E, and G; 56,
63, and 70 DAB, respectively), whereas in the GAz (30uM)-
treated plants, the meristem remained vegetative for the same
stage of development (B, D, F, and H, 42, 56, 63, and 70 DAB,
respectively). VM, vegetative meristem; LP, leaf primordia; FM,
floral meristem; S, sepal; FB, floral bud; P, petal; St, stamen;
Pi, pistil. Scale bar=100 um. (This figure is available in colour at
JXB online.)

When GA; was exogenously applied at 30 uM, the expression
patterns of floral genes were modified. GA; treatment strongly
increased the accumulation of RoKSN transcripts. After 70 d of
treatment, the RoKSN transcript level increased 40-fold in treated
plants (Fig. 4A). RoFT transcript accumulation followed the same
expression pattern as in untreated plants, but the accumulation was
lower in treated plants than in untreated plants (Fig. 4C). The tran-
sient expression of RoFD (15 DAB) was not detected in treated
plants. RoSOCI presented a transient accumulation similar to that
of untreated plants, except after 70 DAB when a 2-fold transcript
decrease was observed (Fig. 4E). There was no accumulation of
RoLFY and RoAP] transcripts at the end of the experiment.

In FP, RoKSN transcripts were accumulated in response to
GA; after a few hours. RoLFY transcripts were reduced 2-fold
and GA; treatment had no effect on RoFT (Supplementary Table
S3 at JXB online). To test whether floral gene transcription was
RoKSN dependent, the expression of these floral genes was stud-
ied in the CF rose, LWP. After GA; treatment, the expression of
RoFT, RoSOCI, and RoAP1 was not affected, whereas expres-
sion of RoLFY and RoFD was reduced 2-fold (Fig. 4G). No
RoKSN transcript could be detected.

GA; and PCB treatment do not modify the fate of
indeterminate vegetative shoots after blooming.

In OF roses, new emerging shoots were vegetative after the
blooming in spring (Fig. 1A), whereas in CF roses new shoots
were always terminated by an inflorescence. Since GA; inhibits
flowering in spring, it was investigated whether a GA synthesis
inhibitor, PCB, could allow new blooming later in the season in
RW (Fig. 1A). Treatments with PCB were performed at differ-
ent concentrations (14, 56, and 112 pM), and with GA; (30 uM)
(Table 1). At 30 uM GA;, a significant increase in internode
length (2.5cm) was observed compared with untreated plants
(2cm). In contrast to the GA; treatment, PCB treatment signifi-
cantly reduced the internode length at the three concentrations
tested in RW and LWP. In RW, the length of internodes was 2 cm
for untreated plants and 1.6, 1.5, and 1.4cm for plants treated
with PCB at 14, 56, and 112 pM, respectively. The same trend
was observed in LWP (Table 1). Neither of the treatments (GA;
or PCB) had an effect on flowering. Under all conditions, in RW,
the shoots remained vegetative; no flowers were observed. In
LWP, all the shoots were floral (Table 1).

In the absence of treatment, transcript accumulation of RoF7,
RoSOC1, RoFD, RoAP1, and RoLFY remained low, and RoKSN
transcripts were accumulated (Fig. 4). After exogenous applica-
tion of GA3, RoKSN expression increased 3-fold. GA; treatment
had no effect on RoFD and RoFT (Fig 4B). RoLFY transcript
decreased 3-fold after 34 d of GA; treatment (Fig. 4D), while
RoAPI was accumulated later (34 DAB). No significant changes
were detected after PCB (at 56 uM) treatment, except for RoFD
and RoF'T, which were transiently induced at 14 DAB (Fig. 4B).

RoKSN promoter contains GA-responsive
cis-elements

The induction of RoKSN by GA was further investigated by stud-
ying the upstream genomic region of RoKSN. A 1200 bp sequence
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Table 1. Effect of GAz and the gibberellin inhibitor (PCB) on floral development and vegetative growth in late summer of OF rose

(R.xwichurana, RW) and CF rose (‘Little White Pet’, LWP).

Second treatment (August-September)

Genotype Treatment
Untreated GA, 30 M PCB 14 pM PCB 56 uM PCB 112 1M
RW Average internode size (cm) 2+05° 25+0.7°2 1.6+£05° 1.5+0.8° 1.4+0.4°
Percentage of shoots that become floral 0 0 0 0 0
LWP Average internode size (cm) 2.3+0.7° 2.6+05° 21+0.5° 1.7+0.5° 1.5+0.59
Percentage of shoots that become floral 9922 99.12 99.12 1002 1002

Data were the means of five plant observations. There was a statistically significant difference (Waerden'’s test; P < 0.05) between means with

different letters. The experimental design is described in Fig. 1.

of RoKSN (upstream of the ATG codon) was isolated. By com-
paring promoters of 7FLI of other Rosaceae (Malus domestica,
Prunus persica, and Fragaria vesca) and Arabidopsis thaliana,
two conserved regions were detected (Fig. 5A). Block A (-350bp
to —281bp) was specific to the Rosoideae subfamily, whereas
block B (=177bp to —61 bp) was common to the Rosaceae fam-
ily. One GAMYB cis-element, known to be involved in the GA
response (Gocal ef al., 1999), was identified in block A. No GA
response elements were found in block B. The non-conserved
regions of the promoter contained three PIF3, three GAMYB, 10
WRKY71, one CARE, and one GARE element (Supplementary
Fig. S1 at JXB online)

To determine the functional region for GA response expression,
successive promoter deletions were performed: p200, p400, p800,
and p1200, which corresponded to the —200, —400, —800, and
—1200bp of the upstream sequence of RoKSN, respectively. No
fluorescence or GUS activity was detected with the p200 construct
that contains only a TATA box element (Fig. 5C). Weak expression
was detected with the p400 promoter in the absence of GA. In the
presence of GA, the promoter activity was significantly increased
by 14-fold (Fig. 5C). With the p800 and p1200 constructs, the pro-
moter activity was not significantly different between GA-treated
and non-treated plants. In both conditions, GUS activity was high
(Fig. 5C). The 800 bp fragment may contain a positive cis-element,
which provokes a constitutive expression of the promoter under
the conditions used here (heterologous system). Due to this con-
stitutive expression, GA induction may no longer be detectable.

Discussion

Physiological studies have demonstrated that GAs are floral
repressors in woody perennials such as fruit trees (Wilkie et al.,
2008). However, how GA mediates its inhibitory effect at the
molecular level remains largely unknown. In this study, the
role of GAs in flowering on OF roses was investigated at the
physiological and molecular level. It was demonstrated that the
inhibitory effect of GA in rose is principally mediated by a floral
repressor homologue to 7FL1, RoKSN.

GA treatment modified the phenology of flowering in
once-flowering rose

Under the experimental conditions without GA treatment, the OF
roses (RW and FP) initiated their blooming in mid-March. The

histological analysis showed that the vegetative meristem was
progressively converted into a floral meristem (Fig. 3). As previ-
ously described by Roberts ez al. (1999), GA; treatment inhibited
flowering in OF roses. High levels of GA; (>30 uM) completely
blocked flowering (Fig. 2). The histological analysis showed that
GA; treatment inhibited floral initiation. After GA; treatment,
the apex remained vegetative and none of the morphological
modifications observed during floral initiation (such as enlarge-
ment and doming of the meristem) was observed (Fig. 3). To
specify the effect of GA;, different times and durations of GA,
application were used. A 1 month treatment before floral initia-
tion (in February) was sufficient to obtain a strong inhibition of
flowering (Fig. 2A). This period was referred to as floral transi-
tion, the phase when the meristem is still vegetative but receptive
to signals that stimulate or inhibit flowering. During this phase,
GA; acts as a floral repressor. This is consistent with the role
of GA, which is known to promote vegetative growth instead
of reproductive development in woody plants. The exogenous
application of GA in fruit trees blocked the floral process and
partially reduced the intensity of flowering, for example in apple
(Tromp, 1982; Bertelsen et al., 2002) or in avocado (Salazar-
Garcia and Lovatt, 2000). In peach, this inhibitory effect has
been linked to the date of treatment (Painter and Stembridge,
1972). In strawberry, GA treatment induced the initiation of run-
ners and repressed the formation of crown branches (Hytonen
et al., 2009). None of these studies explained how GA mediates
its inhibitory effect on flowering.

A floral repressor, RoKSN, is transcriptionally regulated
by GAs

To look for the molecular targets of GA during the rose floral
process, molecular analyses were carried out in spring and after
blooming in GAj-treated and untreated OF rose. During floral
transition in untreated plants, floral activators were progres-
sively accumulated (RoFT and RoSOCI). Later, RoLFY and
RoAPI were accumulated at the end of floral initiation when the
meristem started to become floral (Figs 3, 4). RoKSN transcripts
remained low during floral transition and initiation. Similar pat-
terns of transcript accumulation have already been observed
in FP, an OF rose (Remay ef al., 2009; Iwata et al., 2012), and
in other Rosaceae. In apple, where floral initiation takes place
in June after blooming, expression patterns of floral activators
(homologues of SOC1, FT, LFY, and API) and repressors (hom-
ologues of TFL1) are similar (Héttasch et al., 2008).
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When GA; was exogenously applied, the strongest effect was
the large accumulation of RoKSN transcripts and the absence
of the accumulation of RoLFY and RoAPI transcripts (Fig. 4).
In RW, RoKSN was accumulated 20 times more in GA;-treated
plants than in untreated plants in spring (Fig. 4). The same pat-
tern was observed in summer. Furthermore, RoKSN was induced
by GA; in two independent OF roses, RW and FP, suggesting a
conservation of this regulation in rose (Supplementary Table S3
at JXB online).

To analyse the induction of RoKSN by GAj; further, promoter
analysis was performed. A 200bp fragment (located between
—200bp and —400 bp) is sufficient to induce expression of RoKSN
in response to GA;. Indeed, the 200 bp promoter is not responsive
to GA;, whereas the 400 bp promoter revealed a stronger activ-
ity in the presence of GA; (Fig. 5C). This part of the promoter
contained GAMYB and PIF3 cis-elements (Supplementary Fig.
S1 at JXB online). It is hypothesized that the transcription fac-
tor PIF3 (PHYTOCHROME INTERACTING FACTOR 3) inte-
grates different endogenous and environmental factors such as
light and GA to induce stem elongation (Feng et al., 2008). In
Arabidopsis, AIMYB33, a GAMYB transcription factor, is able
to link to the GAMYB-binding site in the LFY promoter (Gocal
et al.,2001). This 200 bp fragment corresponds to block A, con-
served between rose and strawberry (Fig. 5A), suggesting that
GA regulation might be conserved in strawberry where GA is
also known to inhibit flowering (Thompson and Guttridge, 1959).

By studying transcript accumulation and promoter activity, the
induction by GA; of RoKSN, a gene of the TFLI family, was
clearly demonstrated. Further investigations are necessary to
understand the signalling between GAs and RoKSN. This study
represents the first demonstration of the induction of a floral
repressor by GA. In Arabidopsis, TFLI belongs to a small fam-
ily (Kobayashi et al., 1999). It was recently demonstrated that
other members of the 7FL ] family were regulated by hormones.
The paralogues of FT, TWIN SISTER OF FT, were activated by
cytokinin (BAP) to induce flowering under SDs (D’Aloia et al.,
2011). In 4. thaliana, MOTHER OF FT and TFLI regulated seed
germination via abscisic acid and the GA pathway (Xi et al.,
2010). During floral initiation, it was hypothesized that F'T was
induced by GA via a positive regulation of CO (Hisamatsu and
King, 2008; Porri et al., 2012).

RoKSN mediates floral inhibition by GA

GA blocked the floral transition in OF roses (Fig. 2), and RoKSN,
a floral repressor, is induced in response to GA; (Fig. 4). It was
uncertain whether this induction by GA might be the principal
component in GA floral inhibition. During the floral process,
the GA response between CF and OF roses was different: after
GA; treatment, OF roses did not flower, while CF roses flowered
(Roberts et al., 1999; this study). The CF roses had no functional
RoKSN allele, due to insertion of a retrotransposon (Iwata et al.,
2012). As a consequence, CF roses did not accumulate RoKSN
and were no longer able to respond to GA. No floral repression
occurred. In OF roses, during the floral transition, RoKSN is
weakly accumulated and floral initiation can happen (Fig. 4A).
The low accumulation may be explained by the low GA con-
tent (Roberts ef al., 1999) and the regulation of GA metabolism

genes: transient accumulation of RoGA20X, a gene encoding
an enzyme involved in GA inactivation, and low accumulation
of RoGA200X, a gene encoding an enzyme involved in the last
steps of active GA synthesis (Remay et al., 2009).

After exogenous application of GAj;, floral genes were down-
regulated (such as RoSOC1, RoFD, RoLFY, and RoAPI) (Fig. 4).
To determine whether these regulations were RoKSN dependent,
the expression of these genes in response to GA; was studied in
a CF rose, LWP (Fig. 4G). In the absence of RoKSN, transcript
accumulation of RoFT, RoSOCI, and RoAP1 was not modified
after GA; treatment. In contrast, RoLFY and RoFD transcripts
were reduced 2-fold after GA; treatment. These results suggest
that RoFT, RoSOCI, and RoAPI regulation by GA is RoKSN
dependent, whereas the GA effect on RoFD and RoLFY is, at
least partially, independent of RoKSN.

The following model is proposed to explain the floral inhibi-
tion by GA in OF roses. During the floral transition, exogenous
application of GA; leads to a strong accumulation of RoKSN
that blocks induction of floral genes such as RoAPI, RoFT, and
RoSOC! (Fig. 4). As proposed in Arabidopsis, it can be hypoth-
esized that RoKSN is interacting with RoFD to block induction of
downstream floral genes such as RoSOCI and RoAPI (Hanano
and Goto, 2011). The RoFT repression could be due to a positive
feedback loop that is blocked in the presence of RoKSN. Such a
positive feedback loop has been shown for 7SF, the paralogue of
FTin Arabidopsis (Yamaguchi et al., 2005). RoKSN is not the only
target of GA. RoFD and RoLFY are down-regulated in the absence
of RoKSN, suggesting an independent pathway for these genes.
However this RoKSN-independent pathway seems to be minor, as
in roksn mutants (such as as LWP, a CF rose), no GA floral inhi-
bition happens even at high GA; concentrations (Supplementary
Table S2 at JXB online). The transient expression of RoFD (15
DAB, Fig. 4B) is early and may suggest a role for RoFD in pro-
cesses other than floral initiation. FD is interacting with TFL1 and
FT (Wigge et al., 2005; Hanano and Goto, 2011). However, a role
for FD in other developmental process cannot be excluded as FD
homologues can interact with proteins controlling processes such
as growth (Pnueli ef a/., 2001; Mimida ef al., 2011).

This is the first model that focuses on the inhibition of flower-
ing by GA. Previous studies concerning the role of GA in flower-
ing mainly targeted plants where GA had a stimulating effect. In
these plants, for example Arabidopsis and L. perenne, GA acts
via activation of floral activators (Blazquez et al., 1998; Gocal
et al.,2001; Moon et al., 2003; MacMillan ef al., 2005).

GA might not be the only factor that regulates RoKSN. After
flowering in spring, the RoKSN level increases and blooming is
blocked (Iwata et al., 2012; this study). Treatment with PCB, a
GA synthesis inhibitor, fails to induce new flowering (Table 1).
Reduction of GA content is not sufficient to induce flowering.
The pattern of floral gene accumulation is not modified after
PCB treatment (Fig 4). It cannot be excluded that PCB treatment
did not reduce GA content enough to induce blooming (as no
GA dosage study has been performed). However, PCB treatment
is sufficient to reduce internode length (Table 1; Supplementary
Table S2 at JXB online). It is proposed that after the blooming in
spring, RoKSN could be regulated by GA but also by other path-
ways. Vernalization is a potentially interesting pathway as OF
roses maintained in a greenhouse without a cold period do not
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flower the next spring. Control of 7FL/ homologues by another
environmental pathway has already been proposed. In diploid
strawberry, the expression of FVKSN, the orthologue of RoKSN,
is regulated by the photoperiodic pathway. Under SDs, expres-
sion of FvKSN is repressed to permit floral initiation, whereas
under LDs, expression of FYKSN increases to inhibit flowering
(Koskela et al., 2012). Furthermore, in Arabis alpina, AaTFLI is
involved in an ‘age-dependent response to vernalization’ (Wang
et al., 2011). In young shoots, AaTFLI acts as a floral repres-
sor after vernalization and blocks LFY expression. In old shoots,
AaTFLI increases the duration of vernalization required for
flowering (Wang et al., 2011).

In conclusion, a model has been proposed that reveals how
GA can inhibit flowering in rose by positively regulating a floral
repressor, RoKSN. Pathways other than GA such as vernaliza-
tion may control blooming in rose, and further experiments are
required to explore the molecular interactions between these dif-
ferent pathways.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Location of GA response elements in the promoter
of RoKSN.

Table S1. List of the names and sequences of primers used in
the study.

Table S2. Effect of GA; and a gibberellin inhibitor (PCB) on
OF rose (Félicité et Perpétue; FP) and CF rose (Little White Pet;
LWP) on floral development and vegetative growth in spring
during floral transition

Table S3. Induction of RoKSN, RoLFY, and RoFT by gibberel-
lins (GA;) in R. hybrida ‘Félécité et Perpétue’.
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SUMMARY

Flowering is a key event in plant life, and is finely tuned by environmental and endogenous signals to adapt to
different environments. In horticulture, continuous flowering (CF) is a popular trait introduced in a wide range
of cultivated varieties. It played an essential role in the tremendous success of modern roses and woodland
strawberries in gardens. CF genotypes flower during all favourable seasons, whereas once-flowering (OF)
genotypes only flower in spring. Here we show that in rose and strawberry continuous flowering is controlled
by orthologous genes of the TERMINAL FLOWER 1 (TFL1) family. In rose, six independent pairs of CF/OF
mutants differ in the presence of a retrotransposon in the second intron of the TFL7homologue. Because of an
insertion of the retrotransposon, transcription of the gene is blocked in CF roses and the absence of the floral
repressor provokes continuous blooming. In OF-climbing mutants, the retrotransposon has recombined to
give an allele bearing only the long terminal repeat element, thus restoring a functional allele. In OF roses,
seasonal regulation of the TFL7 homologue may explain the seasonal flowering, with low expression in spring
to allow the first bloom. In woodland strawberry, Fragaria vesca, a 2-bp deletion in the coding region of the
TFL1homologue introduces a frame shift and is responsible for CF behaviour. A diversity analysis has revealed
that this deletion is always associated with the CF phenotype. Our results demonstrate a new role of TFL1in
perennial plants in maintaining vegetative growth and modifying flowering seasonality.

Keywords: retrotransposon, seasonality, floral initiation, perennial plants, ornamentals.

INTRODUCTION

Obtaining plants that flower over a long period is the goal
of many gardeners, so as to be able to achieve year-round
fruit and flower production. The flowering period can be
lengthened by exploiting the blossoming duration or
number of flowering cycles. Most plants have a single
annual flowering period (once-flowering habit, OF). Some
perennial plants have the ability to flower again during the
year: they can flower continuously during the favourable
season (continuous flowering habit, CF) or they may only
have a second bloom later in the season, which may be
occasional (occasional re-blooming habit, OR). In some
Rosoidae, such as rose and strawberry species, the CF trait

© 2011 INRA
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is present, and is controlled by a recessive major gene
named RECURRENT BLOOMING (RB) and SEASONAL
FLOWERING LOCUS (SFL) in diploid rose (Semeniuk, 1971)
and woodland strawberry (Fragaria vesca) (Brown and
Wareing, 1965; Albani et al., 2004), respectively. In rose and
woodland strawberry, the origin of continuous flowering is
uncertain. The phenotype may have arisen from a mutation
in natural populations. The rose mutant was thought to be
selected from wild Rosa chinensis in China (Hurst, 1941),
used in rose breeding as early as the Song Dynasty (Ap 960-
1279; Ogisu, 1996). Later, in the 18th century, cultivated CF
Chinese roses were introduced to Europe and crossed with
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OF European roses to give rise to modern roses (Hurst,
1941). Although mentioned as early as 1553, the ‘perpetual’
woodland strawberry, native to the Alpine mountain region,
was clearly described in 1766 and then introduced to gar-
dens all over Europe (Duchesne, 1766). These F. vesca
semperflorens plants were considered as mutants of OF
woodland strawberry (Darrow, 1966). The potential of con-
tinuous flowering for flower and fruit production from
spring to late fall explains the high gardening success of
these CF roses and woodland strawberries.

In rose and woodland strawberry, the CF habit affects not
only flowering but also other important developmental
characters: CF plants have a short juvenile phase and
flower rapidly after seed germination (Duchesne, 1766;
Vries, 1976). In CF roses, all shoots are terminated in an
inflorescence (determinate growth) (Figure 1b; Vries, 1976).
In OF roses, the primary shoots remain vegetative with
indeterminate growth, and flowering only occurs on
axillary secondary shoots (Figure 1a). In woodland straw-
berry, the terminal meristem differentiates an inflores-
cence. Axillary meristems ensure the continuity of
vegetative development in the OF habit, whereas in the
CF habit, they also differentiate inflorescences as long as
the growing conditions are favourable (Brown and Ware-
ing, 1965; Savini et al., 2006). In OF roses and woodland
strawberry, flowering is under environmental control

(a) Once-flowering (OF)

R. x wichurana

(b) Continuous flowering (CF)

(Battey et al., 1998; Foucher et al., 2008). CF roses are
self-inductive and need no environmental control for flow-
ering (Halevy, 1972). There have been conflicting reports on
the environmental control of flowering in CF woodland
strawberries, which could have lost photoperiodic and
thermal control (Battey et al., 1998), or could have become
long-day plants (Sonsteby and Heide, 2008).

In Chinese rose and woodland strawberry, as the mutation
leading to CF is recessive and affects flowering and deter-
minate/indeterminate growth, good candidate genes are
TERMINAL FLOWER 1 (TFL1) homologues. Indeed TFL1
homologues control shoot meristem identity by repressing
the floral transition. TFLT homologues are required to
maintain the inflorescence identity of the shoot apical
meristem: examples are Arabidopsis thaliana (Bradley et al.,
1997; Ratcliffe et al, 1998), Antirrhinum majus (Bradley
et al., 1996), Pisum sativum (pea; Foucher et al., 2003) and
Glycine max (soya bean; Liu et al., 2010; Tian et al., 2010).
Furthermore, in Arabidopis and pea, TFL1also influences the
length of the vegetative phase (Bradley et al., 1997; Foucher
et al., 2003). In Arabidospis, tflT mutants flower earlier. In
perennial tomato, SELF PRUNING, the homologue of TFL1,
controls the length of the sympodial unit. After flowering, sp
mutants produce only a few sympodial units, with fewer and
fewer nodes, leading to a terminal inflorescence with no
repetition of the sympodial unit (Pnueli et al, 1998). In

(C) Occasionally Re-blooming
(OR

‘Pompon de Paris Climbing’

‘Old Blush’
1st blooming ~ Summer-autumn 1st blooming ~ Summer-autumn 1st blooming ~ Summer-autumn
1 [ 1 PR E—|
Spring Summer Autumn Spring Summer Autumn Spring Summer Autumn

* Indeterminate vegetative shoot
« Blooming from axillary buds
« Blooms in spring

Figure 1. Different blooming modes in rose.

« Determinate growth
« Terminal inflorescence
* Blooms continuously

« Indeterminate vegetative growth

« Blooming from axillary buds

« Blooms in spring (and occasionally
later)

(a) once-flowering genotypes (as Rosa wichurana) flower once a year in spring. Terminal inflorescences are borne by lateral shoots, arising from axillary buds of
shoots from the previous year. Then, after the first blooming, new developing shoots (especially basal, reiteration shoots) have an indeterminate vegetative growth.
In the next spring, from these shoots, axillary shoots will develop and terminate in an inflorescence.

(b) Continuous flowering genotypes (such as the old Chinese cultivated variety ‘Old Blush’) flower during the growing seasons. All growing shoots terminate in an

inflorescence (determinate growth).

(c) Occasionally re-blooming (OR) genotypes, such as the vegetative mutants of continuous flowering genotypes (sports) ‘Pompon de Paris Climbing’, flower in
spring from axillary shoots that develop terminal inflorescences. After spring, the new arising shoots have an indeterminate vegetative growth. Occasionally, the
new arising shoots produce axillary shoots with terminal inflorescences during the late summer and early autumn (OR habit). Double and single lines represent
shoots from the previous and current years, respectively. Arrows represent indeterminate vegetative growth. Flowers are represented by circles. For the three
phenotypes, the duration of flowering is presented by a blue box. Occasional blooming is represented by a blue box with dotted lines.

© 2011 INRA

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2011.04776.x



Populus sp. (poplar), TFL1 does not modify indeterminate
growth, but rather regulates the first onset of flowering,
axillary meristem identity and dormancy release (Mohamed
et al., 2010). In Vitis vinifera (grapevine), a tflT mutant causes
a modification in the inflorescence architecture (Fernandez
et al., 2010). In Arabidposis thaliana, TFL1 belongs to a larger
family, represented by six proteins (Kobayashi et al., 1999).
Among them, FLOWERING LOCUS T (FT) and TWIN SISTER
OF FT (TSF) are floral activators (Kardailsky et al., 1999;
Kobayashi et al, 1999). Until recently, the biochemical
nature of florigen remained elusive, until breakthrough
experiments in A. thaliana (Corbesier et al., 2007; Jaeger
and Wigge, 2007; Mathieu et al., 2007; Notaguchi et al.,
2008), Solanum lycopersicum (tomato; Lifschitz et al., 2006),
Oryza sativa (rice; Tamaki et al., 2007) and Cucurbita mos-
chata (pumpkin; Lin et al., 2007) revealed that the protein
encoded by the FT gene is the florigen.

Here we investigated the function of TFL7 homologues in
Rosoidae, and we demonstrated that continuous flowering
in rose and woodland strawberry is controlled by a TFL1
homologue.

RESULTS

SEASONAL FLOWERING (SFL) and RECURRENT BLOOM-
ING (RB) are orthologous loci in strawberry and rose

As rose and strawberry are phylogenetically closely related
species (both belonging to the Rosoideae tribe of the Ros-
aceae family; Potter et al., 2007), and as the genetic control is
the same in both (recessive gene in both cases), we
attempted to determine by comparison mapping if the two
loci controlling continuous flowering in rose and woodland
strawberry, i.e. RB and SFL, respectively, are orthologues.
RBand SFL were mapped on the rose linkage group RG3 and
the strawberry linkage group FG6, respectively (Sargent
et al., 2006; Spiller et al., 2011). Eight Rosa markers located
on RG3 had one significant match to the Fragaria genome,
with a BLASTN score of <E-11. These eight Fragaria matches
were located on the Fragaria chromosome FG6 (Figure S1).
The colinearity of these loci was conserved, except for two
loci that displayed small rearrangements. Therefore, a large
segment of rose linkage group RG3 was orthologous to the
upper part of the strawberry FG6, which gave rise to
the hypothesis of an orthologous relationship between the
genes controlling recurrent flowering in Rosa and Fragaria.

RoKSN and FvKSN are TFL1 homologues and co-localise
with the RB and SFL loci, respectively

Using degenerate primers in rose and results from the
strawberry genome sequence (Shulaev et al., 2011), we
isolated four and seven TFL1/FT homologues in rose and
strawberry, respectively. We identified two TFLT homo-
logues in rose and strawberry as good candidates for the
continuous flowering gene, termed KSN (Koushin, an old

© 2011 INRA
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Japanese name for the Chinese CF rose cultivar). RoKSN and
FVKSN clearly belonged to the TFL1 clade, along with RoT-
FL1 and FVATC; whereas RoFT, FvFT, FvFT2 and FvFT3 were
included in the FT clade and one (FYMFT) in the MFT clade
(Figure 2). We also identified two TFL1/FT homologues
(RoTFL1b and FvTFL1b) that are closely related to AtBFT.
Using large populations that segregated for the OF/CF
trait, we found that RoKSN and FvKSN co-localized with the
RB and SFL locus in rose and woodland strawberry, respec-
tively. No recombinant was found between the RoKSN/
FvKSN and RB/SFL loci in 670 individuals from two F,
progenies obtained via the cross between CF and OF roses,
and in 158 S; selfed progeny of F. vesca llaria, respectively.

Insertion of a retrotransposon in RoKSN is responsible for
the recurrent blooming character

By analysing seven CF roses of independent origins, ascer-
tained by pedigree (Cairns, 2000), we detected the presence
of a retrotransposon in the second intron of RoKSN
(Figure 3). All CF roses were homozygous for the RoKSN
allele with the retrotransposon. The 9-kbp long retrotrans-
poson presented characteristics of the copia retrotranspo-
son family (Kumar and Bennetzen, 1999). This large insertion
may lead to an inactive RoKSN allele (see results below).

In order to validate the function of RoKSN in continuous
flowering control in roses, we studied vegetative mutant
pairs showing different flowering behaviours. Frequently,
CF roses mutate into climbing roses (Lewis, 1994). These
climbing roses have primary shoots with indeterminate
vegetative growth, whereas inflorescences are produced by
axillary secondary shoots. They bloom in spring, and
occasionally they can flower later in autumn (OR; Figure 1c).
Only one mutation from OF to CF was described. An OF rose,
i.e. ‘Félicité et Perpétue’ (FP), gave a CF dwarf mutant ‘Little
White Pet’, LWP (Roberts et al., 1999). Each of the seven
mutants studied showed a difference at the RoKSN locus
when compared with the wild type. All six climbing mutants
had a new allele at the RoKSN locus with a 1-kbp insertion at
the same place as the 9-kpb insertion in the second intron
(Figure 3). This 1-kbp sequence corresponded to the long
terminal repeat (LTR) element of the retrotransposon. Five
climbing mutants (‘Gold Bunny CI., ‘Wendy Cusson Cl.’,
‘Pink Chiffon CI.", ‘lceberg CL." and ‘Peace Cl.") had both the
9-kbp retrotransposon and 1-kbp LTR insertions. One climb-
ing mutant (‘Old Blush Cl.") only had the 1-kbp insertion
(Figure 3). Mutation in climbing roses can be explained by
the recombination of the retrotransposon in the climbing
mutants. This recombination restores an active RoKSN allele
(see discussion below). In the rare OF/CF mutation, FP was
found to be heterozygous at the RoKSN locus (allele with
and without the retrotransposon), whereas LWP only had
the allele with the retrotransposon (Figure 3c). In LWP, by
sequencing and Southern blot analyses, only one allele has
been found, i.e. that with the retrotransposon (Figures 3¢

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2011.04776.x



4 Hikaru Iwata et al.

oS 700

.....................
-

995

1000 Sel

946
1000 469 ..

838

. ~.

. Figure 2. Phylogenetic analysis of members of

S the FT/TFL1 family in rose and woodland straw-

' berry. The TFL1 homologues RoKSN and FVKSN
\ belong to a small gene family. RoKSN
E (HQ174211), FvKSN  (HQ378595), RoTFL1
5 (FM999796) and FVATC (21992) belong to the
H TFL1 clade. Four homologues [FVFT1 (04680),
E FvFT2 (28959), FvFT3 (21535) and RoFT
H (FM999826)] belong to the FT clade, one homo-
H logue [FVMFT (09405)] belongs to the MFT clade
E and two more homologues [FvTFL1b (13304) and
H RoTFL1b (HQ174212)] are related to AtBFT. The
' tree was constructed using the neighbour-join-
E ing method with the TFL1 family protein from
H rose (outlined with dotted lines), woodland
. strawberry (outlined with solid lines), Arabidopsis
(underlined; Kardailsky et al., 1999; Kobayashi

.," et al., 1999), tomato (Carmel-Goren et al., 2003),

grapevine (Carmona et al, 2007) and poplar

990,

1000 680 Lot

FVTFL1b i N
v PnFTL1a

WTFL1G.-" 421

ALTFL1 oo

FvKsN| WTFL1B SP9D

TFL1 .

.~ -

and S2). In this latter genotype, the absence of the active
allele (without the retrotransposon) can be explained by the
deletion of the allele or a somatic chromatid exchange.
Analysis of these independent mutants demonstrated that
recombination of the retrotransposon restored an OF phe-
notype, whereas deletion of the functional allele led to CF
roses.

Full-length RoKSN mRNA is not accumulated in CFroses as
a result of retrotransposon insertion

We were unable to detect RoKSN mRNA accumulation in CF
roses, whereas the transcript accumulated in OF roses
(Figure 4b). mRNA synthesis or accumulation might be
blocked by the copia-like retrotransposon insertion. To test
this hypothesis, RoKSN transcript accumulation was studied
by one-step reverse transcription (RT)-PCR in an OF/climb-
ing mutant pair, i.e. ‘Peace’/'Peace Climbing’. In one-step
RT-PCR, cDNA synthesis and PCR were performed at the
same time using RoKSN-specific primers. As described
before, ‘Peace Climbing’ has an allele with the LTR element
at the RoKSN locus (Figure 3c). Using primer combination
FOXR11 (surrounding intron 1), one-step RT-PCR products
were observed in both ‘Peace’ and ‘Peace Climbing’, sug-
gesting that nascent RNA is transcribed and the firstintron is
spliced out in both (Figure 4a and c). Using primer combi-
nation FOXR13 (surrounding intron 2, where the retrotrans-
poson is inserted), one-step RT-PCR products were observed
in ‘Peace Climbing’ and in an OF rose (‘Park Yellow Tea

877

~

N (Igasaki et al., 2008). Bootstrap values for 1000
P re-samplings are shown on each branch.
Branches with a bootstrap value >700 (of 1000)
are shown with a thick line. The dashed lines

WTFL1A delineate the different clades (TFL1, FT and MFT).

PnTFL1

PnFTL3a

Scent’); no product was detected in the CF rose (Figure 4c).
Then, using primer combination F9 and primers in the
retrotransposon (InsR3, InsR4, InsR5 or InsR8), we observed
one-step RT-PCR products in ‘Peace’ corresponding to PCR
products that would be expected if the second intron was
not spliced out (Figure 4a and d). We conclude that, as a
result of the retrotransposon insertion, the second intron is
not spliced out in CF roses and no full-length mRNAs are
accumulated. In climbing mutants, the recombination of the
retrotransposon restored splicing of the second intron and
an active RoKSN allele, leading to indeterminate growth and
non-continuous flowering.

FvKSN, the RoKSN orthologue in woodland strawberry
controls continuous flowering

Sequencing the entire FVKSN revealed that CF genotypes
showed a 2-bp deletion in the first exon that caused a frame
shift, which led to the rapid introduction of a stop codon in
the putative translated protein and to a non-functional allele
named ksn (Figure 5d). In the 158 S; seedlings, all homo-
zygous individuals with a 2-bp homozygous deletion in the
recessive locus (ksn/ksn) had a CF habit, whereas all
homozygous individuals without a 2-bp deletion (KSN/KSN)
or heterozygous (ksn/KSN) had an OF habit.

In order to confirm the role of the 2-bp deletion of FVvKSN
in continuous flowering, we conducted a diversity analysis
between the 2-bp deletion and flowering phenotypes using
37 accessions of F. vesca, including 13 CF genotypes. The

© 2011 INRA

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2011.04776.x



Continuous flowering in rose and strawberry 5

IF3xR9

"!.H‘H'F-!!" <« 14kb

(LTR)
L I < 0.4 kb

(a)
Once F1 R6 R2
flowering 1 [ |
(OF) > +
Continuous F*1 " InsF8 " R46 52
inuou ns
i E— —
flowering (CF) 1 > onaie > [ —
IF3 R9
F1 R6 R2
hs « <
Climbing (Cl) 1 ]
> <
IF3 R9
(b) © 55
GB WC OB Ic Pe OQp=
S Lo _w._a=30
= 0000 ococoooow Iz
InsF8xR6 !""-—ﬂu.ﬂ--- - - <« 1kb
10kb » — (copia)
(copia) oy

Figure 3. Insertional polymorphism at the RoKSN locus between once-flowering and continuous-flowering (OF and CF, respectively) mutant roses.
(a) Schematic representation of the RoKSN genomic region for the three different alleles. In the second intron, the CF allele had a 9-kbp copia-like retrotransposon,
the ‘climbing’ (Cl) allele just had a long terminal repeat (LTR) element, whereas the OF allele had no insertion. Exons are represented by grey boxes, introns are

represented by black lines and primers are indicated with arrows.

(b) PCR amplification of RoKSN in Chinese roses. The CF Chinese rose ‘Old Blush’ (OB), a progenitor used to introduce continuous flowering, had a copia-like
retrotransposon inserted in the second intron, whereas OF wild Chinese rose (Rosa chinensis spontanea, Rcs) had no retrotransposon. The climbing vegetative
mutant of ‘Old Blush’ (OB Cl) only had the LTR element. The F1 x R2 primer pair amplified the complete coding sequence (intron and exon) of RoKSN: 10 kb for the
allele with the retrotransposon (copia), 2 kb for the allele with an LTR element and 1 kb for the ancestral allele.

(c) Characterization of the retrotransposon insertion in different vegetative mutant pairs using different primer combinations. All tested climbing mutants showed
recombination of the retrotransposon with the LTR motif remaining. InsF8 x R6 only amplified the sequence with the retrotransposon (1 kbp amplification, copia),
whereas IF3 x R9 only amplified the sequence with the LTR motif (1.4-kbp amplification, LTR) or the allele without insertion (400-bp amplification). In the CF/CI
mutant pairs, the CF rose varieties and their corresponding climbing (Cl) mutants are ‘Gold Bunny’ (GB), ‘Wendy Cusson’ (WC), ‘Pink Chiffon” (PC), ‘Old Blush’ (OB),
‘Iceberg’ (Ic) and ‘Peace’ (Pe). The OF/CF mutant pair is ‘Félicité et Perpétue’ (FP) and its mutant ‘Little White Pet’ (LWP). MM, molecular marker; NC, negative control

(water).

37 accessions were available from different genetic
resources (Table S1). The sequencing of the entire FvKSN
gene in all accessions revealed a total of six SNPs located
in introns and the 2-bp deletion in the first exon, which led
to six haplotypes (Table S1). Within this genetic polymor-
phism, only the 2-bp deletion was associated with the CF
habit (Figure 5b and c). Using 11 neutral microsatellites, we
investigated the population structure in these 37 acces-
sions using sTRUCTURE 2.2. The most likely number of
potential clusters (K) was estimated as two. All genotypes
except one were clearly ranked within one of the two
groups. The first group included 17 genotypes from
Europe, mainly from the Alps, whereas the second group
included 19 genotypes that originated from Europe/North
America (Figure 5a). All CF strawberries, with the 2-bp
deletion, were included in the former group, suggesting
that in F. vesca continuous flowering may have originated
from Alpine genotypes.

The continuous flowering gene shows seasonal
regulation in rose

We monitored RoKSN transcript accumulation during the
floral process by quantitative (q)RT-PCR. In OF Rosa

© 2011 INRA

wichurana, new shoots arose from axillary buds of shoots
from the previous year (Figure 1a). After a short vegetative
phase (first three stages, W1, W2 and W3), these new
axillary vegetative shoots underwent floral differentiation,
with transformation of the apical meristem into a dome-like
structure (stages W4 and W5). Then the new shoot was
terminated by an inflorescence (stages W6-W9). RoKSN
transcripts were barely detectable in axillary vegetative
shoots before floral differentiation (stages W1-W3). RoKSN
transcripts were transiently accumulated during floral dif-
ferentiation (stage W4) and later during inflorescence
development (stages W7 and WS8; Figure 6a). During the
floral process, RoFT, a floral activator, and later RoLFY, a
homologue of the floral identity gene LEAFY (Remay et al.,
2009), were progressively accumulated (Figure 6b and 6c).
After the first flowering, new shoots arose from the base of
the bush and had indeterminate vegetative growth during
the rest of the growing season (Figure 1a). An 80-fold
increase in RoKSN transcript accumulation was detected
when spring (stage W1) and autumn (stage W10) vegeta-
tive shoots were compared (Figure 6a). After flowering,
RoFT and RoLFY had the same level compared with spring
vegetative shoots (stage W1; Figure 6). Therefore, low

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2011.04776.x
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Figure 4. Effect of the insertion of the copia-like retrotransposon on splicing
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(lines) and retrotransposon (insert). Primers used are indicated by arrows. (b)
Two-step RT-PCR using an F100 x R6 primer combination (c). One-step RT-
PCR using different RoKSN primer pairs. The F9 x R11 primer pair amplified
the 100-bp product only if the first intron was spliced out, as the R11 primer
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product only if the second intron was spliced out, as the R13 primer spanned
the second intron. (d) One-step RT-PCR using primer pairs of F11 in
combination with InsR8, InsR5, InsR4 and InsR3, respectively, located within
the retrotransposon. F11 spanned the first intron. RT-PCR was performed on
total RNA from terminal shoots of ‘Peace’ (P), a continuous-flowering (CF)
rose, its climbing mutant (‘Peace Climbing’, PCl) and a once-flowering (OF)
Chinese rose ‘Park Yellow Tea Scented China’ (PY). MM, molecular marker;
NC, negative control (water).

RoKSN expression in spring was associated with floral
transition and determinate growth, whereas high expres-
sion of RoKSN in autumn was associated with vegetative
and indeterminate growth. In CF roses, functional RoKSN
transcripts were not detected (because of retrotransposon
insertion), and all new shoots terminated in an inflores-
cence.

DISCUSSION

A floral repressor regulates continuous flowering in rose
and woodland strawberry

In rose, we demonstrated that the continuous flowering
phenotype was explained by the insertion of a copia-like
retrotransposon in the second intron of RoKSN, i.e. a
TERMINAL FLOWER 1 homologue. Insertion of the retro-

transposon modified RNA maturation. The second intron
was not spliced out, and full-length RoKSN RNA was not
accumulated (Figure 4). In six independent vegetative
mutants, climbing mutant roses differed from CF roses in
the size of the insertion, probably as a result of recombi-
nation between LTR elements (Figure 3). After retrotrans-
poson recombination, only the solo LTR element remained
and the second intron was spliced out, thus restoring a
functional RoKSN allele (Figure 4). Such a process has been
described in grapevine, where the recombination of a Ty3-
gypsy-type retrotransposon restores MYB transcription
factors responsible for fruit colour (Kobayashi et al., 2004).
In the CF/climbing mutant pair, the restoration of RoKSN in
climbing mutants may not be complete as flowering can
occur occasionally in the autumn (Figure 1c). The presence
of the LTR element in the second intron may modify the
level or the spatiotemporal pattern of RoKSN expression.
Indeed, LTR elements contain signals for transcription
regulation (Kumar and Bennetzen, 1999), which may mod-
ify RoKSN expression in climbing mutants. In another
vegetative mutant pair (changing from OF to CF behaviour),
the functional allele was deleted and only the non-func-
tional allele was present, leading to the continuous flow-
ering phenotype (Figure 3c and S2). Furthermore, the role
of KSN in continuous flowering control was strengthened
by the absence of recombination between RoKSN and the
continuous flowering locus in large F; progenies segre-
gating for the CF/OF phenotype (in 670 individuals). These
results strongly suggest that in rose the continuous flow-
ering gene is encoded by RoKSN, i.e. a TFL1 homologue.
Functional validation still needs to be performed in rose by
knocking out the gene in OF roses. Presently, no protocols
for the genetic transformation of OF roses are available
(Debener and Hibrand-Saint Oyant, 2009). However, the
conclusion drawn in rose was reinforced by the results
obtained in woodland strawberry.

In F. vesca, which also showed continuous flowering in
certain genotypes, we identified FVKSN, a gene showing
high similarity with RoKSN (Figure 2). Using comparative
mapping, we showed that the two genes were located in a
syntenic and co-linear region, suggesting that they are
orthologues. Furthermore, all CF individuals from an S,
segregating population had a 2-bp deletion in the coding
sequence of the gene, whereas the deletion was absent in all
OF homozygous genotypes. This deletion induced a frame
shift and a stop codon leading to a truncated protein
(Figure 5d). We propose that this 2-bp deletion in the coding
sequence is responsible for continuous flowering in F. vesca.
As no mutant was available in strawberry, we performed a
diversity analysis. Among the 37 accessions studied, the
2-bp deletion and the continuous flowering phenotype were
always associated (Figure 5). We concluded that FvKSN was
the orthologue of RoKSN, and that both genes control the
continuous flowering trait.

© 2011 INRA
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KSN and the seasonality of flowering

The main consequence of the continuous flowering muta-
tion is the modification of flowering seasonality. Perennial
plants repeatedly cycle between vegetative and floral
development. Most perennial plants have a single repro-
ductive phase that is synchronized to the changing seasons.
OF plants bloom in spring or early summer, and further
developments are vegetative. This seasonality might be
explained by seasonal regulation of KSN. We showed a
seasonal regulation of RoKSN transcript accumulation in OF
roses: before the first bloom, RoKSN was barely expressed;
in parallel, RoFT and RoLFY, homologues of the floral inte-
grator FT and the floral identity gene LFY (Remay et al.,
2009), were progressively accumulated (Figure 6). The low
RoKSN level in spring may increase the flowering compe-
tence of the apical meristem. Opposite results have been
found in other Rosaceae (Japanese pear and quince) where
TFLThomologues are expressed before floral differentiation
and are repressed during floral differentiation (Esumi et al.,
2007). In all cases, flowering is associated with LFYinduction
(Figure 6¢; Esumi et al., 2007). TFLT1 might be differently
regulated between rose and pear. The RoKSN expression
during floral differentiation (stages W4, W7 and WS;
Figure 6a) suggests a role of RoKSN in inflorescence
development. Genetic analysis reveals that a quantitative
trait locus (QTL) involved in the inflorescence architecture is
centred on the RB locus in rose (Kawamura et al., 2011).
After the first blooming, newly arising shoots remained
vegetative and RoKSN transcripts accumulated. No RoFT
and RoLFYtranscripts accumulated. In continuous flowering
roses, this regulation was disrupted by the absence of
RoKSN transcript accumulation. The floral repressor was

© 2011 INRA

absent and flowering occurred during all seasons. This
report and a previous study in Arabis alpina (Wang et al.,
2009) highlighted the importance of floral repressors in the
control of flowering seasonality. In A. alpina, PERPETUAL
FLOWERING 1 (PEP1), a homologue of the floral repressor
FLOWERING LOCUS C (FLC), limited the duration of flower-
ing and facilitated the return to vegetative development.
PEP1 is transiently repressed by low temperature, thereby
allowing seasonal flowering of A. alpina (Wang et al., 2009).

KSN and other aspects of plant development

The continuous flowering mutation affects different devel-
opmental processes In rose and woodland strawberry,
mutation of TFLT homologues reduces the vegetative
phase. CF genotypes can flower rapidly after seed germi-
nation (in a few weeks), whereas OF genotypes have a
juvenile period of 1 or 2 years (Duchesne, 1766; Vries,
1976). Expression of TFLT may avoid precocious flowering,
as recently demonstrated in A. alpina (Wang et al., 2011).
Furthermore, the extinction of the TFL7 homologue in trees
(apple and poplar) reduced the juvenile phase (Kotoda
et al., 2006; Mohamed et al., 2010). In Citrus and Lolium
perenne, accumulation of TFL7 transcripts in juvenile stems
was proposed to prevent precocious flowering (Jensen
et al., 2001; Pillitteri et al., 2004). All of these results sug-
gest that TFLT homologues have an important role in
controlling juvenility in plants.

Continuous flowering also involves GA signalling, as CF
roses are insensitive to GA for flowering, whereas GA
inhibits flowering in OF roses (Roberts et al., 1999). KSN
might be an integrator of endogenous signals, such as plant
hormones, although the interaction with hormones is so far
unknown in TFL17 homologues. In tomato, it was proposed

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), doi: 10.1111/j.1365-313X.2011.04776.x
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Figure 6. Seasonal accumulation of (a) RoKSN, (b) RofT and (c) RoLFY
transcripts in the once-flowering (OF) genotype Rosa wichurana. Transcript
accumulation was monitored by two-step RT-PCR in shoots emerging in
spring and later in autumn. In spring, the axillary buds borne on shoots from
the previous year burst open and gave new shoots. After a vegetative phase
(stages W1, W2 and W3), the meristem became competent for flowering. Then
floral differentiation took place (transformation of the apical meristem into a
dome-like structure, stages W4 and W5), followed by the development of a
terminal inflorescence (stages W6-W9). After the first flowering, new shoots
arose and remained vegetative (OF genotypes; Figure 1a, stage W10). The
x-axis indicates the dates at which shoot terminal parts were sampled in 2007
and the different stages (W1-W10). The transcript accumulation levels are
expressed relative to the first sample for each gene (stage W1, base
value = 1). Floral differentiation and inflorescence development stages were
determined by histological and microscopic analysis, as previously described
(Foucher et al., 2008). For the different stages, the terminal part of the shoot
was harvested after rapid dissection (removal of young leaves). Tissues
studied represent the shoot apical meristem, the shoot and the new
developing leaves (primordia and very young leaves).

that SFT (the FT homologue) may interact with auxin to
regulate the sympodial cycle and leaf architecture (Shalit
et al., 2009). In Arabidopsis, MOTHER OF FT AND TFL1

(MFT) was shown to regulate seed germination via the GA
and ABA signalling pathway (Xi et al., 2010).

Origin of continuous flowering in horticulture

Our results highlighted the origin of CF in two important
horticultural plants. In woodland strawberry, CF was well
described from the 18th century, and was proposed to have
originated in the Alps (Duchesne, 1766). The hypothesis of
only one mutation is strengthened by the presence of only
one haplotype in CF genotypes with the 2-bp deletion in the
FvKSN coding sequence, even though the OF displayed five
haplotypes (Figure 5; Table S1). Only one mutation might be
responsible for the CF habit in the wood strawberry geno-
types studied, despite the fact it has been found growing
wild at various sites in the European Alps (De Vilmorin,
1898). This hypothesis has to be validated on a larger num-
ber of genotypes. In rose, CF flowering was thought to arise
from a mutation in wild Chinese rose and then introduced in
old Chinese cultivated roses (Hurst, 1941; Ogisu, 1996). We
hypothesize that the mutation may result from the insertion
of a retrotransposon into the RoKSN locus in wild R. chin-
ensis spontanea, as the retrotransposon was absent in the
RoKSN locus in this wild species (Figure 3b), i.e. an OF rose
that is supposed to be an ancestor of the original CF roses
(Martyn, 2005).

In conclusion, KSN may be an integrator of endogenous
and environmental factors. Understanding the regulation of
KSN by these different factors may provide new prospects
for controlling flower and fruit production in perennial
plants.

EXPERIMENTAL PROCEDURES
Plant material

Rosa wichurana originated from the ‘Jardin de Bagatelle’ (Paris,
France). Rosa hybrida ‘Félicité et Perpétue’ and its mutant ‘Little
White Pet’ were obtained from Loubert Nursery (Les Rosiers sur
Loire, France). Rosa chinensis spontanea was a gift from Mr Ogisu.
‘Gold Bunny’, ‘Wendy Cussons’, ‘Pink Chiffon’, ‘Old Blush’,
‘Iceberg’, ‘Peace’ and the corresponding climbing mutants were
obtained from Hiroshima Botanical Garden (Japan), and are of
independent origins (Cairns, 2000). The mutants are vegetative
mutants, also known as sports. A sport of a clonally propagated
plant arises as a mutant cell in the shoot meristem (Lewis, 1994).
Rose F; progenies were obtained from a cross between
R. whichuranaand H190 (575 individuals; Hibrand-Saint Oyant et al.,
2008) and R. wichurana and R. hybrida ‘The Fairy’ (95 individuals;
Kawamura et al. 2011). In strawberry, the 158 S; progeny was
obtained from F. vescalllaria, issued from a cross between Fragolina
di Ribera and Alpine (Consiglio per la Ricerca e la Sperimentazione
in Agricoltura, Forli, Italy). The collection of the 37 genotypes listed
in Table S1 was obtained from Dresden, INRA and USDA-Corvallis.

Cloning and phylogenetic analysis

TFLT homologues in rose were isolated by PCR on R. chinensis
spontanea using the primers UtflIF1 and UtfIR1. All primers are listed
in Table S2. In strawberry, FvKSN was first isolated using primers
from rose, KSNgPCRF2 and KSNgPCRR2. Other TFLT homologues

© 2011 INRA
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were isolated using sequences obtained via Fragaria genome
sequencing (Shulaev et al., 2011). Amino acid sequences of FT and
TFL1 homologues in Arabidopsis, tomato, poplar and grapevine
were aligned with predicted FT/TFL1 proteins in strawberry and rose
using cLustaLw (Thompson et al., 1997). A phylogenetic tree was
produced from 1000 bootstrap replicates by applying the neighbour
joining (NJ) method with pHiLLIPS software. The phylogenetic tree
was displayed using TREEVIEW (Page, 1996).

Phenotyping, mapping and genetic structure

Segregating populations were phenotyped for CF. In rose, geno-
types were considered as CF when plants flowered in the first year
after germination, and were confirmed by the presence of flowers in
October and November over a 4-year period (2006-2009). In straw-
berry, genotypes were considered as CF when plants had inflores-
cences in late summer and fall. In the seven pairs of mutants, the
climbing rose genotypes, classified as OF, may occasionally flower
late in the summer. In rose, based on polymorphism caused by the
retrotransposon insertion, the RoKSN genetic marker was devel-
oped using a multiplex kit (Qiagen, http://www.giagen.com) with F3,
InsR3 and R1 primers. In strawberry, FvKSN was genotyped based
on the 2-bp deletion identified in the coding region. The relatedness
of 37 wood strawberry genotypes was studied with 11 neutral
microsatellite loci (Table S3), distributed throughout the genome,
using STRUCTURE software (Pritchard et al., 2000). Comparative
mapping between RG Il and FG VI was based on the anchorage of
eight rose sequence markers, genes or microsatellites, on the
strawberry genome (http:/www.strawberrygenome.org) using
BLASTN. Gene markers were localized precisely, whereas SSR
markers were attributed to scaffolds.

Gene expression analysis

Total RNA extraction was performed as previously described by
Remay et al. (2009). To test the effect of the retrotransposon on
mRNA accumulation, a one-step RT-PCR was performed using the
one-step RT-PCR kit (Qiagen), according to the manufacturer’s rec-
ommendations. Briefly, both ¢cDNA synthesis and PCR were per-
formed in a single tube using gene-specific primers and target RNA.
To study RoKSN accumulation during the floral process, a two-step
RT-PCR was carried out as previously described (Remay et al.,
2009). Total RNA was reverse transcribed using oligo-dT primers
and subjected to quantitative PCR to analyse transcript accumula-
tion. The level of RNA was normalized using the TCTP gene as a
reference, after checking the homogeneity of the cycle threshold (C,)
variation with a second housekeeping gene: i.e. EF1z (Remay et al.,
2009). Terminal parts of the shoots were harvested in spring and
autumn from R. wichurana at different time points (see details in the
legend of Figure 6). The terminal part of the shoot was dissected
(removal of young leaves), and therefore corresponds to the shoot
apical meristem, the leaf primordia and the stem.
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Abstract

Cultivated for centuries, the varieties of rose have been selected based on a number of flower traits. Understanding the
genetic and molecular basis that contributes to these traits will impact on future improvements for this economically
important ornamental plant. In this study, we used scanning electron microscopy and sections of meristems and flowers to
establish a precise morphological calendar from early rose flower development stages to senescing flowers. Global gene
expression was investigated from floral meristem initiation up to flower senescence in three rose genotypes exhibiting
contrasted floral traits including continuous versus once flowering and simple versus double flower architecture, using a
newly developed Affymetrix microarray (Rosa1_Affyarray) tool containing sequences representing 4765 unigenes expressed
during flower development. Data analyses permitted the identification of genes associated with floral transition, floral
organs initiation up to flower senescence. Quantitative real time PCR analyses validated the mRNA accumulation changes
observed in microarray hybridizations for a selection of 24 genes expressed at either high or low levels. Our data describe
the early flower development stages in Rosa sp, the production of a rose microarray and demonstrate its usefulness and
reliability to study gene expression during extensive development phases, from the vegetative meristem to the senescent
flower.
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Introduction

Roses are widely used as garden ornamental plants and cut
flowers. A few flowering traits of roses are essential for the plants
commercial value. Examples of these traits are plant architecture,
continuous flowering, flower development, function and senes-
cence, scent biosynthesis, reproduction and resistance to biotic and
abiotic stresses. However, little is known about the molecular
mechanisms that control these traits. This dearth of information
limits the scope of rational selection to improve the ornamental
plants. During the past decade, using model species such as
Arabidopsis thaliana, tobacco, Brachypodium distachyon, rice or maize,
researchers significantly enhanced our understanding of the
various aspects of plant development and resistance to biotic and
abiotic stresses, and of the molecular and genetic pathways
associated with these aspects. However, these model species are
not suitable for the studies of other flowering traits such as
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recurrent blooming, scent production and double flower character.
Rose represents an interesting ornamental model species to
address some of these aspects.

Cultivated roses have a very ancient history. The two major
areas of rose domestication were China and the peri-mediterra-
nean area encompassing part of Europe and Middle East, where
Rosa chinensis Jacq. and R. gallica L. (respectively) were bred and
contributed predominantly to the subsequent selection process.
Artificial crossing between Asian and European roses gave birth to
“modern rose cultivars”. Although testimonies and historical
records have documented major crosses that led to modern roses,
the genetic basis on which the modern rose cultivars are
established is still poorly understood [1]. It has been reported
that about 8 to 20 species out of about 200 wild species have
contributed to the origin of present cultivars [2,3,4].

In Rosa sp., EST sequencing has identified novel genes whose
expression is associated with several rose traits [5,6] such as the
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scent associated genes O-methyltransferases and alcohol acetyl-
transferase and floral associated genes [6,7,8,9,10,11,12,13]. EST
sequences were also used to generate a rose DNA microarray
comprising 350 selected ESTs [14]. Using this microarray,
researchers discovered several novel floral initiation genes and
flower scent-related candidate genes (i.e. germacrene D-synthase
encoding genes) [15]. However, this array contains only a limited
number of sequences that represent genes expressed at late petal
development stages.

With publicly available rose gene sequences, we generated a
microarray and studied the gene expression throughout floral
development, from the initial floral transition to floral senescence.
We created an annotated flower EST database corresponding to
4834 genes and used the sequences to develop an Affymetrix
microarray. With this microarray, we compared the transcriptome
at different floral development stages. We found a good correlation
between the microarray data and real time quantitative RT-PCR
(qPCR) data for selected genes whose expression coincides with
early, mid and late flower development stages. This dataset can
help identify new rose genes associated with floral initiation, flower
development and senescence.

Results and Discussion

Staging the floral transition and flower development in
Rosa sp

Understanding the genetic basis of flower formation in
ornamental plants such as roses is particularly important for
future cultivar improvement. We first analyzed the wvisible
morphological modifications during the floral process, from the
vegetative meristem to the senescent flower using three rose
cultivars, Rosa wichurana, R. chinensis cv. Old Blush and R. x hybrida
cv. Félicité et Perpétue. Rosa wichurana and R. chinensis cv. Old
Blush, two diploid roses, are among the few roses genotypes that
were used in the numerous crossings and hybridizations to create
the modern roses [2,16]. For example R. chinensis cv. Old Blush
contributed major traits, like recurrent flowering and components
of the characteristic ‘tea scent’ of modern roses [5,9,17], and R.
wichurana 1s a non recurrent flowering rose that contributed the
climbing trait for some garden roses [17]. The third rose, R. x
hybrida cv. Félicité et Perpétue (FP) is a cultivated hybrid. These
three cultivars were chosen because they have very different
flowering habits. For example R. chinensis cv. Old Blush was chosen
to study floral organogenesis, maturation and senescence, as it
flowers all year long in our greenhouse at ENS, Lyon. However,
continuing flowering limits our ability to sample enough vegetative
meristems for transcriptome analyses. Therefore, to collect
sufficient number of meristems, we also chose non recurrent
flowering roses, R. wichurana and R. x hybrida cv. Félicité et Perpétue
in greenhouse and field conditions at INRA, Angers.

Rose flowers are composed of four organ types arranged in
whorls, from the outer to the inner sepals, petals, stamens and
carpels. Flower development stages have been determined for
model plants such as 4. thaliana [18]. However, these development
stages cannot be directly applied to the rose flower development.
In contrast to A. thaliana flowers that are composed of four
concentric whorls, rose flowers are composed of one whorl of 5
sepals and multiple whorls of petals, of stamens and of carpels.
Furthermore, the floral architecture of modern roses differs from
that of wild-type roses. For instance, modern rose varieties exhibit
double flower character of high number of petals and modified
numbers of stamens and carpels, whereas wild-type roses have 5
petals. Scanning electron microscopy (SEM) was used to image
floral initiation in Rosa sp (Figure 1). Based on these imaging data,
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we divided the floral initiation process into three stages. After bud
outgrowth, the vegetative meristem is dome-shaped and narrow
with leaf primordia on its flanks (Stage VMI for vegetative
meristem; Figure 1A, a, d). This structure is typical of a vegetative
meristem as previously described [19]. Rapidly, when the new
stems have acquired three fully expanded leaves, the meristem
enlarges, emerges and leat primordia are now invisible (Stage
VM2, Figure 1A, b, e). We defined this VM2 stage as “pre-floral
stage”. Then, the meristem becomes floral characterized by a flat,
large and doming structure (Stage FM for floral meristem;
Figure 1A, c, f). These morphological changes were similar in
the non-recurrent flowering roses, R. wichurana and R. x hybrida cv.
Félicité et Perpétue. Similar enlargement and doming of the
meristem were observed during the floral initiation in other related
Rosaceae [20].

Sections of floral meristem and young flower buds (Figure 1A,
g-k) were used to define the floral organogenesis steps in R.
chinensis cv. Old Blush. Five morphologically distinct developmen-
tal stages were easily distinguished under a dissecting microscope.
At flower development stage 1, the floral bud is surrounded by
bracts, the floral meristem is flat and five sepal primordia are
visible. Floral organs subsequently form following a radial gradient
so that the most external organs are the more differentiated. At
stage 2, petal primordia are apparent on the flank of the
hypanthium. At development stage 3 stamens primordia appear
on the flank of the hypanthium while petal primordia continue
developing. At stage 4, carpel primordia are the last organs that
appear in the center of the hypanthium, while the other organs
continue developing. At stage 5, all floral organs are apparent, and
the hypanthium starts to sink below the perianth and stamens.
During the onward development stages the hypanthium continues
to form and the flower becomes clearly visible (Figure 1 B). The
four types of floral organs continue developing and flowers start
opening (VP stage for visible petals) (Figure 1 B). Then the flower
fully opens (OF stage for open flower), and finally senesces (SF
stage for senescing flowers).

Rose EST database creation and Rosal_Affymetrix

custom array design

We collected the available rose genes sequences (ESTs and
mRNA) and built a comprehensive database. Using sequence
clustering, we generated a dataset comprising 4765 unique
sequences (clusters and singletons) and deposited them in http://
urgi.versailles.inra.fr/GnpSeq.

For most of the clusters, one representative EST was chosen
based the following criteria. Its sequence is larger than 600
nucleotides and preferably corresponding to the 5’ end gene
sequence. Because the rose is highly heterozygous, such strategy
should prevent using chimerical sequences that might have been
obtained during the clustering process. However, 343 clusters did
not meet the criteria above. For these 343 clusters, two or more
ESTs representing the unique sequence were used. In total, 5175
unique rose EST sequences representing 4765 unique sequences
were used for the Rosal_Affymetrix array design and a total of
6,289 probe sets including Affymetrix control probesets were
designed. The arrays were manufactured by Affymetrix (http://
www.aftfymetrix.com).

Array sequences annotation

We used the Blastx algorithm against the nr database to identify
the best protein hits for the 5175 unique rose sequences, and
analyzed these results using Blast2go software [21]. 3959
sequences (76.5%) produced a significant match with one or more
entry in the database. Among the 3959 sequences, 222 (5.6%)
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could not be mapped with GO terms and 3737 had at least 1 GO
term. For 1439 sequences, full automatic annotations were
obtained. Analysis of GO biological process mapping showed that
out of these 1439 sequences, 700 (48.6% of mapped sequences)
were annotated as involved in primary metabolism processes and
only 43 were annotated as putative secondary metabolism genes.
120 sequences (8.33% of mapped sequences) were mapped with
the GO:0010468 annotation corresponding to regulation of gene
expression. GO molecular function analysis showed that 38
sequences (2.6% of mapped sequences) had putative transcription
factor activity (GO:00037000). The complete list of these
sequences represented in the array, giving the first Blastx hit, the
Blast2go computed annotation and gene ontology, is shown in
Table S1. About 23.5% of the rose sequences produced no
significant Blast hit in the gene databases. It is likely that the
sequences of these genes have diverged far enough to render the
annotation difficult. These highly divergent genes may have
evolved functions that are be specific to the Rosa genus or
Rosaceae family and are therefore of particular interest.

Gene expression associated with rose floral initiation

We analyzed the transcriptomes of R. wichurana (Rw) and R. x
hybrida cv. Félicité et Perpétue (FP) during floral initiation.
Specifically, we compared vegetative (VM1) to pre-floral (VM2)
stages and pre-floral to floral (FM) stages (Figure 2A). Such
comparisons can uncover on genes potentially involved in the
control of floral initiation. The rationale is that the genes up-
regulated between vegetative and pre-floral buds are expected to
be putative floral activators. Conversely, genes repressed between
vegetative and pre-floral stages are expected to be putative floral
inhibitors.

@ PLoS ONE | www.plosone.org

824 genes in R. wichurana and 652 genes in R. x hybrida cv.
Félicité et Perpétue had a dynamic expression pattern between
vegetative meristem (VM1) and pre-floral meristem (VM2) (Tables
S2 and S3). Between VM1, VM2 and floral meristem (FM) stages,
302 (Rw) and 104 (FP) of these genes continued to be differentially
expressed. During the VM1 to VM2 transition, 336 (Rw) and 301
(FP) genes were up-regulated between vegetative and floral stages,
hence they represent candidates associated with floral initiation.
488 (Rw) and 351 (FP) genes were down-regulated and they are
thus potential floral initiation repressors (Tables S2 and S3). To
increase the confidence in the discovery of genes associated with
floral induction, the overlapping genes from both datasets (Rw and
FP) were selected. 258 differentially expressed genes during the
VMI to VM2 transition were common between FP and Rw
samples. Among these genes, 222 out of 258 (86%) presented the
following expression pattern. 131 genes are down-regulated
between VM1 and VM2 stages and are thus putative floral
repressors (top list in Table 1 and complete list in Table S4A). 91
gene are up-regulated between VM1 and VM2 stages and are thus
putative floral activators (top list in Table 1 and complete list in
Table S4B). Altogether, these genes are interesting candidates for
studying floral initiation in Rosa sp.

Among the putative rose floral activators, the expression of the
putative rose homologues of SOCI (RhSOCI) and APETALAI
(RRAPI) were induced during the floral initiation both in R.
wichurana and in R. x hybrida cv. Félicité et Perpétue (Tables S2 and
S3; Figure 3), in agreement with previously reported data [13].
Therefore, like in Arabidopsis [22,23], in Rosa sp the expression of
RiASOCI and RhAPI suggests that these genes may have similar
function as floral integrator and floral meristem identity regulator,
respectively. Among the genes that were differentially expressed in
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both roses during floral initiation, six (BI978989, BI978732,
BI978794, EC589388, BQ104046, EC586448) showed similarities
to genes involved in auxin transport or auxin signalling. Two
auxin-repressed homologues (BI978989 and BI978794) were
down-regulated and two auxin-induced homologues (BI978732
and BI978794) were up-regulated during the floral initiation
process in Rw and FP, suggesting dynamic auxin signalling in the
rose apex during the floral initiation and the organogenesis of the
inflorescence meristems. Auxin and ethylene often interact
synergistically [24-25]. We found genes involved in ethylene
signalling were down-regulated during floral initiation in Rw and
FP. These genes (EC586386 and AY919867) showed similarities
with EIN and EIL genes [26]. EIN and EIL transcription factors
are positive regulators of the ethylene signalling [27]. In Arabidopsis,
ethylene delayed flowering as acs mutant flowered later [28]. In
addition, during the floral initiation in Rw, two genes showing
similarity with ethylene synthesis gene, ACC oxydase (AI'441282)
and ACC synthase (BQ105189) are down-regulated. Therefore,
during the floral initiation, decrease in ethylene production may
lead to diminution of EIN/EIL transcription factor and reduction
of the ethylene signalling. These expression data suggest that
ethylene and auxin may be involved in floral initiation process in
rose although further experiments will be necessary to validate
these hypotheses.

Gene expression associated with rose floral development

We harvested six pools of samples corresponding to different
flower development stages in R. chinensis cv. Old Blush (Figure 1)
and compared the transcriptome in successive stages (Figure 2B).
We found three distinct groups with common genes (T-test). These
groups corresponded to early, mid and late floral development
(Figure 2B). A total of 135, 401 and 456 sequences appeared
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significantly and differentially regulated at least once during early,
mid and late flower development stages, respectively.

To validate and evaluate the accuracy of the microarray data,
we performed quantitative real-time PCR (qPCR). Twenty four
genes were selected from the microarray transcriptomics compar-
isons based on previous bibliographic reports and/or deregulation
levels, then, using qPCR, we further characterized the expression
profiles (Figure 3; Figure S1). The correlation between the
microarray results and those obtained by qPCR was assessed by
calculating the Pearson’s product moment correlation coefficient
[47,48] (Table S5). Pearson’s correlation coefficient was calculated
between each pair of fold change as estimated by microarray and
qPCR experiments. The statistical significance of each Pearson’s
correlation coefficient was assessed using the cor.test routine in R.
A global correlation coefficient of 0.858 calculated by the average
of every gene was observed. These results indicate that our
microarrays are able to detect consistently both low and high fold-
changes with high accuracy in different experimental conditions
(Table S5).

Transcriptome analyses during early flower development

135 genes were differentially expressed at during early floral
organogenesis. Among these genes, 46 were found differentially
expressed between stages 1+2 and 3+4 and 105 genes were
differentially expressed between stages 3+4 and 5 (Table 2 and
Table S6). An ACC synthase (AY803737) putative homologue was
among the highly up-regulated genes between stages 1+2 and 3+4.
In Arabidopsis, there are nine ACC synthases, many of which are
expressed in the flower [29,30]. The floral organ identity MADS-
box encoding genes [31,32,33], such as an APETALAS homologue
(RRTMG6/MASAKOB3  AB055966, Figure 3), the AGAMOUS
ortholog (RRAG, AB025645, Figure 3), or the rose PISTILLATA
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Table 1. Top list of putative floral repressors and activators shared between R. x. wichurana and “Félicité et Perpétue”.
R. x. wichurana “Félicité et Perpétue”’

Gene annotation Log(ratio) VM2/WM1 Log(ratio) FM/WM2 Log(ratio) VM2/WM1 Log(ratio) FM/WM2

repressors

EC58630 0,00 —2,77 —0,95 -1,03 —0,71

BQ104485 (Q5NE18) Formate dehydrogenase —2,75 1,05 -1,14 -

EC589917 (Q3T923) Fra a 1 allergen (Fra a 1-A allergen) —2,08 —0,34 —4,93 0,20

CF349421 (Q7XHM6) Hypothetical protein —1,98 1,13 —-0,75 —0,29
OSJNBb0095H08.9

CF349812 (Q8H7G2) Hypothetical protein -1,97 1,22 —1,00 0,32
(Q8H7G2_ARATH)

EC587235 0,00 —1,81 0,76 —0,84 0,46

EC587845 (Q8L5Z1) Hypothetical protein At1g33810 -1,79 0,03 —1,65 0,41
(Q8L5Z1_ARATH)

CF349438 (081644) Villin-2 (VILI2_ARATH) —-1,78 2,21 —0,87 0,07

CF349322 (Q1RSTO) Peptidase S1 and S6 -1,76 2,40 —2,10 0,01

CF349916 (Q564G6) Galactomannan galactosyltransferase -1,72 0,60 —1,01 —024

EC587239 0,00 =171 1,57 —1,68 0,36

BQ105944 ATP-dependent Clp protease -1,70 1,69 —1,08 —0,13
ATP-binding subunit

BQ105308 (Q533V0) Phospholipase D alpha (EC 3.1.4.4) —1,69 1,85 —0,84 0,31

CF349664 (Q1S2R3) GIGANTEA protein (Q1S2R3_MEDTR) —1,68 -0,13 =1,27 0,16

BI977439 (Q8L553) SCARECROW transcriptional —1,67 1,13 -1,29 —0,19
regulator-like

EC586479 0,00 —1,66 1,40 —1,24 —0,24

BQ104603 0,00 —1,65 2,31 =1,19 1,00

EC588955 0,00 —1,61 0,19 —1,01 067

BQ106662 (004136) Homeobox protein knotted-1-like 3 —1,58 1,09 —1,02 —0,17
(KNAP3))

CF349422 (Q9SWHO) Plasma membrane proton ATPase -1,53 1,54 —1,03 0,13

BQ106489 0,00 —-1,52 0,98 —2,22 =

EC586088 (Q41695) Pectinacetylesterase precursor —1,48 1,58 -1,32 0,86

EC588764 (Q2HTG1) GTP-binding signal recognition —1,48 1,09 —1,26 —0,37
particle SRP54

BI977401 (Q2AACB) Cysteine proteinase —1,46 0,60 -1,50 0,13

BQ104821 (Q2R3E0) Alpha-mannosidase —1,46 1,43 —0,74 —0,11

BQ103923 (Q84V96) Aldehyde dehydrogenase 1 precursor  —1,46 0,74 —1,64 0,58

BQ104041 0,00 —1,45 1,98 —1,47 043

EC587517 (Q71BZ1) Type-B response regulator —1,42 1,58 -0,70 -
(Q71BZ1_CATRO)

EC588090 0,00 —1,42 = —2,18 0,48

BQ105490 0,00 -1,37 1,83 —5,92 —0,84

BQ103990 (Q8RWI9) Hypothetical protein At3g21090 —136 1,32 —1,01 —0,26
(Q8RWI9_ARATH)

EC586608 0,00 -1,30 0,91 —0,99 0,38

BI978794 (Q05349) Auxin-repressed 12.5 kDa protein -1,30 0,49 —2,62 —0,80
(12KD_FRAAN)

CF349291 (Q9SGUY) Similar to O-succinylhomoserine -1,26 0,89 —0,96 0,01
sulfhydrylase

EC586448 (Q94BT2) Auxin-induced in root cultures protein 12—1,26 —0,57 -0,77 —0,72
precursor

activators

BI978967 (Q6Z2K3) Putative Avr9/Cf-9 rapidly elicited 1,06 027 0,75 —0,04

BI977621 (Q8L5J6) Expansin 3 (Q8L5J6_MALDO) 1,08 —0,50 1,01 0,98

BQ104361 (Q650W6) Putative nucleic acid-binding prot. 1,08 - 1,40 —0,29

EC588171 (Q1SZF1) Allergen V5/Tpx-1 related 1,11 —0,75 1,29 0,79
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R. x. wichurana

“Félicité et Perpétue”

Gene annotation Log(ratio) VM2/WM1 Log(ratio) FM/WM2 Log(ratio) VM2/WM1 Log(ratio) FM/WM2
EC586116 0,00 1,12 1,17 1,14 0,34
EC589388 (Q1SHH?) Auxin responsive SAUR protein 1,14 —0,02 1,52 0,47
BI978946 (Q93201) AT5958730 1,20 —1,03 1,55 —0,17
RoAGL20 (Q7Y137) MADS-box protein PTM5 1,22 0,97 0,14
BQ105514 0,00 1,23 —0,74 0,72 —0,02
BI977348 (Q94AQ7) Hypothetical protein At5g11280 1,23 0,50 0,73 —0,47
BQ103904 (Q41696) Cysteine protease precursor 1,25 —2,35 2,55 0,20
EC589855 0,00 1,27 —0,03 0,71 —0,44
BI978115 (Q84W81) Hypothetical protein At5g49800 1,27 0,34 1,85 —0,57
EC586690 Q2QXK7) F-box domain, putative 1,31 —0,91 1,36 —0,02
EC588294 (Q1S0D0) Glyoxalase/bleomycin resistance protein 1,32 —0,46 0,77 1,19
EC588783 (Q9LUC1) Putative protein At3g14740 1,34 0,27 1,19 —0,31
RoAP1a (Q283Q1) APETALA1 protein 1,38 —0,40 2,06 0,88
EC587486 0,00 1,42 —0,62 1,38 —0,35
BI978732 (P32293) Auxin-induced protein 22A 1,47 —0,36 1,27 1,28
BQ104100 0,00 1,55 —0,94 1,49 1,03
BQ105108 (065744) GDP dissociation inhibitor 1,63 —3,09 2,13 0,17

calculated.
doi:10.1371/journal.pone.0028455.t001

ortholog (RhPI/ MASAKO BP, AB038462), were among the genes
whose expression was up-regulated between stages 1+2 and 3+4 or
between stages 3+4 and 5. Interestingly, genes that are predicted
to have functions in cell wall remodelling, such as putative
extracellular lipases (BQ106293, EC586717, EC588243,
BI978064, BI977386, BQ105800), xyloglucan endotransglucosy-
lase/hydrolase 2 (XTH2, DQ320658) [34], expansins (BI977621,
EC589557), putative pectin esterase (BQ105504) and pectate lyase
BQ103887, BQ105987) were up-regulated between stages 3+4
and 5. This result supports the idea that very active cell wall
remodeling coincides with the beginning of organ elongation that
occurs mainly at stage 5. A putative gibberellin 2-oxidase
(BQ105545) was up-regulated early during flower development.
In Arabidopsis, a similar up-regulation of genes implicated in
gibberellins metabolism and signaling have been described at early
floral development [35,36]. In agreement with previously
published data, our microarray analysis suggests that gibberellins
are important during early floral development of rose plants
[13,37]. Among the genes that showed strong down-regulation
between stages 142 and 3+4, we found the putative orthologues of
PERIANTHIA (PAN), API and SOC! (AGL20). In Arabidopsis, PAN,
API and SOCI are expressed in the floral meristem, but their
expression is down-regulated in the subsequent steps during floral
organs differentiation [36,38,39,40], hence in agreement with the
observed down-regulation of the rose homologues between flower
development stages 1+2 and 3+4.

Early to late floral development transition

Sequences corresponding to 401 genes were detected as
differentially regulated between stages 5 and VP. Among these
genes, 233 were down-regulated and 168 were up-regulated (see
Table 3 for a selection of genes and Table S7 for full list). Genes

@ PLoS ONE | www.plosone.org

Log(ratio) of intensities are represented, italicized numbers represent ratios for which the p-value of the Bonferroni test was higher than 0.05. -: no value could be

that exhibit strong similarities to genes involved in carotene,
flavonoid and anthocyanin biosynthesis are up-regulated between
stages 5 and VP. Among these genes, putative phytoene synthase
(BI979026), zeta carotene desaturase (CI'349648), lycopene beta-
cyclase (BQ105122) are likely to be involved in carotenoid
biosynthesis. The expression of UDP-glucose anthocyanidin-o-
glucosyltransferase (AB201048/RhGTI), previously involved in
anthocyanin synthesis [41], was strongly up-regulated. A similar
strong up-regulation was observed for genes encoding putative
phenylalanine ammonia-lyase (BQ105227), chalcone synthase
(EC587811), flavonol synthase (AB038247) and anthocyanidin
synthase (BI977949) (Figure 3). Altogether, these genes are likely
good candidates involved in anthocyanins biosynthesis in rose
petals.

Interestingly, genes predicted to encode five putative cyclins
(EC586028, EC586517, EC587578, EC588351, and EC588489)
and a putative cyclin dependent kinase (EC589228) are strongly
down-regulated during floral organ morphogenesis. This down-
regulation may reflect the transition from mitotic growth to post-
mitotic growth where floral organs grow through cell expansion.
Recently, Vanneste et al. showed that the transcriptional down-
regulation of A2 type cyclins is a direct link between develop-
mental programming and cell-cycle exit in Arabidopsis thaliana [42].

Fifteen genes encoding putative transcription factors were up-
regulated, while nine were down-regulated. Among the up-
regulated transcription factors, we found the putative orthologue
of SHP (AB025643) [32] and a putative NAC domain protein
(BI978992, Figure 3). BI978992 is homologous to Arabidopsis
NAC2, a gene expressed in ovule integuments. The differential
expression of NAC2 between stages 5 and visible petals (VP)
suggests its putatively conserved function with the Arabidopsis
NAC2. Three putative MYB transcription factors were also up-
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Figure 3. Real time quantitative RT-PCR (qPCR) analysis of six selected differentially expressed genes during rose floral
organogenesis, floral opening and senescence in R. chinensis cv. Old Blush. qPCR data (black histograms) are compared to the microarray
hybridization data (white histograms). Microarray data is presented regardless of Bonferroni test success. Each pair of histograms represent successive
comparisons between floral development stages 142, 3+4, 5, visible petals (VP), open flower (OF) and senescing flowers (SF).

doi:10.1371/journal.pone.0028455.9003

regulated (CF349636, BQ104100 and BI978095, Figure 3). These
rose MYBs may be involved in organ elongation, as they share
about 67% protein sequence similarity with AtMYB21, known to
be involved in gibberellins/jasmonate-mediated control of stamen
filament elongation [43].

Late floral development

456 genes were differentially regulated at least once during the
late phases of floral development, i.e. from visible petal (VP) stage
to senescent flower (SF) stage. Most of these genes showed similar
expression pattern when we compared stages VP to OF (open
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flower) or stages VP to SF (See Table 4 for top list, and Table S8
for full data). This result indicates that the transcriptome becomes
less dynamic at senescence stages and thus not so many differences
are detected when comparing samples OF and SF to the VP
sample. Gene ontology analysis showed that among the up-
regulated genes, the three GO terms chlorophyll catabolic process,
heterocycle catabolic process and cellular nitrogen compound
catabolic process were significantly overrepresented as compared
to the whole annotated set; the four GO terms nucleus,
macromolecule biosynthetic process, intracellular non-mem-
brane-bounded organelle and ribonucleoprotein complex were
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underrepresented. We could identify two genes encoding stay-
green protein homologues (BI978267 and BQ106457) that are
strongly up-regulated upon petal elongation and remain highly
expressed throughout the final petal senescing process. Stay-green
proteins have a major role in chlorophyll and photosynthetic
pigments degradation and have been repeatedly described to be
associated with the processes of fruit ripening and organ
senescence [44]. Surprisingly, no gene related to ethylene
biosynthesis or signaling was detected as differentially expressed
during late floral development. However the ROXTHI and
RLEXPAI genes, both induced during ethylene-triggered and field
abscission [34,45], were strongly up-regulated between VP and
OF stages and remained as such in senescing flowers. Among the
down-regulated genes, the two GO terms protein metabolic
process and plasma membrane were underrepresented as
compared to the whole set (whole microarray GO terms) and
the eight GO terms acyltransferase activity, acyl-carrier-protein
biosynthetic process, acyl carrier activity, cellular carbohydrate
metabolic process, polysaccharide metabolic process, fatty acid
biosynthetic process, lipase activity and defense response to fungus
were overrepresented (Table 5). The enrichment in the latter set
may represent a slowdown of general metabolic pathways at the
onset of flower senescence. Similar results were reported in A.
thaliana during organs senescence where a down-regulation of the
photosynthetic machinery accompanied by a reduction in
expression of many cell wall biosynthetic genes reflecting a
cessation of growth during senescence [46].

Conclusions

We established a calendar of the floral initiation and
development for the rose and developed a rose microarray that
harbors sequence from genes expressed during the floral transition
and whole floral development process in Rosa sp, from initiation up

@ PLoS ONE | www.plosone.org

Table 2. List of selected floral organogenesis associated genes in R. chinensis cv Old Blush.

R. chinensis cv Old Blush
Gene annotation Stages 3+4 vs 1+2 Stages 5 vs 3+4
AY803737 Rosa hybrid cultivar 1-aminocyclopropane-1-carboxylase synthase 2 (ACS2) 2,99 —1,21
AB055966 Rosa rugosa MASAKO B3 mRNA for MADS-box protein, 2,67 1,04
AB025645 Rosa rugosa MASAKO C2 mRNA for MADS-box protein, 2,94 1,37
CF349463 (Q159M3) Lipase, active site (Q1S9M3_MEDTR) 2,68 -
BI978064 (Q9MB8Y5) Putative GDSL-motif lipase/acylhydrolase (QOM8Y5_ARATH) 2,10 117
BI977386 (Q9M8Y5) Putative GDSL-motif lipase/acylhydrolase (QOM8Y5_ARATH) 1,99 1,08
EC586717 (Q1S3U7) Lipolytic enzyme, GDS-L (Q1S3U7_MEDTR) 1,69 1,16
BQ105800 (Q1SAY6) Lipolytic enzyme, GDSL (Q1SAY6_MEDTR) 2,76 0,91
DQ320658 Rosa xborboniana xyloglucan endotransglucosylase/hydrolase 2 (Xth2) 2,55 0,74
BI977621 (Q8L5J6) Expansin 3 (Q8L5J6_MALDO) —0,89 1,26
EC589557 (Q9SBT1) Expansin (Q9SBT1_FRAAN) 0,48 1,20
BQ105987 (Q94FT6) Pectate lyase B (Fragment) (Q94FT6_FRAAN) 0,75 1,27
BQ103887 (Q52PJ2) Ripening-related pectate lyase (Q52PJ2_MANIN) 1,21 1,11
BQ105504 (Q7X9B1) Pectinesterase (EC 3.1.1.11) (Q7X9B1_FRAAN) 1,44 1,35
BQ105545 (Q4W8C3) Gibberellin 2-oxidase (Q4W8C3_PHAAN) 0,42 -1,35
RoPAN (Q9SX27) Putative bZIP transcription factor, PERIANTHIA (Q9SX27_ARATH) —1,94 —2,08
RoAGL20 (Q7Y137) POPTM (Q7Y137) MADS-box protein PTM5 —2,77 —0,03
RoAP1b (Q2XUP6) MADS-box protein —0,98 —3,15
Log(ratio) of intensities are represented, italicized numbers represent ratios for which the p-value of the Bonferroni test was higher than 0.05.
doi:10.1371/journal.pone.0028455.t002

to senescing flowers. This microarray and the floral development
calendar were successfully used to identify genes whose expression
correlated with different flower development stages. These multiple
datasets represent an extensive study of rose floral development.
This resource can be helpful to select candidate genes potentially
mvolved in different horticultural traits, such as flowering, floral
architecture, scent production and emission, senescence and
abscission. We used the microarray developed herein to identify
genes whose expression is associated with some of these rose
important traits, such as flower initiation, development and
senescence. Rosal_Affyarray harbors sequences from ESTs found
in petals of different rose genotypes [5,14] (http://urgi.versailles.
inra.fr/GnpSeq) and thus may be helpful to identify genes
associated with other rose traits such as scent biosynthesis and/
or emission genes. The rose is among the species that exhibit the
highest scent complexity [47-48] [12] and some scent biosynthesis
pathways are unique to the rose or not yet identified in other
model species including other members of the Rosaceae genus
[11,49]. QTLs have been identified to be associated to several
important traits of the rose [50]. However, the heterozygous
genome of the rose complicates the breeding programs to select for
several traits simultaneously. The identification of genes whose
expression correlates with important ornamental traits can
facilitate and accelerate candidate gene identification for rose
breeding by marker assisted selection or genomic selection. For
example, this dataset can provide researchers with a useful
resource on the expression of candidate genes within a given
mapping interval. Furthermore, the rapidly progressing high
throughput sequencing technologies should allow the generation of
precise genetic maps for the rose that could be combined to
refined transcriptomics approaches to identify the genes respon-
sible for important horticultural traits in the rose, and allow
subsequent marker-assisted selection.
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Materials and Methods

Plant material

R. wichurana was obtained from ‘Jardin de Bagatelle’ (Paris,
France) and R. x hpbrida cv. Félicité et Perpétue from the Loubert
Nursery (Rosier sur Loire, France). Plants were grown outdoors
on their own roots as previously described [13]. In spring, at
different time points (see results), terminal parts of the growing
shoot were harvested and partly dissected (removal of young
leaves). R. chinensis cv. Old Blush was propagated by cuttings
from the Lyon Botanical Garden. Plants were grown in the
greenhouse with 16 h/8 h day/night and 25°C/14°C day/night
temperature. No specific permits were required for the
described filed studies, no specific permissions were required
for these locations, the location is not privately owned or
protected, and the field studies did not involve endangered or
protected species.

Light microscopy and SEM imaging of meristems and
early flower development

Samples were dissected under a binocular stereomicroscope and
then fixed in 4% glutaraldehyde (v/v) in 0.1 M phosphate buffer
(pH 7.2) for 2 h at 4°C under vacuum. Samples were dehydrated
in a graded ethanol series and embedded in Technovit 7100 [51].
Sections of 1.5 to 2.0 pm (Leica RM 2165 microtome) were
stained with toluidine blue and examined under an Olympus
BH2-RFC microscope coupled to a 3CCD Sony camera.

@ PLoS ONE | www.plosone.org

Table 3. List of selected genes associated with early to late flower development in R. chinensis cv Old Blush.

R. chinensis cv Old Blush
Gene annotation 5 vsPA
BI978095 (P93474) Myb26 8,00
BI978992 (Q50J79) NAM-like protein 5,28
AB038247 Rosa hybrid cultivar ‘Kardinal’ FLS mRNA for flavonol synthase 4,67
BQ105122 (Q9SEAQ) Lycopene beta-cyclase 4,30
EC587811 (Q84UT9) Chalcone synthase 3,27
BQ104100 MYB domain class transcription factor 3,01
AB025643 Rosa rugosa MASAKO D1 mRNA for MADS-box protein. 3,00
CF349648 (Q5W5X6) Zeta-carotene desaturase ZDS2 2,97
BI979026 (Q2VEY1) Putative phytoene synthase 2,89
BI977949 (Q5UL09) Anthocyanidin synthase 2,18
AB201048 RhGT1 UDP-glucose: anthocyanidin 5,3-O-glucosyltransferase, 2,18
CF349636 (Q9ATD1) GHMYB9 2,12
BQ105227 (Q9M567) Phenylalanine ammonia-lyase 2 2,11
EC586028 (Q9SNV1) Cyclin D3a (Fragment) -2,12
AB201051 RhGT4 mRNA UDP-glucose: flavonol 3-O-glucosyltransferase —-2,18
EC587392 (Q8S342) Putative anthocyanidine rhamnosyl-transferase —245
EC587578 (Q6T2Z6) Cyclin d3 —3,83
EC586734 (Q08733) Aquaporin PIP1.3 —4,52
RhCyc2 (Q9SBQ4) CYCB1-1 protein —4,65
EC588351 (Q9SBQ4) CYCB1-1 protein —4,72
EC58848 (P93557) Mitotic cyclin —4,77
EC589228 (Q94EX2) At1g76540/cyclin dependent kinase —5,05
EC586517 (Q4JF78) Cyclin-dependent kinase B —5,26
Log(ratio) of intensities are represented, for all ratios the p-value of the Bonferroni test was lower than 0.05.
doi:10.1371/journal.pone.0028455.t003

For scanning electron microscopy, terminal part of the shoot
was carefully dissected. After a fixation in 4% glutaraldehyde (v/v),
followed by post-fixation with osmium tetroxide, the sample was
dehydrated in a graded alcohol series and in acetone. Dehydration
was completed by critical point drying. Sample were then coated
with gold (MED 020 BALTEC) and observed with a JEOL JSM-
63017 scanning electron microscope.

RNA samples preparation

Two independent biological replicates were produced for each
samples at different stages. For each biological repetition and each
point, RNA samples were obtained by pooling vegetative or floral
tissue from at least five different plants. For R. chinensis cv. Old
Blush samples, meristems or flowers were dissected and collected
individually on plants at developmental growth stages, cultivated
in greenhouse conditions as previously described [55]. For R.
wichurana and R. x hybrida cv. Félicité et Perpétue, RNA was
extracted from non-dissected buds, including either the vegetative
meristem and its surrounding leaves or the pre-floral/floral
meristem and its surrounding leaves and bracts. Total RNA was
extracted using RNeasy Plant Mini Kit (Qiagen) according to the
supplier’s instructions.

AFFYMETRIX Array hybridization

RNA samples were checked for their integrity on The Agilent
2100 bioanalyzer according to the Agilent Technologies (Wald-
broon, Germany).
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Table 4. List of selected floral maturation and senescence associated genes in R. chinensis cv Old Blush.
R. chinensis cv Old Blush
Gene annotation PA vs FE PA vsFS
BI977502 Brassinosteroid-regulated protein BRU1 precursor 8,82 8,79
BI978598 Early light-induced protein 8,38 7,99
EC587309 0,00 7,70 582
BI977376 Putative zinc finger protein At1968190 7,35 713
BI978143 0,00 6,61 7,00
EC587486 0,00 6,31 4,81
BI978750 0,00 6,30 5,55
BI978596 Hypothetical protein 6,29 6,32
BQ104828 0,00 6,24 5,51
BQ105724 0,00 6,09 5,65
EC586975 Glycosyltransferase NTGT5a 6,07 6,28
BQ106572 0,00 6,02 5,87
BI977926 18.5 kDa class | heat shock protein 583 -
EC588495 0,00 5,60 5,54
BI978508 Hypothetical protein 5,51 -
BQ104475 0,00 5,50 6,25
BQ103870 0,00 5,26 512
BI977873 Hypothetical protein At5963130 5,25 518
BQ103973 Tryptophan synthase alpha chain 524 4,61
BI977634 Aux/IAA protein 5,21 5,20
BQ105490 0,00 5,07 5,85
BQ106477 Protein WUSCHEL-like 5,03 5,54
BQ106330 0,00 5,02 522
BQ106091 Hypothetical protein At2g42570 4,91 4,52
BI977302 Bzip transcription factor 4,82 4,83
BI978926 AT5g11580 4,81 5,46
CF349316 Putative NADH dehydrogenase 4,81 5,01
EC589818 Putative calmodulin-related protein 4,80 -
BI978132 0,00 4,74 4,55
BQ105726 Expansin-like protein 4,73 3,90
BQ104701 0,00 4,68 4,81
EC586683 0,00 4,68 5,52
DQ320657 Rosa xborboniana expansin protein (ExpA1) mRNA 4,17 4,38
EC589229 Probable xyloglucan endotransglucosylase/hydrolase protein 8 precursor 3,20 -
BI978267 Senescence-inducible chloroplast stay-green protein 1 2,71 2,42
BQ106457 Senescence-inducible chloroplast stay-green protein 2 - 2,34
BQ104919 Pectate lyase —4,04 —6,18
EC588897 Laccase —4,04 —4,86
EC588483 Alpha-D-xylosidase precursor —4,06 —-3,72
EC587152 0,00 —4,08 —4,46
EC589569 Serine carboxypeptidase, putative —4,10 —3,48
EC586717 Lipolytic enzyme, GDSL —4,13 —2,59
EC587284 RNA-binding region RNP-1 —4,15 —3,42
BI977461 0,00 —421 —4,40
EC586015 Cold-regulated LTCOR12 —4,22 —4,44
BI978116 Putative cell-wall P4 protein —4,24 -
BI977348 Hypothetical protein At5g11280 —4,27 —4,99
BQ106043 Isoamylase isoform 3 —4,27 —4,01
EC589137 Putative alpha-glucosidase —4,33 —4,07
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Two ug of total RNA were used to synthesize biotin-labeled
cRNAs with the One-cycle cDNA synthesis kit (Affymetrix, Santa
Clara, CA). Superscript II reverse transcriptase and T7-oligo (dT)
primers were used to synthesize the single strand of cDNA at 42°C
during 1 hour followed by the synthesis of the double stranded
cDNA by using DNA ligase, DNA polymerase I and RNaseH
during 2 hours at 16°C. Clean up of the double-stranded cDNA
was performed with Sample Cleanup Module (Affymetrix) followed
by @ wvitro transcription (IVT) in presence of biotin-labeled UTP
using GeneChip® TVT labelling Kit (Affymetrix). Quantity of the
labelled-cRNA with RiboGreen® RNA Quantification Reagent
(Turner Biosystems, Sunnyvale, CA) was determined after cleanup
by the Sample Cleanup Module (Affymetrix). Fragmentation of
10 pg of labelled-cRNA was carried out for 35 minutes at 94°C,
followed by hybridization during 16 hours at 45°C to Affymetrix
GeneChip® Rosal Genome Array representing approximately
4869 genes. After hybridization, the arrays were washed with 2
different buffers (stringent: 6 x SSPE, 0.01% Tween-20 and non-
stringent: 100 mM MES, 0.1 M [Na+]|, 0.01% Tween-20) and
stained with a complex solution including Streptavidin R-
Phycoerythrin conjugate (Invitrogen/molecular probes, Carlsbad,
CA) and anti Streptavidin biotinylated antibody (Vectors laborato-
ries, Burlingame, CA). The washing and staining steps were
performed in a GeneChip® Fluidics Station 450 (Affymetrix). The
Affymetrix GeneChip® Rosal Genome Arrays were finally scanned
with the GeneChip® Scanner 3000 7G piloted by the GeneChip®
Operating Software (GCOS).

Statistical Analysis of Microarray Data
The data were normalized with the germa algorithm [52],
available in the Bioconductor package [53]. To determine differen-
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Table 4. Cont.

R. chinensis cv Old Blush
Gene annotation PA vs FE PA vsFS
EC587785 0,00 —4,37 —391
EC586984 Putative beta-expansin —4,38 —4,99
CF349422 Plasma membrane proton ATPase —4,41 —3,64
BI977751 0,00 —4,49 —4,43
EC589098 Phosphoethanolamine N-methyltransferase 1 —4,49 —5,79
BQ106293 GDSL-motif lipase/hydrolase-like protein —4,51 —6,32
CF349724 Glucosyltransferase-like protein —4,74 —4,10
BQ106328 Pathogenesis-related transcriptional factor and ERF —5,10 -
EC586884 Proline-rich protein APG-like =511 —3,72
CF349712 Senescence-inducible gene protein —5,12 —5,47
BI978135 Plant lipid transfer protein/Par allergen —5,16 —7,04
CF349692 Putative alcohol oxidase —5,17 —6,66
EC588080 Hypothetical protein (At2g35760/T20F21.5) —5,32 —5,20
BI977262 Putative lipase —5,48 —6,04
CF349791 Globulin-like protein (Fragment) —5,67 —5,53
AB121046 phloroglucinol O-methyltransferase, complete cds —6,13 —5,06
BI978206 0,00 —8,51
BI978064 Putative GDSL-motif lipase/acylhydrolase -10,47 -10,51
BI977386 Putative GDSL-motif lipase/acylhydrolase —11,60 —11,42
Log(ratio) of intensities are represented, for all ratios the p-value of the Bonferroni test was lower than 0.05.
doi:10.1371/journal.pone.0028455.t004

tially expressed genes, we performed a usual two group t-test that
assumes equal variance between groups. The variance of the gene
expression per group is a homoscedastic variance, where genes
displaying extremes of variance (too small or too large) were excluded.
The raw P values were adjusted by the Bonferroni method, which
controls the Family Wise Error Rate (FWER) [54]. A gene is declared
differentially expressed if the Bonferroni P-Value is less than 0.05.

Data Deposition

All this steps were performed on Affymetrix plateform at INRA-
URGYV, Evry. The raw. CEL files were imported in R software for
data analysis. All raw and normalized data are available through
the CATdb database (AFFY_PetalDvt Lyon_Rose, [55]) and
from the Gene Expression Omnibus (GEO) repository at the
National Center for Biotechnology Information (NCBI) [56],
accession number GSE18357.

Validation of genes expression using quantitative real-
time PCR

Only genes that were involved in floral development were analyzed
for microarray data validation. One microgram total RNA (treated
with DNAse) was used in a reverse transcription assay with RevertAid
M-MuLV Reverse Transcriptase (Fermentas, Burlington, Ontario).
Target cDNAs were quantified by qPCR using FastStart universal
SYBR green master (Roche, Basel, Switzerland) on a Step-OnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA USA).
Expression levels were normalized with Rho ' Tubuline, RhRGAPDH and
RhEFIo reference genes. These genes were validated as reference genes
using the GeNorm application [57]. Three independent biological
replicates (pools of dissected flowers from at least 5 different plants)
were used for each experiment and two gPCR technical replicates were
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performed for each biological replicate. Primer sequences are available
i Table S9. The correlation between the microarray results, and those
obtained by qPCR was assessed by calculating the Pearson’s product
moment correlation coeflicient [58,59].

Supporting Information

Figure S1 Real time quantitative RT-PCR (qPCR)
analysis of 18 selected differentially expressed genes
during rose floral organogenesis and senescence in R.
chinensis cv Old Blush.

(TIFF)

Table S1 Full array sequences annotation and ontology.

(XLSX)

Table S2 Genes differentially expressed during floral
initiation in R. wichurana.

(XLSX)

Table S3 Genes differentially expressed during floral
initiation in R. x hybrida cv. Félicité et Perpétue.

(XLSX)

Table S4 List of genes repressed (A) or activated (B)
during flower initiation.

(XLSX)
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Table 5. Gossip analysis of GO terms enrichment in late flower development dataset (genes that are differentially expressed at
least once during floral maturation and senescence).
# non
#in # non  annoted
single test # in test reference annoted reference
GO Term Name FDR FWER p-Value group group test group Over/Under
Late floral development  GO:0005634 nucleus 0.0 0.0 0.012 0 107 56 1290 under
upregulated genes
G0:0009059 macromolecule 0.0 0.0 0.028 0 88 56 1309 under
biosynthetic process
G0:0043232 intracellular non- 0.0 0.0 0.030 0 86 56 1311 under
membrane-bounded
organelle
G0:0030529 ribonucleoprotein 0.0 0.0 0.030 0 84 56 1313 under
complex
G0:0015996 chlorophyll catabolic ~ 0.008 0.008 5.43E-5 3 0 53 1397 over
process
G0:0046700 heterocycle catabolic  0.028 0.062 5.13E-4 3 2 53 1395 over
process
GO0:0044270 cellular nitrogen 0.028 0.062 5.13E-4 3 2 53 1395 over
compound catabolic
process
Late floral development ~ GO:0019538 protein metabolic 0.0 0.0 0.009 5 225 73 1150 under
downregulated genes process
G0:0005886 plasma membrane 0.012 0.006 0.013 4 192 74 1183 under
G0:0008415 acyltransferase activity 0.016 0.025 1.62E-4 7 17 71 1358 over
G0:0042967 acyl-carrier-protein 0.016 0.028 2.15E-4 7 18 71 1357 over
biosynthetic process
G0:0000036 acyl carrier activity 0.027 0.079 5.73E-4 3 1 75 1374 over
G0:0044262 cellular carbohydrate ~ 0.027 0.084 6.73E-4 15 99 63 1276 over
metabolic process
G0:0005976 polysaccharide 0.027 0.086 7.08E-4 10 48 68 1327 over
metabolic process
The reference group that was used corresponds to the full annotated sequences (sequences with GO terms) of the microarray.
doi:10.1371/journal.pone.0028455.t005

Table S5 Microarray and qRT-PCR results of 25
selected genes with their replicate-level Pearson corre-
lation.

(DOCX)

Table S6 Genes differentially expressed during early
floral organogenesis in R. chinensis cv. Old Blush.

(XLSX)

Table S7 Genes differentially expressed during floral
organ elongation in R. chinensis cv. Old Blush.
(XLSX)

Table S8 Genes differentially expressed during flower
opening and senescence in R. chinensis cv. Old Blush.

(XLSX)

Table S9 Primers used in this study.
(DOC)
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Abstract Exhaustive studies on flowering control in
annual plants have provided a framework for exploring this
process in other plant species, especially in perennials for
which little molecular data are currently available. Rose is a
woody perennial plant with a particular flowering strat-
egy—recurrent blooming, which is controlled by a reces-
sive locus (RB). Gibberellins (GA) inhibit flowering only in
non-recurrent roses. Moreover, the GA content varies dur-
ing the flowering process and between recurrent and non-
recurrent rose. Only a few rose genes potentially involved
in flowering have been described, i.e. homologues of ABC
model genes and floral genes from EST screening. In this
study, we gained new information on the molecular basis of
rose flowering: date of flowering and recurrent blooming.
Based on a candidate gene strategy, we isolated genes that
have similarities with genes known to be involved in floral
control in Arabidopsis (GA pathway, floral repressors and
integrators). Candidate genes were mapped on a segregat-
ing population, gene expression was studied in different
organs and transcript abundance was monitored in growing
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shoot apices. Twenty-five genes were studied. RoFT,
RoAPI and RoLFY are proposed to be good floral markers.
RoSPY and RB co-localized in our segregating population.
GA metabolism genes were found to be regulated during
floral transition. Furthermore, GA signalling genes were
differentially regulated between a non-recurrent rose and its
recurrent mutant. We propose that flowering gene networks
are conserved between Arabidopsis and rose. The GA path-
way appears to be a key regulator of flowering in rose. We
postulate that GA metabolism is involved in floral initiation
and GA signalling might be responsible for the recurrent
flowering character.

Introduction

Flowering, which is the vegetative to reproductive transi-
tion phase, is a critical developmental stage in a plant’s life.
In monocarpic plants, this transition happens only once,
whereas polycarpics have several flowering cycles through-
out their life. Monocarpics have four growth phases. First,
the juvenile phase followed by the adult vegetative phase,
then floral transition leads to the floral phase, ending with
senescence (Baurle and Dean 2006). In comparison, the
polycarpic life cycle is more complex. Flowering represents
only a transitory state before new vegetative growth in
polycarpic plants—they must maintain an equilibrium
between vegetative and reproductive development through-
out their life. Flowering generally occurs once a year. How-
ever, some polycarpics can reproduce several times a year.
This process is known as recurrent blooming in rose or day
neutral in strawberry, for instance (Battey et al. 1998).
Flowering has been widely studied in monocarpic plants
at the genetic and molecular levels. In the model plant Ara-
bidopsis thaliana, four different pathways controlling floral
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initiation have been described: photoperiod and light qual-
ity, the autonomous pathway, vernalization and gibberellins
(GA,; reviewed in Araki 2001; Boss et al. 2004; Mouradov
et al. 2002; Simpson and Dean 2002). These four pathways
converge to activate the floral integrators, FT (FLOWER-
ING LOCUS T; Kardailsky et al. 1999; Kobayashi et al.
1999) and SOCI (SUPRESSOR OF CONSTANS; Onouchi
etal. 2000), and repression of a central repressor, FLC
(FLOWERING LOCUS C; Michaels and Amasino 1999;
Sheldon et al. 2000b). In turn, the floral integrators activate
the meristem identity genes, LFY and AP (reviewed in
Araki 2001; Simpson and Dean 2002). Organ identity
genes are the targets of these floral integrators and meri-
stem identity genes. These genes, known as ABC model
genes, are in charge of floral development (Jack 2001; Wei-
gel and Meyerowitz 1994).

Plants have to perceive and respond to photoperiod and
light quality. Light is perceived by phyto- and crypto-
chromes (Quail 2002). Changes in daylength are detected
by the intrinsic circadian system, which in turn under long
day conditions, activates the transcription factor CON-
STANS (Suarez-Lopez etal. 2001). FT and SOCI are
direct targets of the photoperiod and light quality (Onouchi
etal. 2000; Samach et al. 2000). CO induces FT in the
leaves (Samach et al. 2000). FT protein moves from leaves
to the shoot apical meristem (SAM) (Corbesier et al. 2007)
and interacts with the FD transcription factor that is only
expressed in SAM (Abe et al. 2005; Wigge et al. 2005). FT
activates flowering and is a primary candidate for encoding
florigen (Zeevaart 2008).

FT and SOCI are subjected to the repression of FLC.
FLC encodes a MADS domain protein that acts as a
repressor of flowering (Michaels and Amasino 1999). This
repressor is regulated both by the autonomous pathway
(Rouse etal. 2002) and vernalization (Sheldon et al.
2000a). Autonomous pathway genes were first described
thanks to mutants that flowered late under all photoperiods
(Koornneef etal. 1991). It involves seven genes, as
reviewed in Simpson (2004), which prevent the accumula-
tion of FLC mRNA. Vernalization involves genes such as
VRNI, VRN2 and VIN3 (Gendall et al. 2001; Levy et al.
2002; Sung and Amasino 2004). These genes quantita-
tively act in response to cold treatment in an epigenetic
manner, principally by downregulating FLC expression
(Bastow et al. 2004; Sheldon et al. 2006). Other different
repressors are also involved in floral initiation control.
Unlike FT, TFLI is a repressor of floral initiation (Bradley
et al. 1997). Moreover, TFLI may play a role in inflores-
cence meristem identity by regulating the flower indeter-
minacy (Ratcliffe et al. 1998). The EMBRYONIC FLOWER
genes, i.e. EMFI and EMF2, maintain vegetative develop-
ment and repress reproductive growth as well (Moon et al.
2003b).

@ Springer

Finally, the GA pathway promotes flowering in Arabid-
opsis during short days (SD) (Wilson et al. 1992) by the
activation of LFY and SOC! (Blazquez and Weigel 2000;
Eriksson et al. 2006; Moon et al. 2003a). GA metabolism
principally involves GA oxidase enzymes that are encoded
by multigenic family genes (reviewed in Hedden and Phil-
lips 2000). GA200X and GA30X are the enzymes respon-
sible for active GA synthesis; GA20X also plays a key role
by converting active into inactive GA (Sakamoto et al.
2004). GA signalling operates as de-repressible system that
is moderated by DELLA-proteins (Fleet and Sun 2005).
DELLA-proteins are represented by five proteins in Ara-
bidopsis: RGA, GAI, RGL1, RGL2 and RGL3 (Ikeda et al.
2003). DELLA-proteins are activated by SPINDLY (Sil-
verstone et al. 2007). In the presence of active GA, its
receptor, GID1 (GA INSENSITIVE DWARFI), recruits
SLEEPY and forms a complex with DELLA (McGinnis
et al. 2003; Nakajima et al. 2006). Consequently, DELLA
protein is degraded via the ubiquitin-proteasome (Sun and
Gubler 2004). Then, the system is derepressed and the de
facto plant responds to GA.

The unravelled gene network in Arabidopsis for the con-
trol of floral transition offers a broad framework for study-
ing flowering in other plants. The network is mainly
conserved in monocarpic plants such as rice, but some
genes exhibit different regulations (Izawa et al. 2003). In
perennials, different studies have shown that homologous
genes are also implicated in flowering control. In poplar,
homologues of FT are involved in floral initiation (Igasaki
et al. 2008). However, a new role has been demonstrated in
juvenility and seasonal flowering, which are perennial spe-
cific traits (Hsu et al. 2006). In tomato, SFT and SP are
described as being the orthologues of the Arabidopsis FT
and TFLI genes, respectively (Lifschitz et al. 2006; Pnueli
et al. 1998). SFT and SP interact to control flowering in the
sympodial shoot system of tomato (Lifschitz and Eshed
2006). In grass, two sequential signals regulate floral initia-
tion (McDaniel and Hartnett 1996). Cold exposure makes
plants to respond to GA, and LD induces GA synthesis,
leading to floral transition (McMillan et al. 2005). Finally,
in grapevine, GA inhibits floral meristem production (Boss
and Thomas 2002). These few examples show that flower-
ing genes are conserved within plants but functions or regu-
lation of these genes can vary between species.

Although the whole sequenced genome of grapevine
(Jaillon et al. 2007) and poplar (Tuskan et al. 2006) are now
sources of knowledge for flowering in polycarpic plants, a
lot remains to be unravelled. In rose, the top-ranking orna-
mental plant produced worldwide, flowering has been stud-
ied at the physiological level in modern recurrent cultivars
of cut flower roses (Al-Humaid 2003; Chakradhar and
Khiratkar 2004; Horridge and Cockshull 1974). In recurrent
rose, flowering is self-inductive, i.e. environmental triggers
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are not required to initiate flowering (Havely 1972). In non-
recurrent rose, flowering is under environmental control via
vernalization. (Foucher F., personal communication). As in
other woody plants, GA inhibits flowering in rose (Roberts
etal. 1999; Zeevaart 1983). Exogenous application of GA
inhibits flowering in non-recurrent rose, whereas it has no
effect on flowering in recurrent rose (Roberts et al. 1999).
Moreover, the analysis of GA content in a non-recurrent
rose and its spontaneous recurrent mutant showed that the
GA concentration varies during floral transition and within
the mutant (Roberts etal. 1999). Little information on
genetic and molecular flowering control is currently avail-
able. The recurrent blooming trait is inherited as a single
recessive gene, i.e. RB for RECURRENT BLOOMING
(Crespel et al. 2002; Semeniuk 1971). Recently, a QTL for
the flowering date was shown to be located in the vicinity
of the RB locus (Hibrand-Saint Oyant et al. 2008).

Only a few genes have been characterized in rose. These
genes are potentially involved in floral control and develop-
ment. A candidate gene approach has been implemented
and led to the isolation of ABC model genes (Hibino et al.
2006; Kitahara et al. 2001; Kitahara and Matsumoto 2000).
In a previous study, we sequenced ESTs and thus identified
new genes with significant similarities to floral genes (Fou-
cher et al. 2008).

The aim of this study was to explore the molecular basis
of rose flowering and more particularly the molecular con-
trol of recurrent blooming. According to our knowledge on
flowering in rose, we postulate that the GA pathway and
floral inhibitors might be key factors. We thus used degen-
erate primers to isolate genes involved in floral repression,
GA signalling and metabolism and floral integrator activa-
tion. Genetic mapping and gene expression analysis were
performed for genetic and molecular characterization. We
propose that GA is a key hormone in the control of flower-
ing in rose; GA metabolism seems to be involved in floral
initiation and GA signalling might play a role in recurrent
blooming.

Materials and methods
Plant material

Rosa hybrida cv Félicité&Perpétue (FP) and Rosa hybrida
cv Little White Pet (LWP) were obtained from the Loubert
nursery (http://www.rosesloubert.com, Les Rosiers sur
Loire, France). Rosa hybrida cv Little White Pet resulted
from a spontaneous vegetative mutation of Rosa hybrida cv
Félicité&Perpétue (Lewis 1994). LWP is a recurrent
blooming, sterile dwarf rose whereas FP is a non-recurrent,
fertile climbing rose (Lewis 1994). A segregating popula-
tion (HW) of 91 interspecific hybrids derived from a cross

between H190 and a Rosa wichurana (Rw) hybrid was used
as the mapping population (Crespel et al. 2002; Hibrand-
Saint Oyant et al. 2008). All of these rose genotypes are
diploid. Plants were outdoor grown on their own roots on
KLASMANN RHP 15® (provided by RIPPERT) substrate
in 51 pots at INRA in Angers, France, and fertilized with
LD10® (provided by COMPO France SAS).

Growth measurement and sampling

In spring, terminal parts of growing shoots of FP and LWP
were regularly taken off at different developmental stages:
from lateral bud outgrowth to the floral bud stage. After
the first flowering, plants were pruned (beginning of July),
then new shoots arose from buds. Autumn samples were
harvested when two leaves were fully opened: in FP,
shoots remained vegetative (non-recurrent genotype)
whereas LWP shoots flowered rapidly (recurrent geno-
type). Developmental stages were defined as the number
of visible leaves per new shoot. Morphological observa-
tions were performed using a binocular microscope to
detect floral initiation. Floral initiation corresponds to the
first morphological changes leading to an inflorescence
meristem according to Foucher et al. (2008). Each sample
corresponded to the three most distal buds from five plants
per genotype.

Isolation of candidate genes: degenerate primer strategy

To design degenerate primers, conserved domains were
identified from protein sequence alignments using the
BLOCKMAKER online application (http://bioinformatics.
weizmann.ac.il/blocks/blockmkr/www/make_blocks.html).
Based on these conserved domains, CODEHOP was used
to design degenerate primers (Rose et al. 2003).

All primers used for gene cloning are listed in Table S1.
For a few genes, full-length cDNAs were obtained using 3’
and 5’ rapid amplification cDNA ends (Jain et al. 1992)
according the manufacturer’s recommendations (Clontech,
Moutain View, USA).

Sequencing, database searches, alignments
and phylogenetic analysis

Sequencing was subcontracted to Genome Express (Greno-
ble, France).

Sequences of putative rose homologue genes were
blasted against the Arabidopsis genome (The Arabidopsis
Information Resources; http://www.arabidopsis.org) using
tBLASTx and tBLASTn searches. Validated sequences
were translated (http://bioinfo.hku.hk/services/analyseq/
cgi-bin/traduc_in.pl) and protein alignments were per-
formed with MultAlin online software (Corpet 1988).
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CLUSTALW (Thompson et al. 1994) and TreeViewX Ver-
sion 0.5.0 by Roderic D. M. Page (http://taxonomy.zool-
ogy.gla.ac.uk/rod/rod.html) were used for phylogenetic
analyses and phylogenetic tree edition, respectively.

DNA and RNA extraction

Genomic DNA was isolated from young leaves of rose
using the NucleoSpin® Plant kit (Macherey-Nagel) accord-
ing to the manufacturer’s recommendations.

Total RNA isolations were performed on growing api-
ces from FP, LWP and Rw. Tissues were ground in liquid
nitrogen with 10% (w/w) PVP40 (PolyVinylPyrroly-
done), and total RNA was extracted using the Nucleo-
Spin® RNA plant kit (Macherey-Nagel) according to the
manufacturer’s recommendations. Nucleic acids were
quantified using a Nanodrop (Nanodrop Technologies
Inc., Wilmington, USA) and their quality was checked
either by electrophoresis on agarose gel or using the
Agilent capillary electrophoresis system (Agilent Tech-
nologies).

Reverse transcription (RT)

Three microgram of total RNA was DNase-treated for
15 min at 25°C with 1 U of RQ1 RNase-free DNase
(Promega, Madison, USA) in a final volume of 10 pul con-
taining the appropriate buffer followed by enzyme inactiva-
tion by adding 2 mM of EGTA and incubation for 10 min at
65°C. RNAs were denatured for 5 min at 70°C with 0.5 pg
of oligo(dT)15 (Promega) and then subjected to reverse
transcription with 200 U of MMLV-RT (Promega),
0.5mM of each dNTP, 1 U of RNasin® Ribonuclease
Inhibitor (Promega) in a final volume of 25 pul for 1h at
42°C. After RT, the reaction volume was adjusted to
100 pl. The RT efficiency and the absence of genomic
DNA in the cDNA were checked by PCR with specific
EFI1o primers surrounding an intron. All primers used for
RT-PCR are listed in Table S4.

PCR amplification of genomic DNA and cDNA

Specific PCR primers were designed using the PRIMER3
software available online (Rozen and Skaletsky 2000).
Desalted oligonucleotides were synthesized by Sigma-
Genosys (Saint Louis, USA). PCR reactions were carried
out in 15 pl with GoTaq® flexi DNA Polymerase according
to the manufacturer’s recommendations (Promega). The
general amplification conditions were as follows: 94°C,
2 min; 35 x [94°C, 30s; annealing temperature, 30 s;
72°C, 1 min]; 72°C, 10 min; 10°C, 10 min. Amplifications
were performed in a DNA thermal cycler (PTC-200-MJ
Research, Biorad).
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Marker development and genetic mapping

Mapping was performed on the HW population (Hibrand-
Saint Oyant et al. 2008). Version 4.0 of JoinMap® (Van
Ooijen, J.W., Kyazma B.V., Wageningen, Netherlands)
was used for construction of the integrated genetic map. In
a first step, the parental maps were determined using LOD
5.0 and the Kosambi function. The mapping parameters
were independence LOD, regression mapping as mapping
algorithm and in regression mapping a Jump of 5.0, link-
ages with a recombination frequency of less than 0.3 and a
LOD of more than 2.0, and no third round was performed.
The integrated map was built with the join function (com-
bined groups for map integration) using homologous paren-
tal LGs.

Polymorphisms were sought between the parents in the
mapping population to develop PCR-based markers such as
SSCP, CAPS and dCAPS. For SSCP analysis, 6 pl of PCR
product was mixed with 4 ul of formamide dye [98%
deionized formamide (Sigma-Aldrich), 10 mM ethylenedi-
amine tetra-acetic acid (pH 8.0), 0.1% (w/v) xylene cyanol
FF, 0.1% (w/v) bromophenol blue], denatured for 5 min at
95°C and quickly cooled on ice. Products were separated
on 8-12%  non-denaturing  polyacrylamide  gel
(acrylamide:bisacrylamide = 37.5:1, 0.5 x TBE) by electro-
phoresis at 40 W for 4-6 h in 0.5x TBE. Gels were pre-run
for 30 min under the same electrophoretic conditions, and
the improved procedure described by Creste et al. (2001)
was used for silver staining of gels. The SSCP markers are
listed in Table S2.

For CAPS and dCAPS, restriction enzymes that could
generate polymorphisms were identified using online
software  (http://genoweb.univ-rennes|.fr/Serveur-GPO/
outils_acces.php3?id_syndic=2 or dCAPS Finder 2.0: http:/
/helix.wustl.edu/dcaps/dcaps.html (Neff et al. 1998). Five
microliter of PCR product was digested with the appropri-
ate restriction enzyme in a 10 pl final volume according to
the manufacturer’s recommendations (Promega). Enzymes
and PCR conditions for CAPS and dCAPS are listed in
Table S3.

Quantitative real-time PCR analysis

Primers were designed with Beacon Designer 7 (PREMIER
Biosoft International) and listed in Table S5. Real-time
PCR reactions were performed in triplicate using 3 pl of RT
product (1/50 dilution) in a final volume of 15 pl containing
Ix IQ SYBR Green Supermix (Bio-RAD), and 0.3 pM of
each primer. Amplifications were performed using an Opti-
con 4 RealTime PCR detector (Bio-RAD) as follows: 95°C,
3 min; 40 x [95°C, 15 s; 60°C, 1 min]. The amplification
specificity was verified by a final dissociation curve ranging
from 60 to 95°C. Amplification and dissociation curves
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were monitored and analysed with Opticon Monitor (Bio-
RAD). The amount of plant RNA in each sample was nor-
malized using the TCTP gene as reference after checking
the homogeneity of the Ct variation with a second house-
keeping gene, i.e. EFla. The relative expression level cal-
culation was done according to Pfaffl (2001). The standard
error was calculated from three repetitions per sample. Q-
PCR experiments were performed according to the recently
published recommendations (Gutierrez et al. 2008; Udvardi
et al. 2008).

Sequence data from this article have been deposited with
the EMBL data library under accession numbers (in paren-
theses) RoEMFI (FM999793), RoEMF2 (FM999794),
RoLHPI (FM999795), RoTFLI1 (FM999796), RoGA200X
(FM999797),  RoGA30X  (FM999798),  RoGIDI
(FM999799), RoSPINDLY (FM999800), RoFT
(FM999826), RoLFY (FM999801), RoAPla (FM999802)
and RoAP1b (FM999803).

Results
Isolation of flowering-related genes in rose

Based on our knowledge on rose, we mainly focused on
isolating genes involved in the GA pathway and floral
repressors in Arabidopsis. Some of these genes (such as
RoDELLA) were present in the rose EST database and pre-
viously described by Foucher et al. (2008). The other genes
were isolated using a degenerate primer strategy. Degener-
ate primers were designed from conserved sequence blocks.
Rose sequences obtained with these degenerate primers

Table 1 Floral genes isolated in rose using degenerate primers

were subjected to tBLASTx searches in turn against Ara-
bidopsis nucleic-acid database (TAIR). BLAST hits were
visually assessed for degree of amino-acid conservation in
order to identify relationships between Arabidopsis and
rose sequences (Table 1). Phylogenetic analyses were per-
formed for genes belonging to multigenic families.

Floral integrators

MADS-box gene family MADS-box genes encode a fam-
ily of transcription factors that control a diverse range of
processes in flowering plants (Becker and Theissen 2003).
MADS-box proteins, represented by more than 100 mem-
bers in Arabidopsis, are characterized by a highly con-
served N-terminal domain. Among these proteins, 39 are
sub-classified in the MIKC class (Parenicova et al. 2003).
They control flowering time (FLC, SOC1, SVP), floral mer-
istem identity (API, FUL, CAL), floral organ identity (AP3,
PI, SEP), fruit formation and ovule identity (AG). We iden-
tified RoAPla and RoAPIb genes. The predicted proteins
from RoAPla and RoAPIb sequences, respectively,
showed 77 and 58% identity with the Arabidopsis API
gene (Table 1). By phylogenetic analysis, the two genes
were found in the SQUAmosa clade (Fig. 1), as defined by
Becker and Theissen (2003). This clade contains Arabidop-
sis AP1, FUL and CAL proteins.

The FLC gene was sought for rose in the rose EST data-
base or by the degenerate primer strategy, but no sequence
presenting significant similarities with FLC was retrieved.

FT/TFLI gene family FT and TFLI are members of the
six gene PEBP family in Arabidopsis (Kobayashi et al.

Arabidopsis thaliana

Rosa wichurana

Gene family

Pathway Gene name TAIR Ref. Name Accession nb. % identity
Repressors EMF1 AT5G11530 RoEMFI (44%) FM999793 27 Monogenic
and vernalization  gprp) AT5G51230  RoEMF2 (45%) FM999794 45 Monogenic
LHP] AT5G17690  RoLHPI (73%) FM999795 42 Monogenic
TFLI AT5G03840  RoTFLI (74%) FM999796 77 Multigenic (PEBP)
Gibberellic acid GA200X AT5G07200  RoGA200X (85%) FM999797 64 Multigenic
GA30X ATIG15550  RoGA30X (67%) FM999798 60 (Gibberellin oxidase)
GIDI AT3G05120  RoGIDI (100%) FM999799 80 Monogenic
SPINDLY AT3G11540  RoSPINDLY (100%)  FM999800 79 Monogenic
Floral integrators FT AT1G65480 RoFT (97%) FM999826 74 Multigenic (PEBP)
and meristem LFY AT5G61850  RoLFY (32%) FM999801 82 Monogenic
identity genes API ATIG69120  RoAPla (62%) FM999802 77 Multigenic (MADS box)
API ATIG69120  RoAPIb (70%) FM999803 58

Arabidopsis genes are classified according to the different pathways. The gene references are from TAIR (http://www.arabidopsis.org). For the
new isolated rose genes, the percentage in brackets represents the percentage of the coding sequence isolated according to the coding sequence in
Arabidopsis. The percentage identity was determined with the corresponding Arabidopsis genes
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AP3 MASAKO euB3

MASAKO B3
RoSOC1
SOC1
AGL42
AGL17

MASAKOC1 RAG

AG

AGL12

FLC

Fig. 1 Phylogenetic tree of different MIKC/MADS-box genes in rose
and Arabidopsis. The tree was constructed using the NJ method with
the ClustalW program. Branches with a bootstrap value greater than
700 (of 1,000) are shown with thick lines. Sequences belonging to a
same clade are grouped together within a grey shaded area. Sequence
accession numbers are: FUL (AT5G60910), CAL (AT1G26310), API
(AT1G69120), SEP1 (AT5G15800), SEP2 (AT3G02310), SEP3

1999). Scant knowledge is available about the four other
genes, but they may contribute to flowering time regulation
(Mimida et al. 2001; Yamaguchi etal. 2005; Yoo et al.
2004). Using degenerate primers, two genes presenting
similarity with FT/TFLI genes were isolated. One
sequence, named RoFT, showed 74% similarity with the FT
gene. The second sequence, i.e. RoTFLI, presented 77%
similarity with the TFLI gene (Table 1). By phylogenetic
analysis, RoFT appeared in the FT/TSF clade, whereas
RoTFLI branched with TFLI and ATC (Fig. 2).

Another floral integrator: LEAFY A partial sequence pre-
senting high similarity (82%) with LEAFY from Arabidop-
sis was isolated (Table 1). The partial region isolated coded
for six of the seven helix folds necessary for DNA binding
as a dimer of the LEAFY protein (Hames et al. 2008).

GA metabolism and signalling
GA promotes flowering in Arabidopsis under SD (Wilson
etal. 1992). GA200X and GA30X are responsible for the

synthesis of active GA (as GA4), whereas GA20X is
involved in the degradation of active GA (Hedden and
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(ATIG24260), SEP4 (AT2G03710), FLC (AT5G10140), AGLI2
(ATIG71692), AG (AT4G18960), AGLI7 (AT2G22630), AGL42
(AT5G62165), SOCI (AT2G45660), AP3 (AT3G54340), AGL24
(AT4G24540), SVP (AT2G22540), RoSOC! (CF349866.1), RoAPIa
(FM999802), RoAPIb (FM999803), MASAKOCIIRAG (AB025644),
MASAKO BP (AB038462), MASAKO B3 (AB055966), MASAKOeuB3
(AB099875)

TSF
RoFT

TFL1
MFT

RoTFL1 ATC
BFT

0.1

Fig. 2 Phylogenetic tree of FT/TFL1 gene family in rose and Arabid-
opsis. The tree was constructed using the NJ method with the Clustal W
program. Branches with a bootstrap value greater than 700 (of 1,000)
are shown with thick lines. Sequences belonging to a same clade are
grouped together within a grey shaded area. Sequence accession num-
bers are: FT (AT1G65480), TSF (AT4G20370), MFT (AT1G18100),
BFT (AT5G62040), ATC (AT2G27550), TFL1 (AT5G03840), RoFT
(FM999826), RoTFL1(FM999796)
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GA20X7

GA200X4
GA200X3

GA200X2
GA200X1

RoGA200X

GA200X5

GA20X3

GA20X2

GA20X1

RoGA20X CLEOG

Fig. 3 Phylogenetic analysis of GA oxidase genes in rose and Arabid-
opsis. The tree was constructed using the NJ method with the ClustalW
program. Branches with a bootstrap value greater than 700 (of 1,000)
are shown with thick lines. Sequences belonging to a same clade are
grouped together within a grey shaded area. Sequence accession num-
bers are: GA200X1 (AT4G25420), GA200X2 (AT5G51810),
GA200X3 (AT507200), GA200X4 (ATIG60980), GA200X5

Phillips 2000). These genes are encoded by a multigenic
family and have 20-Fe-oxydoreductase activity (Hedden
and Phillips 2000). We identifitd RoGA200X and
RoGA30X that presented more than 60% identity with
AtGA200X and AtGA30X, respectively (Table 1). Phyloge-
netic analysis revealed that the three rose genes belonged to
the respective Arabidopsis clades (Fig. 3). Moreover, the
specific domains described by Sakamoto et al. (2004) were
found in rose sequences. RoGA200X had the
NYYPXCXXP and LPWKET domains as well as
AtGA200X. Moreover, His93, His 252 and 308 were con-
served in ROGA200X. Asp242, His248 and His296, which
allow cofactor interaction, were present in RoOGA30X. And
finally, RoGA20X was found to have His217, H278 and
Asp227, which are supposed to fix Fe++.

Concerning GA signalling, we isolated genes presenting
similarities with GIDI and SPINDLY (Table 1). RoGID1
shares 80% identity with the Arabidopsis GA receptor GID1
(Nakajima etal. 2006) and presents the two amino acids
(Gly196 and Arg251) that are essential for in vitro interaction
between GID1 and GA4 (Nakajima et al. 2006). We identified
one sequence encoding an O-linked N-acetylglucosamine

GA20X8

AT5G24530

GA30X3

RoGA30X

GA30X4

GA30X1

GA30X2

GA20X4

0.1

(AT1G44090), GA30XI1 (ATIGI15550), GA30X2 (ATIG80340),

GA30X3 (AT4G21690), GA30X4 (ATIG80330), GA20XI
(ATIG78440), GA20X2 (ATIG30040), GA20X3 (AT2G34555),
GA20X4 (ATIG47990), GA20X6 (ATIG02400), GA20X7

(ATIG50960), GA20X8 (AT4G21200), RoGA200X (FM999797),
RoGA30X (FM999798), RoGA20X (BQ105545.1)

transferase (OGT), i.e. RoSPY, which shared 79% identity
with AtSPY (Table 1). SPY contains multiple copies of N-ter-
minal tetratricopeptide repeats (TPR) and two conserved
domains (CDI and CDII) in C-termini common to animal
OGTs (Silverstone et al. 2007). RoDELLA, one homologue of
AtRGA, and RoSLEEPY, a homologue of AtSLY, were previ-
ously described by Foucher et al. (2008). Full-length cDNAs
were isolated for the four GA signalling genes.

Isolation of floral repressors in rose

In addition to the floral repressor RoTFLI, three other
sequences presenting similarities with Arabidopsis floral
repressors were isolated in rose: RoEMFI, RoEMF2 and
RoLHPI. The RoEMFI gene only showed similarity with
EMF1 genes previously isolated in rice and Arabidopsis
(Table 1, Aubert etal. 2001). The RoEMFI partial
sequence is predicted to encode the LXXLL motif that is
thought to mediate steroid receptor binding. This motif is
also found in rice and Arabidopsis (Aubert et al. 2001). As
previously described for EMF2 in Arabidopsis (Yoshida
et al. 2001), the predicted protein for RoEMF?2 contained a
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Table 2 Genetic markers, polymorphisms in the HW population and
location of rose flowering genes on the genetic map

Name MM Polymorphism LG
RoEMFI dCAPS Male 7
RoEMF2 SSCP Male 5
RoELFS8 CAPS Female 2
RoVIP3 dCAPS Male 4
RoLHPI SSCP Male 1
RoTFLI dCAPS Male 1
RoGA200X SSCP Female 1
RoGA30X SSCP Male 2
RoGA20X SSCP Male 6
RoGIDI SSCP Male 4
RoDELLA SSCP Male 4
RoSPINDLY SSCP Male 4
RoSLEEPY SSCP Male 7
RoGI SSCP Male 7
RoCOLI - Monomorphic -
RoCOL2 SSCP Female 3
RoFT SSCP Male/female 3
RoSOC1 CAPS Male 1
RoLFY SSCP Female/male 5
RoAPla SSCP Female/male 5
RoAPIb SSCP Female 2
MASAKOB3 SSCP Female 2
MASAKOeuB3 SSCP Male 7
MASAKOBP CAPS Male 7
MASAKOCI1/RAG dCAPS Female/male 6

MM molecular markers, LG linkage group

single C2H2 zinc finger domain and an acidic W/M domain
in the C-term part. LHP1 in Arabidopsis showed a structure
similar to HETEROCHROMATIN PROTEIN 1 (HPI1)
from Drosophila with the two characteristic HP1 motifs,
the chromo domain and the chromo shadow domain (Gau-
din et al. 2001). Both domains were found in the predicted
protein encoded by RoLHP].

Using degenerate primers (Table 1), we were able to iso-
late 12 new genes with a potential role in flowering control.
Combined with a previous approach based on rose EST data-
base screening (Foucher et al. 2008), we now have a set of 25
genes (Table 2) presenting significant similarities to genes
involved in floral initiation and development. To further
characterize these genes, we searched for co-localization
with previously described loci involved in flowering in rose.

Genetic mapping

Markers (SSCP, CAPS or dCAPS) were developed for
mapping candidate genes (Table2), and were used to
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expand genetic maps of the interspecific F1 progeny (Cres-
pel et al. 2002; Hibrand-Saint Oyant et al. 2008). Of the 25
candidate genes analysed, 24 were assigned on a genetic
map at a LOD score of 5.0. RoCOLI was monomorphic and
could not be mapped. An integrated map consisting of
seven linkage groups with 213 markers spanning 482 cM
was built (Crespel et al. 2002; Hibrand-Saint Oyant et al.
2008; this work). Candidate genes were distributed
throughout the seven linkage groups (Fig. 4). Three of the
new mapped genes (RoFT, RoAPIb and RoGA30X)
departed from the expected Mendelian segregation
(P <0.05). Three genes involved in GA signalling (RoSPY,
RoDELLA and RoGIDI) and one involved in the vernaliza-
tion response (RoVIP3) were located on linkage group 4,
where the RECURRENT BLOOMING locus and a QTL for
blooming date were previously localized (Hibrand-Saint
Oyant et al. 2008). In the 91 individuals of the mapping
population, no recombinant was found between RB and
RoSPY. Furthermore, RoSPY, RoDELLA and RoVIP3 were
located within the confidence interval of the QTL for
blooming date.

Where are flowering-related genes expressed in rose?

The presence of transcripts was tested by reverse-transcrip-
tion PCR in different tissues for all genes studied (Fig. 5).
The experiment was performed on seven Rosa wichurana
tissues: roots, leaves, shoots, floral buds and three types of
growing apices (vegetative apices, vegetative pre-floral api-
ces and floral apices). Nine genes (ROEMF2, RoGA200X,
RoGA30X, RoGA20X, RoGIDI, RoSPY, RoSLY, RoSOCI,
RoCOLI) were expressed in all tested tissues (Fig. 5). RoGI
and RoDELLA were expressed everywhere except in floral
buds, whereas RoEMFI, RoVIP3 and RoLHPI were
expressed everywhere except in leaves. Few genes showed
more specific expression patterns. RoELFS8 transcripts were
detected in apices, shoots and roots. RoCOL2 was
expressed in apices, leaves and floral buds. RoTFLI was
mainly expressed in roots and vegetative apices. Few genes
were expressed only during the floral process. RoLFY and
RoAPIb transcripts were present in induced and floral-
induced apices as well as floral buds. RoFT transcripts were
accumulated in floral apices and floral buds. Finally, the
expression of MASAKO genes and RoAP1a was tissue spe-
cific: MASAKO genes were only expressed in floral buds
and RoAP1a was only expressed in floral apices.

Analysis of transcript abundance

To examine whether the floral phenotype could be related
to floral gene expression, transcript levels of nine previ-
ously isolated flowering-related genes were analysed by
qRT-PCR in a couple of mutants diverging by the recurrent
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Fig. 4 Integrated genetic map of the HW population. Flowering genes
are indicated in bold, SSR markers in normal type. To facilitate read-
ing, AFLP markers are not presented in the figure. Map distances (in
cM) are listed on the left and loci on the right of each linkage group.
Distorted markers are indicated with an asterisk *P < 0.001. Additive

flowering trait. Cv Félicité&Perpétue (FP) is a non-recur-
rent rose flowering only in spring, whereas its vegetative
mutant, cv Little White Pet (LWP) is recurrent and flowers
during all favourable seasons. Floral initiation was deter-
mined by dissection and observation of the meristem under
a binocular microscope. We considered that floral initiation
happens before the first morphological changes associated
with floral development were observed in the meristem
(data not shown). For both cultivars, we considered that
floral initiation took place before 5 April (in Fig. 6, floral
tissues are indicated by grey boxes). Then, kinetics repre-
sent the first floral initiation for LWP and the unique floral
initiation for FP in the year. Transcripts were detected in all
144 measurements, showing that the investigated genes
were expressed during floral initiation in spring and autumn
for both cultivars. Only one gene, i.e. RoSPY, showed no
variation in transcript abundance among the tested samples.
The transcript accumulation of RoFT, RoLFY, RoAP1b and
RoGID] increased during spring and seemed to be corre-
lated with the flowering time of LWP and/or FP. RoFT
induction occurred in two waves: the first started on 6
March and the second on 12 April, resulting in an accumu-
lation of 15-fold and 57-fold more transcripts for FP and
LWP, respectively. In autumn (1 October), the transcript
abundance was comparable to the level in spring before
floral initiation. The same pattern was observed for RoOLFY
and RoAPIb. For the three genes, the level was low in
autumn in vegetative buds. RoGIDI was also induced in
LWP in spring, whereas it remained stable in FP. For RoD-
ELLA and RoSLY, the transcript level was quite stable for

QTLs for blooming date (BD) and NP are represented by a box pro-
longed with lines, which, respectively, span the LOD1 and LOD2 con-
fidence intervals (as previously described by Hibrand-Saint Oyant
et al. (2008)

FP. A weak transient increase was detected in spring for
LWP (x2 on 13 March for RoDELLA and x2.5 on 23
March for RoSLY). The gene encoding one enzyme of
active GA synthesis, i.e. RoGA200X, was repressed
(4 times) until 13 March, and then increased to 0.6 and 0.7,
respectively, on 23 March and 5 April, and then decreased
again. In LWP, after a decrease, transient overexpression
was detected on 23 March (x4), then the transcript
decreased as rapidly as for FP. RoGA20X, encoding a GA
inactivation enzyme, showed a complex expression profile.
In FP, transcripts accumulated strongly on 6 March, then
decreased on 13 March to progressively increase later in
spring. In LWP RoGA20X, the transcript abundance was
high until 6 March, and then fell on 13 March, and
increased again during spring. In October, the RoGA20X
transcript abundance was equal to the level of 13 March in
FP and LWP.

Discussion
Flowering genes are conserved in rose

Except for FLC, all genes we looked for in rose were found
among the four different floral pathways, floral integrators
and organ identity genes. The mean similarity between rose
and Arabidopsis sequences was as high as 65% and reached
82% for RoLFY, for example. For single genes such as SPY,
RoSPY showed high similarity with the Arabidopsis
sequence and presented conserved domains. We are thus
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Fig. 5 RT-PCR analysis of rose gene expression. Specific primers for
each gene were used to amplify the cDNA. PCR was performed on
cDNA obtained from different tissues: leaves (L), apices from indoor
grown roses (A), internodes (1), roots (R), apices during floral transition
(Av, before the first floral modification; Af, after the first morphologi-
cal changes) and floral buds (Fb)

confident that RoSPY is the homologue of SPY. The same
conclusions are drawn for RoLFY, RoLHP1, RoEMF?2 and
RoGIDI, which were found to be similar to LFY, LHPI,
EMF?2 and GIDI, respectively. For EMFI, the percentage
similarity was low [27% between RoEMFI and EMFI
(Table 1)]. This value is in the same range as the similarity
between Arabidopsis and rice sequences (31% between
SPY in Arabidopsis and its homologue in rice). Further-
more, RoEMF1 showed a conserved domain characteristic
of EMFI (Aubert et al. 2001). Therefore, we propose that
RoEMF1 is the homologue of EMF1I.

We also performed a phylogenetic analysis for genes
belonging to multigenic families such as MADS-box genes.
The two MADS-box genes isolated in rose clearly belonged
to the APl clade (SQUAMOSA; Fig. 1; Becker and
Theissen 2003). We were unable to isolate a gene with sim-
ilarity to FLC, which is a major floral repressor in Arabid-
opsis (Michaels and Amasino 1999). FLC exists in other
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Fig. 6 Expression pattern of nine flowering genes during the floral P

process determined by qRT-PCR. a floral integrators, b GA metabo-
lism, ¢ GA signalling. The X-axis indicates the dates at which apices
were sampled in 2007. Data are ratios of expression according to Pfafil
(2001) £SE (for three replicates). For each gene, transcript levels are
expressed relative to the first sample of FP (16 February, base
value = 1). Apices were harvested from new shoots grown from bud-
break to autumn in the non-recurrent cv Félicité &Perpétue (black bar)
and the recurrent cv Little White Pet (grey bar). Floral initiation was
determined according to Foucher et al. (2008) by binocular observa-
tion. Floral tissues (after floral initiation) are represented in a grey box
(sample since 5 April)

Brassicaceae such as Brassica oleracea (Okazaki et al.
2007), but no FLC has been detected in rice (Izawa et al.
2003). Recently, Reeves et al. (2007) revealed two FLC
homologues in sugar beet and assumed that FLC homo-
logues likely exist in other Eudicot lineages. Moreover,
sequence analysis of the grapevine genome shows two
sequence homologues of FLC as well (Diaz-Riquelme et al.
2009). Therefore, we cannot exclude the possibility that the
absence of a rose FLC in our study could be explained by a
failure to amplify the rose homologue with degenerate
primers. Phylogenetic analysis of FT/TFL1 (Fig. 2) and GA
oxidase (Fig. 3) confirmed the similarity between rose and
Arabidopsis genes. Based on sequence similarities and con-
served domains, we conclude that we have isolated rose
genes that are putative homologues to genes in Arabidopsis
thaliana.

However, in our study, for most of the genes, we only
managed to isolate one homologue per gene and other para-
logues may exist. As paralogues can act in specific pro-
cesses, a role of the isolated genes in flowering cannot be
ascertained. For example, there are five DELLA proteins in
Arabidopsis that play redundant and specific roles in differ-
ent processes: RGL2, RGA and RGLL1 in flower develop-
ment (Cheng et al. 2004; Tyler et al. 2004; Yu et al. 2004),
RGA and GAI in stem elongation and root growth (Fu and
Harberd 2003), RGL2, RGL1 in seed germination (Cao
et al. 2006; Lee et al. 2002). In rose, we have only isolated
one gene, i.e. RoDELLA, but additional DELLA proteins
may occur as previously shown in apple, where six DEL-
LAs were isolated by Foster et al. (2007).

We performed expression analyses to further study the
homologue genes in rose and tried to obtain evidences of
their involvement in the floral process. RT-PCR experi-
ments (Fig. 5) showed that each gene was expressed during
the floral process. Moreover, some genes such as organ
identity genes (MASAKO genes) were only expressed in
floral tissues, as previously shown (Hibino et al. 2006;
Kitahara etal. 2001; Kitahara and Matsumoto 2000)
(Fig. 5). Furthermore, RoFT, RoLFY and RoAPI are
induced during the floral process, as previously shown in
Arabidopsis (Lee et al. 2006; Wigge et al. 2005) (Fig. 6¢).
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They could therefore be useful as markers of floral initia-
tion in rose. Key floral genes (floral integrators, floral iden-
tity genes and organ identity genes) seemed to be expressed
in a similar way as in Arabidopsis, thus suggesting that the
floral gene network might be conserved in rose. The same
conclusions were drawn in pea (Hecht et al. 2005), grape-
vine (Carmona et al. 2007) and rice (Izawa 2007).

In summary, by combining the EST search (Foucher
et al. 2008) and the degenerate primer strategy (this study),
we studied 26 genes putatively homologous to genes
involved in floral initiation and development in Arabidop-
SIS.

Genetic linkage between floral traits and floral genes

To further investigate the role of these genes in flowering
control processes in rose (floral initiation as well as recur-
rent blooming), we looked for co-localization with loci con-
trolling flowering in rose and the analysed transcript
abundance of candidate genes in a non-recurrent rose and in
its spontaneous vegetative recurrent mutant.

Interestingly, three genes, i.e. RoVIP3, RoSPY and RoD-
ELLA, were found in the vicinity of two important loci: a
QTL governing the flowering date (or precocity) and the
RECURRENT BLOOMING locus. No recombination was
found between RB and RoSPY when 91 individuals were
analysed. These genetic data indicate a possible role of GA
signalling in flowering control in rose (flowering precocity
and recurrent blooming). Roberts et al. (1999) already pro-
posed that GA may be involved in flowering in rose. Exog-
enous application of GA inhibits flowering in non-recurrent
roses, whereas it has no effect on flowering in recurrent
roses (Roberts etal. 1999). As RoVIP3, a homologue of
VIP3 (VERNALIZATION INDEPENDENCE 3), is also a
putative candidate for the QTL of precocity, we cannot
exclude a role of vernalization in the control of flowering in
rose. Indeed, recurrent roses are self inductive, whereas
vernalization is necessary for flowering in non-recurrent
roses (Foucher F., personal communication). Therefore, we
hypothesise that the recurrent blooming mutation could
affect GA signalling as well as the vernalization response.
In Lolium temulentum, a perennial plant, vernalization
affects GA signalling, i.e. without vernalization, plants are
unable to respond to GA (McMillan et al. 2005). After ver-
nalization, a long-day treatment is necessary for GA syn-
thesis, which in turn induces flowering (King et al. 2003).

Gibberellins control rose flowering
To further explore the role of GA in flowering in rose, we
analysed the expression of GA genes isolated in rose during

the floral process in a pair of rose mutants for recurrent
blooming, i.e. FP and LWP.
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GA metabolism and floral initiation

In early March, before morphological changes, we
observed a peak of RoGA20X expression in both FP and
LWP (Fig. 6b) that might be responsible for greater GA
degradation activity, whereas RoGA200X was repressed
(no GA synthesis). Indeed, a correlation between the GA
metabolism gene transcript level and the active GA content
has been reported in other plants (Oh et al. 2006; Yamagu-
chi et al. 1998). Repression of RoGA200X and induction of
RoGA20X might cause a decrease in GA content. In the
same genotypes (FP and LWP), low GA content was
already observed in early March (Roberts etal. 1999).
Therefore, we proposed that RoGA20X induction and
RoGA20o0x repression lead to low GA content, which
enable floral initiation to occur in early spring in recurrent
and non-recurrent roses. It would be interesting to deter-
mine what signals control GA degradation in rose (link
with vernalization/photoperiod). Photoperiodic control of
GA metabolism could thus be an interesting focus of fur-
ther studies. Indeed, in Lolium perenne, LD induces GA
metabolism genes and then induces flowering in GA
responding plants (King et al. 2006; McMillan et al. 2005).

GA signalling and recurrent blooming

We detected co-localization between a GA signalling gene,
RoSPY, and the RECURRENT BLOOMING locus (RB,
Fig. 4). Furthermore, a gene potentially involved in the
early steps of GA signalling (RoGIDI) showed different
expression patterns when FP and LWP (recurrent blooming
mutation) were compared. In FP, GA signalling genes were
expressed at the same level during the floral process,
whereas in the mutant (LWP), RoGIDI1 was upregulated
after the floral initiation (Fig. 6¢). The present analysis was
based on only 91 individuals: further studies using a larger
sample are needed for a closer investigation of the linkage
between RB and RoSPY. Moreover, Roberts et al. (1999)
showed that an exogenous application of GA has no effect
on flowering in recurrent roses whereas it inhibits flowering
in non-recurrent roses. From these different results, we
hypothesise that RB mutation could affect GA signalling
and RoSPY could be a candidate for GA signalling disrup-
tion. Nevertheless, RoSPY remained stable at the transcrip-
tional level in both recurrent and non-recurrent rose.
Further experiments are therefore needed to clarify the link
between RoSPY and the recurrent blooming phenotype.

To conclude, the flowering gene network seems to be
conserved in rose. We isolated and characterized genes
involved in each of the four floral pathways, floral integra-
tors, meristem identity genes and organ identity genes.
The GA pathway appears to be a key regulator of flower-
ing in rose; GA metabolism might be responsible for floral
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initiation and GA signalling might be involved in recurrent
blooming control.
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DETERMINATE and LATE FLOWERING Are Two TERMINAL
FLOWER1/CENTRORADIALIS Homologs That Control Two
Distinct Phases of Flowering Initiation and Development in Pea
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Genes in the TERMINAL FLOWER1 (TFL1)/CENTRORADIALIS family are important key regulatory genes involved in the con-
trol of flowering time and floral architecture in several different plant species. To understand the functions of TFL7 homologs
in pea, we isolated three TFL1 homologs, which we have designated PsTFL1a, PsTFL1b, and PsTFL1c. By genetic mapping
and sequencing of mutant alleles, we demonstrate that PsTFL1a corresponds to the DETERMINATE (DET) gene and PsTFL1c
corresponds to the LATE FLOWERING (LF) gene. DET acts to maintain the indeterminacy of the apical meristem during flow-
ering, and consistent with this role, DET expression is limited to the shoot apex after floral initiation. LF delays the induction
of flowering by lengthening the vegetative phase, and allelic variation at the LF locus is an important component of natural
variation for flowering time in pea. The most severe class of alleles flowers early and carries either a deletion of the entire
PsTFL1c gene or an amino acid substitution. Other natural and induced alleles for LF, with an intermediate flowering time
phenotype, present no changes in the PsTFL1c amino acid sequence but affect LF transcript level in the shoot apex: low LF
transcript levels are correlated with early flowering, and high LF transcript levels are correlated with late flowering. Thus,
different TFL1 homologs control two distinct aspects of plant development in pea, whereas a single gene, TFL1, performs
both functions in Arabidopsis. These results show that different species have evolved different strategies to control key de-
velopmental transitions and also that the genetic basis for natural variation in flowering time may differ among plant species.

INTRODUCTION

For some fundamental aspects of plant biology, the genes in-
volved have been identified through a molecular genetics ap-
proach using the model species Arabidopsis. From this basic
information, comparative studies between species can begin,
in particular to understand the genetic and molecular mecha-
nisms responsible for the large diversity in plant morphology
and to identify the genes involved in adaptive evolution (Cronk,
2001). In plants, the best example of such evolutionary devel-
opmental studies is the identification and analysis of MADS box
genes involved in flower development in several plant species,
including gymnosperms (reviewed by Ma and De Pamphilis,
2000). Isolation of putative orthologs in different species and
studies of RNA and/or protein expression patterns provide in-
sights into the conservation and diversification of gene function

1Current address: Unité d’Amélioration des Plantes Fruitiéres et Orne-
mentales, Institut National de la Recherche Agronomique, 42 rue G.
Morel, 49071 Beaucouzé, France.
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in plant development (Hofer and Ellis, 2002). For instance, the
LEAFY (LFY) gene of Arabidopsis, which was isolated initially as
FLORICAULA in snapdragon, is a key gene involved in floral
development (Coen et al., 1990; Weigel et al., 1992). Orthologs
of LFY have since been studied in numerous other species,
including UNIFOLIATA in pea (Hofer et al., 1997). In certain cases,
different regulator processes or new roles can be found. For
example, UNIFOLIATA was proposed to regulate indeterminacy
during both leaf and flower development. The function of LFY
during leaf development was not described (Hofer et al., 1997).

Flowering time is a major adaptive trait in the life strategy of
flowering plants, which have to synchronize their reproduction
with favorable environmental conditions. After a vegetative phase,
plants undergo the floral transition. The switch from the vegetative
to the reproductive stage is controlled by physiological signals
and genetic networks that integrate environmental (photoperiod
and temperature) and endogenous (stage of the plant) condi-
tions (Levy and Dean, 1998; Colasanti and Sundaresan, 2000).
The molecular genetics of the long-day plant Arabidopsis en-
able the isolation and characterization of the genes that control
flowering time (reviewed by Mouradov et al., 2002). In agro-
nomic species, most of the genetic loci that control flowering
time have been identified as quantitative trait loci (in maize or
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rice; Yano et al., 2001; Salvi et al., 2002) or as mutants (in pea;
Murfet and Reid, 1993). Using a combination of map-based
cloning and a candidate-gene approach, two quantitative trait
loci, Hd1 and Hd3a, have been cloned in rice (Yano et al., 2000;
Kojima et al., 2002) and one, VRN1, has been cloned in wheat
(Yan et al., 2003). They correspond to genes that are similar to
the Arabidopsis genes CONSTANS, FLOWERING LOCUS T (FT),
and APETALAT, respectively.

Because pea is both a classic model species for plant devel-
opment and an important crop in Europe, we used a molecular
approach to study homologs of the snapdragon CENTRORA-
DIALIS/Arabidopsis TERMINAL FLOWER1 (CEN/TFLT1) genes
in pea. CEN is involved in inflorescence architecture in snap-
dragon (Bradley et al., 1996). The cen mutation leads to the
conversion of the indeterminate inflorescence to a terminal
flower. Orthologs of CEN have been found in different species:
TFL1 in Arabidopsis (Bradley et al., 1997), SELF PRUNING (SP)
in tomato (Pnueli et al., 1998), CET in tobacco (Amaya et al.,
1999), and LpTFL1 in Lolium perenne (Jensen et al., 2001). In
Arabidopsis, tflT mutants have a terminal flower and flower ear-
lier than the wild type (Bradley et al., 1997). This early-flowering
phenotype was not observed in snapdragon. TFL1 may play a
role in inflorescence meristem identity as well as in floral initia-
tion control as a repressor of flowering. It was proposed that
these two distinct roles are in fact one, with TFL1 controlling
the length of both the vegetative and reproductive phases
(Ratcliffe et al., 1998).

CEN and TFL1 are similar to a family of mammalian phos-
phatidylethanolamine binding proteins (PEBPs) also known as
Raf-1 kinase inhibitor proteins. Crystallography analysis reveals
that CEN may be involved in interaction with a kinase (Banfield
and Brady, 2000). In tomato, SP was shown to interact with
multiple proteins and was proposed to encode a modular pro-
tein with the potential to interact with a variety of signaling
pathways (Pnueli et al., 2001). Expression analysis has revealed
that genes closely related to TFL1 are expressed mainly in the
shoot apical meristem in the region below the terminal mer-
istem. CEN is induced during floral initiation (Bradley et al.,
1996), whereas TFL1 expression also is found during the vege-
tative phase; this expression could explain the role of TFL7 in
delaying flowering in Arabidopsis (Bradley et al., 1997). Analysis
of mutants and sequencing of the entire Arabidopsis genome
have revealed that the TFL1 genes belong to a small family (at
least six genes) with functional divergence (Mimida et al., 2001).
One of them, FT, has a TFL1-antagonistic role by promoting
flowering in Arabidopsis (Kardailsky et al., 1999; Kobayashi et
al., 1999). Studies of TFL71 homologs in other species may help
us better understand the function and the evolution of the TFL1
family in flowering plants.

Floral initiation and development in pea have been studied
for many decades (Murfet and Reid, 1993). Based on physio-
logical and mutational analyses, a model for flowering that in-
volves both a floral inhibitor and a stimulus has been developed
(reviewed by Reid et al., 1996; Weller et al., 1997). The stimulus
is specific to flowering and is under the control of GIGAS
(Beveridge and Murfet, 1996). The synthesis of the floral inhibi-
tor is controlled by different genes (STERILE NODE, HIGH RE-
SPONSE, PHOTOPERIOD, DAY NEUTRAL, and EARLY) and is
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strongly regulated by photoperiod. The integration of the sig-
nals occurs in the apex and is controlled by the LATE FLOW-
ERING (LF) gene. LF determines the node of flowering in pea
for a given genetic background (Figure 1). Four natural and in-
duced classes of alleles are known—Lf-d, Lf, If, and If-a—that
in maximal inductive conditions confer minimum nodes of flow-
ering of 15, 11, 8, and 5, respectively. The dominance order is
Lf-d > Lf > If > If-a, with the If-a allele being recessive (Murfet,
1975). LF is active in the shoot, and the different alleles deter-
mine the threshold of sensitivity of the apical meristem to flow-
ering signals. Because mutations of LF lead to plants with an
early phenotype, LF may be considered a repressor of flowering.

Pea is an indeterminate-flowering plant, as is Arabidopsis.
After floral initiation, the shoot apical meristem is converted to
an inflorescence meristem (called I1; Figure 1). The 11 meristem
grows indefinitely, and an axillary meristem in the leaf axil gen-
erates a secondary inflorescence, 12. Flowers (often two) arise
laterally from 12. At the onset of senescence, the 12 meristem
ceases growing and is converted to a stub, a terminal meristem
with epidermal hairs (Singer et al., 1999). A pea mutant, known
as determinate (det), produces a few axillary flowers and an ap-
parent terminal flower (Reid and Murfet, 1984; Singer et al.,
1990) (Figure 1). Scanning electron microscopy showed that
this terminal flower actually arises from an axillary meristem
and that the 11 meristem is converted to a stub as in the wild
type (Singer et al., 1990) (Figure 1). A real terminal flower can
be obtained in pea by crossing the det mutant with another mu-
tant, vegetative1, which remains vegetative (Reid and Murfet,
1984; Singer et al., 1999).

Using degenerate primers, we isolated three TFL1 homologs
in pea. Detailed analyses, by gene mapping, allele sequencing,
and expression studies, revealed that two of these homologs
correspond to important genes involved in flower initiation and
development in pea: DET and LF. This study provides compar-

Lf/DET  Lf/det Ilf-a/DET If-a/det

Figure 1. Scheme of the Phenotypes of If-a, det, and I/f-a det in Pea.

Black arrows represent shoot apical meristems, open circles represent
flowers, and closed circles represent stubs (terminal meristems with
epidermal hairs). 11 and 12 indicate the primary and secondary inflores-
cence meristems, respectively.
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ative information about the function and evolution of TFL7
genes in flowering plants.

RESULTS

Arabidopsis TFL1 Homologs Represent a Small Gene
Family in Pea

To isolate TFL1-related sequences in pea, we designed several
different degenerate primers corresponding to conserved do-
mains identified from the alignment of published TFL71 ho-
mologs (Figure 2A) and other homologous EST sequences.
Two different primer pairs successfully amplified fragments
from pea genomic DNA. Two fragments of 450 bp (A) and 850
bp (B) obtained with the primer combination TFL1-3/TFL1-5,
and a single fragment of 450 bp (C) obtained using the primer
combination TFL1-1/TFL1-2, were isolated and sequenced.
Each band yielded sequence similar to that of TFL1 and CEN.
Additional sequences for each fragment were obtained by 3’
and 5’ rapid amplification of cDNA ends PCR on seedling or
flower cDNA (see Methods). Complete sequences were ob-
tained for transcripts corresponding to fragments A and C, and
these genes were designated PsTFL1a and PsTFL1c, respec-
tively. For the third gene, designated PsTFL1b, only a partial
sequence was obtained.

To evaluate the number of TFL7-related genes in pea, we
made a DNA gel blot using PsTFL71a as a probe (Figure 3).
Three hybridizing bands were seen in Hindlll and EcoRV di-
gests, and four bands were seen in digests with EcoRI. The ad-
ditional band in the EcoRlI digest can be explained by the pres-
ence of an EcoRl site in the PSTFL1b sequence. Therefore, we
concluded that the three TFL1 homologs isolated probably rep-
resent the entire TFL1 family in pea.

PsTFL1a and PsTFL1c are predicted to encode proteins of
174 and 173 amino acids, respectively, according to the com-
puter software Eugene (Schiex et al., 2000). The predicted
PsTFL1a and PsTFL1c proteins show 70% amino acid identity
and 72 and 65% identity with TFL1, respectively. The PsTFL1b
clone, which is incomplete at the 5’ end, covers 90 amino acids
and shows 73% identity with TFL7 over this region. The protein
sequence alignment in Figure 2A shows that the three pre-
dicted pea proteins contain large regions that are conserved
across TFL1 homologs from other species. Intron/exon bound-
aries also are highly conserved across these genes (data not
shown).

Previous studies have shown that despite their apparently
similar functions, Arabidopsis TFL1 and Antirrhinum CEN are
not particularly closely related (Mimida et al., 2001). Clustering
of TFL1-related sequences based on amino acid similarity sug-
gested the presence of several distinct groups (Figure 2B). Both
PsTFL1a and PsTFL1c cluster with TFL7. However, PSTFL1b be-
longs to another group of genes that includes CEN, SP, and
ATC. Although PsTFL1b is a partial sequence, the same results
were obtained when the analysis was performed using only the
C-terminal region. Other members of the Arabidopsis TFL1
family, such as FT, TSF, and BFT (Mimida et al., 2001), are
more distant (Figure 2B).
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Figure 2. Comparison of Pea TFL1 Homologs with TFL1 Related Genes.

(A) Alignment of the predicted amino acid sequences of PsTFL1a,
PsTFL1b, and PsTFL1c, TFL1 (Bradley et al., 1997), SP (Pnueli et al.,
1998), CEN (Bradley et al., 1996), ATC (Mimida et al., 2001), and FT
(Kardailsky et al., 1999; Kobayashi et al., 1999). The alignment was per-
formed with Multialign software (Corpet, 1988). Arrows represent the
positions of the degenerate primers used to isolate the TFL7 homologs
in pea.

(B) Phylogenic tree of TFL1-related proteins constructed using the NJ
method with the program CLUSTAL W. Branches with a bootstrap value
of >600 (of 1000) are shown with thick lines. In addition to the proteins
shown in (A), TSF, BFT, MFT, CET1, CET2, and CET4 from tobacco
(Amaya et al., 1999) and BnTFL1-1 from Brassica napus were included
in the analysis.
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The Map Locations of PsTFL1a and PsTFL1c Suggest That
They May Be Candidate Genes for DET and LF, Respectively

To study the relationship between the TFL7-like sequences iso-
lated and already known flowering loci in pea, we developed mo-
lecular markers corresponding to these sequences. We screened
the parents of two different mapping populations for single nucle-
otide polymorphisms (SNP) and converted these to PCR-based
cleaved amplified polymorphic sequence or derived cleaved am-
plified polymorphic sequence markers (see Methods).

PsTFL1a was mapped in the Térese X K586 RIL population
(Laucou et al., 1998) and was found to be located in group V
between two RAPD markers, K3-3000 and D3-1100, a region
shown previously to contain DET (Rameau et al., 1998). Analy-
sis of an F2 population segregating for a det mutation showed
no recombinant genes between DET and PsTFL1a among 120
individuals (data not shown). Thus, PsTFL1a is closely linked to
DET, and in view of the phenotypic similarity between det mu-
tants and Arabidopsis tflT mutants, we considered it to be a
good candidate for the DET gene.

Because of the lack of SNP for PsTFL1b and PsTFL1c be-
tween Térése and K586, these genes were mapped in another
RIL population derived from a cross between the more distant
lines JI 281 and JI 399 (Ellis et al., 1992). PSTFL1b maps on
linkage group llI close to the markers PsZF18 and C7/1 (Ellis et
al., 1992; Laucou et al., 1998), a region containing no obvious
candidate flowering loci. By contrast, PSTFL1c was located in
linkage group Il and segregated with the B5/9 marker in a re-

o -
6 kb—p -
-
4 kb -
3 kb ’ '
-
2kb—P>
- "
- -
1 kb—p>
Te Pa det-1 Te Pa det-1 Te Pa det-1
EcoRV HindIIl EcoRI

Figure 3. DNA Gel Blot of the Wild-Type Pea Lines Térése and Paloma
and the Mutant det-7 (JI 2121).

Genomic DNA was digested with EcoRV, Hindlll, and EcoRI. The blot
was hybridized with a probe corresponding to PsTFL17a. Hybridization
and washing conditions were low stringency (temperature of 60°C, 2X
SSC as wash salt). Sizes of the marker fragments are represented in
kilobases. Pa, Paloma; Te, Térése.
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gion containing LF (Ellis et al., 1992; Laucou et al., 1998) and an
important quantitative trait loci for flowering time (our unpub-
lished results). This finding suggests that PsTFL7c could be a
candidate gene for LF. Our subsequent analyses focused on
PsTFL1a and PsTFL1c, because these potentially represented
genes that regulate agronomically important flowering traits
in pea.

det Mutants at the PsTFL1a Locus Carry Significant Mutations

To examine the relationship between PsTFL1a and DET, we
next sequenced PsTFL1a from three different det mutants and
their corresponding wild-type lines when available (Table 1). All
three were found to contain SNP within the PsTFL1a gene.

In the det-1 mutant line JI 2121 (Swiecicki, 1987), a point mu-
tation was found at the first exon-intron junction, converting the
consensus splicing donor motif TGGT to TGAT (Table 1). Using
primer pairs surrounding the first and the second introns, re-
verse transcriptase-mediated (RT) PCR performed on root RNA
from det-1 and the Paloma wild-type line confirmed that the
first intron is not spliced out in PSTFL1a transcripts from det-1,
whereas the second intron is spliced out normally in both the
wild type and det-1 (Figure 4). Retention of the first intron in
det-1 is predicted to result in the introduction of a stop codon,
truncating PsTFL1a at amino acid 72.

The det-2 line JI 1358 arises as a spontaneous mutant, for
which no progenitor line is available (J. Hofer, personal com-
munication). We found five SNP in PsTFL1a between the det-2
line and wild-type cv Térése, some of which may represent nat-
ural polymorphism (Table 1). Of these, three are predicted to di-
rect changes in the protein sequence. Two of these changes
(Met-4 to lle and Thr-47 to Pro) affect residues that are not no-
tably conserved across the TFL1 family, whereas the Gin resi-
due substituted for in the third change (GIn-127 to Arg) is invari-
ant across all TFL1 sequences and is conserved even in more
distantly related proteins such as FT and animal PEBPs. The
high degree of conservation implies that mutation of this GIn-
127 likely affects TFL1 function and could account for the det-2
phenotype.

The det-3 mutant was obtained by mutation of the SG line
(Berdnikov et al., 1999), but this line has since been lost. Thus,
as in the case of det-2, no progenitor line was available for
det-3. Sequencing revealed five SNP between det-3 and wild-
type cv Térese (Table 1). Three of these are predicted to direct
changes in the protein sequence. The first is Met-4 to lle, which
it shares in common with det-2. The second is Thr-66 to lle.
This residue is conserved perfectly across all known TFL1 se-
quences. Furthermore, the corresponding substitution in Arabi-
dopsis TFL1 is the basis for the tfl1-14 mutant phenotype
(Ohshima et al., 1997) and was shown to suppress interactions
with putative partners (Pnueli et al., 2001). The third change oc-
curs at position 104, where a conserved Glu is replaced by Lys.

Additional evidence for the importance of the GIn-127 and
Thr-66 residues comes from a detailed analysis of the CEN
(Banfield and Brady, 2000) and TFL1 (our unpublished data)
protein structures. Thr-66 resides in the core of the protein, lo-
cated on the central B-sheet F (as labeled for human PEBP;
Banfield et al., 1998). The Thr side chain forms a hydrogen



I,
O
)
-
-5
al
&)
e
=

2746 The Plant Cell

Table 1. Sequence Analysis of PsTFL1a in the det Mutants

Mutant Line Position Nucleotide Substitution Major Effect
det-1 +202 (junction exon 1/intron 1) TGGT —» TGAT Intron 1 is not spliced
det-2 +12 (exon 1) ATG — ATC Met-4 — lle
+139 (exon 1) ACC — CCC Thr-47 — Pro
+401 (intron 2) AACCA — AATCA Silent
+655 (exon 4) CAA - CGA GIn-127 — Arg
+749 (exon 4) GTT - GTG Silent
det-3 +12 (exon 1) ATG — ATC Met-4 — lle
+197 (exon 1) ACA — ATA Thr-66 — lle
+401 (intron 2) AACCA — AATCA Silent
+584 (exon 4) GAG — AAG Glu-104— Lys
+749 (exon 4) GTT - GTG Silent

The positions of the substitutions are labeled from the +1 of translation. For det-1, the sequence is compared with the progenitor line, Paloma,
whereas for det-2 and det-3, the sequence is compared with the wild-type line Térese. “Silent” indicates that the substitution has no effect at the
amino acid sequence of the protein. Mutations in boldface are proposed to be responsible for the det phenotype (see details in the text).

bond to the side chain of GIn-127. Therefore, these two resi-
dues (Thr-66 and GIn-127) map to the same region of the struc-
ture. Interestingly, two of the det mutants, det-2 and det-3, rep-
resent mutations in these residues. These mutations (Thr-66 to
lle in det-3 and GIn-127 to Arg in det-2) would disrupt the hy-
drogen bonding interaction between the two residues and likely
would affect the structural integrity of this region. Because mu-
tations that affect protein function have been mapped to this
region in both Arabidopsis TFL1 and PsTFL1a, it follows that
this must be an important part of the structure. However, this
importance is likely to be structural (maintenance of protein
fold) rather than directly functional (e.g., interaction with other
proteins/small molecules).

Because three different det mutant alleles carry a substitu-
tion in the predicted amino acid sequence of PsTFL1a that is
likely to have a significant effect on PsTFL1a function, we con-
clude that PsTFL1a corresponds to DET.

PsTFL1c Is Another Homolog of TFL1 and Corresponds to LF

We also examined the relationship between PsTFL1c and LF by
sequencing PsTFL1c from a range of natural variant alleles and
induced mutants at the LF locus (Table 2). A relatively large
number of LF alleles are known and have been grouped into
four phenotypic classes (Taylor and Murfet, 1993; Weller et al.,
1997). Mutants in the If-a class present the strongest pheno-
type and can flower as early as node 5. In four of six indepen-
dent /f-a lines—HL7, XVIII/17, Wt11796, and K2—PsTFL1c
could not be amplified from genomic DNA (data not shown),
and a band corresponding to PsTFL1c was absent from these
lines in DNA gel blot analyses (Figure 5). These lines were ob-
tained from fast-neutron or vy-ray mutagenesis (Taylor and
Murfet, 1993) and therefore likely carry large deletions in the re-
gion of PsTFL1c.

In the remaining two /f~a mutants (HL76 and Wt11795),
PsTFL1c was amplified and sequenced (Table 2, Figure 6).
Compared with its isogenic Lf progenitor HL75, the If-a line
HL76 was found to carry a 6-bp deletion in the PsTFL1c coding
region that is predicted to direct the replacement of three

amino acids (Phe-Ala-Asp) at positions 147 to 149 with a single
Tyr (haplotype B in Figure 6). This deletion maps to the a-C he-
lix (as labeled for the human PEBP [Banfield et al., 1998]), and
in the mutated form, it is highly unlikely that this helix would be
able to form. Loss of this helix would have a seriously destabi-
lizing effect on the protein’s structure. Interestingly, this helix
maps to the same region of the structure as the Thr-66/GIn-127
pair, again suggesting the importance of this area in protein
stability and/or function. In the /f-a line Wt11795, a C-to-T sub-
stitution at position 1625 is responsible for the replacement of
Pro-109 by Ser (haplotype E in Figure 6). This Pro is conserved
in all TFL1-related plant sequences (Figure 2A) and forms an in-
tegral part of the proposed “putative ligand binding site” for
these proteins (Banfield et al., 1998). Consequently, this muta-
tion could affect protein function severely.

Our analysis of six independent /f-a mutants has shown in each
case an important modification in the PsTFL1c sequence, either a
large deletion or a functionally significant substitution mutation.
Therefore, we conclude that PSTFL1c corresponds to LF.

cDNA

1+intronl
cDNA

Pa det-1 H,0 ¢eDNA
SR*IRS

Pa det-1 H,0 gDNA
5R*5R1

Figure 4. Analysis of the Nonsplicing of the First Intron in the det-1
Line.

PCR was performed on root cDNA from Paloma (Pa) and det-1 (JI 2121)
with water (H,0) and genomic DNA (gDNA) as controls. The primer pairs
5R*1R5 and 5R*5R1 surrounded intron 1 and introns 1 and 2, respec-
tively. Arrowheads indicate the size expected for the cDNA if the first in-
tron is spliced (cDNA) or not spliced (cDNA+intron 1). A 100-bp size
marker lane is shown in the center of the gel.
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Table 2. Results of Sequence Analysis of PsTFL1c in Several Pea Lines and Their Corresponding Mutants for LF

Line LF Class Haplotype Derived Mutant Line LF Class Haplotype
Vesna Lf-d A XVINA7 If-a No
Torsdag Lf A K319 If (¢}
K2 If-a No
Wt4042 Lf A Wt11796 If-a No
HL75 Lf A HL76 If-a B
Porta Lf A Wt11790 If (¢}
Wt11791 If (¢}
Paloma Lf A Wt11795 If-a E
WL1771 Lf-d D WL1770 Lf D
WL1769 If D
Champagne Lf-d A
Térése Lf A
HL7 If-a No

Mutants and their progenitor lines are described by Taylor and Murfet (1993). The PsTFL1c sequences were grouped in five haplotypes (A to E) as de-
scribed in Figure 6. “No” indicates that PsTFL7c could not be amplified by PCR and was not detected on a DNA gel blot (Figure 5). HL7 is a natural

mutant; therefore, no progenitor line is available.

The Three PsTFL1 Genes Present Different Patterns
of Expression

We next examined the presence/absence of transcript for each
of the PSTFL1 genes by RT-PCR in different tissues at different
stages. Specific intron-spanning primers were designed for
each gene to control for contaminating genomic DNA. We ana-
lyzed a number of different tissues during the vegetative and
reproductive phases in plants grown under either short-day or
long-day conditions (Figure 7). The three genes showed distinct
patterns of expression. PsTFL1a was expressed mainly in
roots, in the apex after the floral transition, and in flower buds
and flowers. Expression in roots is common for flowering genes
such as LpTFL1 (Jensen et al., 2001), LUMINIDEPENDENS
(Aukerman and Amasino, 1996), and GIGANTEA (Fowler et al.,
1999). No function was proposed for the expression of these
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Figure 5. DNA Gel Blot of Different Wild-Type and Corresponding Mu-
tant Lines for LF.

Mutant lines are described in Table 2. The genomic DNA was digested
with EcoRlI, and the blot was hybridized with a PsTFL71c probe under
high stringency.

genes in roots. No expression of PsTFL1a was detected in the
shoot apex before the floral transition. In both short-day and
long-day conditions, a signal was detected in the apex after the
floral transition (stage A2) and remained during the reproduc-
tive phase (stage A3). For PsTFL1b, expression was found in
the apex during the vegetative and reproductive phases (Figure
7). Expression was found in roots and dormant nodes. No ex-
pression was detectable in flowers. As with PsTFL7a, no differ-
ence was observed between short-day and long-day condi-
tions. PsTFL1c transcripts were present in all tissues studied
(Figure 7), and no change in the expression pattern was de-
tected during the flowering process.

Intermediate Mutant Lines for LF Present Variations of the
PsTFL1c Transcript Level

As shown previously, the stronger LF alleles (/f-a) carry dele-
tions or substitutions of the PsTFL1c gene. Other alleles (/f, Lf,
and Lf-d) were studied (Table 2). DNA gel blot analysis revealed
no detectable structural change for some of these lines (K319
and WL1769; Figure 5). Sequence analysis showed no differ-
ences in the coding region. Only two silent substitutions in the
introns were detected: one between /f mutants K319, Wt11790,
and Wt11791 (haplotype C) and their wild-type progenitors
(haplotype A) and another between the wild-type line WL1771,
its derived mutant lines (haplotype D), and the other wild-type
lines (haplotype A) (Table 2, Figure 6). Therefore, plants contain-
ing the Lf-d, Lf, or If allele produce the same PsTFL1c protein.
To determine whether differences between LF alleles oc-
curred at the transcriptional level, PsTFL1c transcripts were an-
alyzed by real-time PCR in the apices of plants with five ex-
panded leaves (Figure 8). At this stage, plants have not initiated
flowering, except those bearing the strong /f-a allele. In the mu-
tant series WL1770 (Lf) and WL1769 (/f), derived from the
WL1771 (Lf-d) progenitor line (Table 2), PsTFL1c was ex-
pressed sequentially higher. Between Lf-d and If, there was a
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Haplotype C Haplotype D Haplotype E
277:T>C 1041 :T>A 1625:C>T

109 : Pro-> Ser

Haplotype B

1740 : 6 bp deletion
TTTGCAGAT > TAT

147 : Phe Ala Asp—> Tyr

Figure 6. Description of the Different Haplotypes Identified from the
Sequence Analysis of PsTFL1c in Several Pea Lines and Their Corre-
sponding Mutants for LF.

Mutant lines are described in Table 2. Scheme of the PsTFL1c genomic
sequence. Boxes represent the coding sequence. Arrows indicate the
positions of the substitutions relative to haplotype A. For each haplo-
type, the position and the nature of each substitution are described and
the predicted effect on the amino acid sequence is given.

10-fold difference (Figure 8). Therefore, for a given genetic
background, there was a correlation between the expression of
PsTFL1c and the node of flowering. A similar correlation was
found in mutants K319 (/f) and K2 (/f-a) in the Torsdag (Lf) back-
ground. PsTFL1c transcript levels were threefold higher in
Torsdag than in K319 (/f), whereas no significant expression
was detected in K2, which carries a large deletion spanning the
TFL1 gene (Figure 6).

These results suggested that the low level of PsTFL1c tran-
scription was associated with early flowering. This correlation
seemed to be contradicted by the analysis of HL76 (/f-a), in
which a relatively high level of PsTFL1c transcript was associ-
ated with early flowering. The PsTFL1c transcript level was not
significantly different between HL75 (Lf) and HL76 (/f-a) (Figure
8). This contradiction can be explained by the presence of a
mutation in the predicted PsTFL1c protein of HL76 (Figure 6).
For this line, protein sequence, not mRNA level, was the cause
of the early-flowering phenotype. Because no change was de-
tected in PsTFL1c transcript level between HL75 and HL76, this
finding suggests that there is no feedback regulation for LF.

We noticed that within the same class of LF allele, there was
variation in the level of PsTFL1c transcript. For example, for the
Lf allele, the relative expression level varied from 67 (Térése
line) to 151 (Torsdag line). This variation could be a conse-
quence of modulation resulting from different genetic back-
grounds. To test this hypothesis, we introduced LF alleles in
new genetic backgrounds by successive backcrosses. The
Lf-d allele, carried by the HL66 line, was introduced into the
Térése background by seven successive backcrosses. In this
new genetic background, the level of PsTFL1c transcript in Lf-d
plants was 40% lower than that in HL66 but still significantly
higher (threefold) than that in the nearly isogenic Lf line Térese
(Figure 8). From these results, we conclude that PsTFL1c tran-
scription is determined by the LF allele but also by different ge-
netic backgrounds.

DISCUSSION

The genetics and physiology of flowering in pea have been
studied in detail (Reid et al., 1996; Weller et al., 1997). We used
a candidate-gene approach to study the role of TFL7 homologs
in the flowering process. Two of these homologs, PsTFL1a and
PsTFL1c, were found to correspond to the pea genes DET and
LF, respectively. Evidence for these correspondences and the
conservation of TFL1 homolog gene function between Arabi-
dopsis and pea are discussed below.

DET, an Arabidopsis TFL1 Homolog, Acts to Maintain the
Fate of the Inflorescence Meristem in Pea

PsTFL1a mapped in the vicinity of DET. Sequencing of
PsTFL1a in three independent det lines revealed mutations that
would significantly modify PsTFL1a structure, leading to a non-
functional protein. These results strongly indicate that PsTFL1a
corresponds to DET. Further evidence that PsTFL1a corre-
sponds to DET comes from mutant phenotype comparisons
and gene interactions.

The phenotype of det mutants in pea is similar to those of tf/1
and cen. In all three species, indeterminate growth is changed
to determinate growth during the reproductive phase (Singer et
al., 1990; Bradley et al., 1996, 1997). This conversion was pro-
posed to result from the acceleration of the reproductive phase
and the conversion of the inflorescence to a floral meristem in
Arabidopsis (Ratcliffe et al., 1998). In det mutants, the inflores-
cence meristem is converted to a stub (Singer et al., 1999). As
with cen mutants in snapdragon, det mutants present no phe-
notype during the vegetative phase, whereas tflT mutants
flower earlier in Arabidopsis. The absence of a vegetative phe-

PsTFLIla

PsTFL1b

PsTFLIc

R NINL A FB O0gDNA A1 A2A3F A1 A2A3F

LD SD

Figure 7. Expression Analysis of Pea TFL1 Homologs by RT-PCR.

Specific primers for PsTFL1a, PsTFL1b, and PsTFL1c were used to am-
plify the cDNA (see Methods). As controls, PCR was performed on ge-
nomic DNA (gDNA) and water (0). PCR was performed on cDNA ob-
tained from different tissues: root (R), dormant node 4 (N), internode
(IN), leaf (L), vegetative apex (A), flower bud (FB), flower (F), and shoot
apex during the floral transition under short-day (SD) or long-day (LD)
conditions at three different stages (A1, before the floral transition; A2,
after the floral transition but before flowering; and A3, after flowering).
These three stages are described in detail in Methods.
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Figure 8. Analysis of the PsTFL1c Transcript Level in Different LF Lines by Real-Time PCR.

RNA was extracted from the apices of plants at the five-node stage. To compare the results, transcript levels also were evaluated for the elongation
factor, E1F«a, which is supposed to be constant in our conditions. Numbers represent the differences in expression between PSTFL1c and EF1a. The
real-time PCR experiment was repeated three times. For each LF line, the allele at the LF locus and the node of flowering (average of four different
plants grown in short-day conditions) are given. V indicates that the plants did not flower after 40 nodes and remained vegetative.

notype may be explained by the fact that DET and CEN
(Bradley et al., 1996) are expressed only after the floral transi-
tion, whereas TFL1 also is expressed during the vegetative
phase (Bradley et al., 1997).

Interactions between TFL71 and other important regulatory
genes are conserved between some species. In Arabidopsis,
TFL1 antagonizes LFY, as does CEN with FLORICAULA in
snapdragon. Double mutants (tf/7 Ify or cen flo) have a Ify or flo
phenotype, respectively (Bradley et al., 1996, 1997). The same
epistatic interaction is found in pea between DET and UNIFOLI-
ATA, the LFY ortholog. The double mutant det uni has a uni
phenotype (Singer et al., 1999).

LF, Another Arabidopsis TFL1 Homolog, Is a Repressor
of Flowering

The results obtained demonstrate that PsTFL7c corresponds to
LF. PsTFL1c was mapped to linkage group Il in the vicinity of
LF. Analysis of PsTFL1c genomic DNA sequence in the stron-
gest If-a mutants (plants presenting the earliest flowering phe-
notype) showed significant modifications: four /f-a mutants are
complete deletion mutants lacking PsTFL71c and can be con-
sidered null alleles; two other /f~a mutants contained nonsi-
lent changes that could modify the structure or function of
PsTFL1c.

Comparison of the I/f-a and tflT mutants reveals a similar
early-flowering phenotype. In Arabidopsis, TFL1 acts to main-
tain the apical meristem during the vegetative stage and
thereby control the length of the vegetative phase (Bradley et

al., 1997; Ratcliffe et al., 1998). In pea, LF also can be consid-
ered a regulator of the length of the vegetative phase. Mutant
lines for this gene have a lower flowering node and early flower-
ing time (Taylor and Murfet, 1993). LF, like TFL1, acts as a floral
repressor by lengthening the vegetative phase. In contrast to
tfl1, no major floral phenotype was detected for mutants at the
LF locus.

Natural and induced mutant alleles for LF have been grouped
into four classes: Lf-d, Lf, If, and If-a (Taylor and Murfet, 1993).
The strongest If-a phenotype is the result of mutation or dele-
tion of PsTFL1c. This loss of function is consistent with /f-a be-
ing a recessive mutation. Sequencing of the Lf-d, Lf, and If al-
leles revealed no change in the predicted amino acid sequence
of PsTFL1c (Table 2, Figure 6). We demonstrated that the flow-
ering phenotype in these alleles could be explained by differ-
ences in PsTFL1c transcript levels during the vegetative phase
in the shoot apex. When comparing series of alleles in the same
genetic background, LF transcript levels were correlated with
the flowering node in pea. Plants having the late-flowering Lf-d
allele had a high level of LF transcript. The Lf-d plants behaved
like 35S-TFL1 Arabidopsis plants, in which the upregulation of
TFL1 is responsible for a delay in flowering and a highly
branched architecture (Ratcliffe et al., 1998). In pea, the influ-
ence of flowering genes on branching is well known (Floyd and
Murfet, 1986; Beveridge et al., 2003). In particular, the Lf-d al-
lele, by delaying flower initiation, results in plants with a high
number of aerial lateral branches. The high transcript levels in
Lf-d plants are consistent with the dominance of this allele. Fur-
thermore, a transcript dose effect also would explain the inter-
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mediate flowering node seen in heterozygous individuals
(Murfet, 1975).

One hypothesis to explain the differences in transcript levels
between the LF alleles is that important cis-regulatory elements
are mutated. We have sequenced the untranslated region (200
bp 5’ and 260 bp 3’) and the introns in a series of different LF
alleles (Table 2), and only two changes were detected. One
substitution (haplotype D; Figure 6) seems to result from natural
variation with no effect on flowering, because it is found in
WL1771 (Lf-d), WL1770 (L), and WL1769 (/f) (Table 2). More in-
teresting is the substitution in intron 1 (haplotype C; Figure 6),
which is found in independent /f plants derived from different
wild-type lines. If lines Wt11790 and Wt11791 were obtained
from the Lf line Porta (Murfet, 1991), whereas /f line K319 was
obtained from the Lf line Torsdag (Uzhintseva and Sidorova,
1988). It is intriguing that identical alleles appeared indepen-
dently in different mutagenesis programs. Important cis ele-
ments can be present in the introns, as was shown in the sec-
ond intron of AGAMOUS (Lohmann et al., 2001). Modification
of the expression of genes between different alleles has been
demonstrated for important traits. In tomato, the fw2.2 alleles
regulate fruit size through changes in transcript regulation
rather than in the FW2.2 protein itself (Cong et al., 2002). In
rice, Hd3, a FT homolog, shows different levels and timing of
gene expression between different alleles (Kojima et al., 2002).
In both cases, SNP between the alleles have been detected in
putative regulatory regions. Further analysis will be required to
prove the association between SNP and expression changes in
the If alleles.

Different Regulation between TFL1 Homologs in Pea
and Arabidopsis

In pea, two TFL1 homologs have two distinct functions: LF is
involved in the control of the vegetative phase by delaying floral
initiation, the transition from the vegetative to the I1 inflores-
cence meristem, and DET is involved in the control of the floral
phase by preventing the transition from the I1 inflorescence
meristem to the flower (Figure 9). This regulation is different
from that in Arabidopsis, in which only one TFL71 gene controls
the length of both the vegetative and floral phases (Figure 9).
To obtain the tfi1 phenotype in pea (early flowering and deter-
minate growth), a det If double mutant is necessary (Murfet,
1989). LF and DET are homologs and may derive from a com-
mon ancestor by duplication. In pea, the two genes may have
evolved separately and become specialized for two distinct
functions. The det If-a double mutant has only additive effects
and no extra phenotype (Murfet, 1989), which suggests nonre-
dundant functions for DET and LF. It has been argued that sub-
functionalization of duplicated genes is a mechanism whereby
degenerative mutations can lead to the preservation of dupli-
cated genes (Force et al., 1999; Lynch and Force, 2000). DET
and LF may provide an example in which a gene that was ex-
pressed originally during both the vegetative and reproductive
phases (such as TFL1 in Arabidopsis) diverged into two copies
with a partitioning of gene expression patterns as predicted
by the duplication/degeneration/complementation model. Like
DET, CEN has only one function during the vegetative phase in

Figure 9. Model for the Control of Floral Initiation and Development by
TFL1 Genes in Arabidopsis and Pea.

F, flower; I1, inflorescence meristem; V, vegetative phase.

snapdragon (Bradley et al., 1996), so it will be interesting to de-
termine whether another TFL7 homolog exists in snapdragon
that functions during the vegetative phase in a manner similar
to LF.

In this study, we have demonstrated the important role
played by a TFL1 homolog, LF, in the control of flowering time
in pea. Detailed genetic analyses have enabled the identifica-
tion of a few genes involved in the natural variation in flowering
time among pea cultivars under controlled environmental con-
ditions (Murfet, 1971b; Weller et al., 1997). LF was identified as
a major contributor to natural variability, but other genes in-
volved in the photoperiodic pathways also were shown to influ-
ence flowering time in pea, such as STERILE NODE and HIGH
RESPONSE. These genes are implicated in the synthesis of a
graft-transmissible floral inhibitor, which is perceived in the
apex by LF (Murfet, 1971a). As a long-day flowering plant, pea
has developed a strategy to control flowering in response to
photoperiod and vernalization, with a central role for LF. Vernal-
ization acts quantitatively by reducing the flowering node in two
ways: by decreasing inhibitor production and by rendering the
apex more sensitive to the flowering signal (Murfet and Reid,
1974; Reid and Murfet, 1975).

The strategy developed by Arabidopsis seems to be differ-
ent, because TFL1 plays a minor role in the control of flowering
time between ecotypes. In Arabidopsis, FLOWERING LOCUS
C (FLC) and FRIGIDA (FRI) are central elements and are key
components of the response to vernalization (Michaels and
Amasino, 1999; Sheldon et al., 1999; Johanson et al., 2000).
For instance, in natural Japanese Arabidopsis populations, the
digenic interaction between FR/ and FLC was the major genetic
system controlling flowering time (Shibaike et al., 1999). FLC is
a floral repressor, which must be repressed by vernalization for
floral initiation to occur. FRI acts synergistically by maintaining
high levels of FLC. Early-flowering ecotypes of Arabidopsis
carry nonfunctional FRI and/or FLC alleles (Johanson et al.,
2000) and consequently have low levels of FLC transcript,
whereas late-flowering ecotypes have high levels of FLC ex-
pression (Rouse et al., 2002). This important role for FLC also is
found in other Brassicaceae species (Tadege et al., 2001;
Schranz et al., 2002). Thus, pea and Arabidopsis have devel-
oped different strategies to control flowering time, which may
represent different strategies to respond to environmental con-
ditions. In natural Arabidopsis populations, flowering time vari-
ation is explained mainly by response to vernalization, whereas
in pea it seems to be explained mostly by response to photo-
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period. Interestingly, in both cases, the transcript level of the
repressor, FLC or LF, determines flowering time. Different al-
leles exist at the LF locus and are responsible for different LF
transcript levels. The same results were found in Arabidopsis at
the FLC locus, where different alleles confer different FLC tran-
script levels (Schlappi, 2001).

In conclusion, we have shown that TFL7 homologs in pea
play an important role in floral initiation and development. LF is
a major gene that controls flowering time by integrating differ-
ent environmental and endogenous signals. Understanding the
regulation of LF by genes involved in photoperiod response is
an important next step for dissecting the molecular basis of
flowering control in pea.

METHODS

Plant Material and Growth Conditions

det lines of pea (Pisum sativum) were obtained from the John Innes
Pisum Germplasm collection. det-1 corresponds to JI 2121 and was ob-
tained by mutation of cv Paloma (Swiecicki, 1987). det-2 (JI 1358) is a
spontaneous mutant, and det-3 (JI 3100) was obtained by mutation of
line SG (Berdnikov et al., 1999). Other pea cultivars were Térese and
Torsdag. The F2 and Rl lines used for genetic mapping are described
below. LF lines were provided by lan Murfet (University of Tasmania,
Hobart, Australia). Relevant information concerning the mutants and
their progenitors is described by Taylor and Murfet (1993).

For the floral initiation experiments, the plants were grown in cabinets
at 20°C during the day and 15°C during the night with illumination by
mercury vapor lamps (135 mE:m~2-s7") in a 1:1 mixture of sphagnum:
clay under short-day (12 h of light) or long-day (18 h of light) conditions.
For the long-day conditions, plants received 12 h of light from the mer-
cury vapor lamps extended by 6 h of light from a series of 40-W incan-
descent/fluorescent bulbs. The apices were harvested at three different
stages. The A1 stage was collected at least 10 nodes before plants
flower. At this stage, the apices are still vegetative (Isabelle Lejeune, per-
sonal communication). The A2 stage was harvested just three nodes be-
fore flowering. At the A2 stage, the floral initiation has occurred but flow-
ers are not opened. The A3 stage corresponds to the apices just after
flowers open.

Cloning and Isolation of Genes

The TFL1 homologs were isolated in cv Térése using degenerate prim-
ers. The PCR conditions were 35 cycles at 94°C for 60 s, 55°C for 60 s,
and 72°C for 2 min. The primer combination TFL1-1 (5'-ATGGGG-
AGAGTGATA/T/CGGG/AGAA/TG-3) and TFL1-2 (5'-TCACTAGGA/
GCCA/TGGAACATCA/TGG-3') gives a 450-bp band corresponding to
PsTFL71c. Using the primer combination TFL1-3 (5'-GATGTTCCA/
TGGA/TCCTAGTGAC/TCC-3') and TFL1-5 (5'-CTTGCAGCA/GGTC/TC/
TTCC/TCTC/TTG-3'), two bands of 400 and 800 bp were obtained cor-
responding to PsTFL1a and PsTFL1b, respectively.

The sequences of the genes were extended by 3’ rapid amplification
of cDNA ends (RACE) PCR using the kit and the recommendations of the
supplier (Life Technologies, Rockville, MD) on cDNA from seedlings and
flowers. The following primers were used as gene-specific primers and
nested gene-specific primers, respectively, for PsTFL1a (TFL1R1 [5'-
TCAAACAAAGAGCGAGAGATTCAG-3'] and TFL1R2 [5'-AGACCA-
TTTCAACACTCGTAG-3']), for PsTFL1b (Tb31 [5'-GACAGATATACC-
AGGCACAAC-3'] and Tb32 [5'-GAAATATGAAATGCCACGTCC-3')),
and for PsTFL1c (TFL1-1 and TFL5R3 [5'-AGCCAAGGATTCAGA-
TTCAAGG-3']). The 5' part of PsTFL1a was obtained by 5 RACE PCR
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using the kit and the recommendations of the supplier (Life Technolo-
gies) on cDNA from flowers. The gene-specific primers used were TFLR3
(56'-CTACTTTGATACACACACGACAC-3’) and TFL5R1 (3'-GAATAGAAC-
AAACACAAACCT-3’). The 5’ part of PsTFL1c was recovered by PCR
walking on genomic DNA (Devic et al., 1997). Pea genomic DNA was di-
gested by Dral, and adaptors were ligated to the digested DNA as de-
scribed by Devic et al. (1997). The following specific primers were used
to amplify the gene: TFL1cR8 (5'-TAACTGTAGAAGGAAAGGGTA-3’)
and TFL1cR9 (5'-ATGCTTGCGGTAAAATAATCA-3').

Mapping and Marker Development

Mapping was performed on two different mapping populations (recom-
binant inbred lines) obtained from the crosses Térése X K586 (Laucou et
al., 1998) and JI 281 X JI 399 (Ellis et al., 1992). Polymorphisms were
sought between the parents in the mapping population to develop PCR
markers such as cleaved amplified polymorphism sequence (CAPS)
markers. For PsTFL1a, a single nucleotide polymorphism was detected
between Térése and K586. A derived CAPS (dCAPS) marker (Neff et al.,
1998) was developed using the following primers (TFL2, 5'-GAACACTTG-
CACTGGTAAATATAATAGA-3’; TFLR, 5'-TGTAGCATCTGTTGTTCC-
TGG-3') and the Hinfl enzyme. For PsTFL1b and PsTFL1c, polymor-
phisms were found between JI 281 and JI 399 and CAPS markers were
developed for PSTFL1b (primer pairs TFLb32 [5'-GAAATATGAAATGCC-
ACGTCC-3'] and TFL1bR1 [5'-ACAAACTAGAACAACAACAACCC-3']
and restriction enzyme Hhal) and for PSTFL1c (primer pairs TFL1-1 and
TFL1-2 and restriction enzyme HpyF44lIl).

DNA Extraction and Gel Blots

DNA was extracted from leaves according to the protocol described by
Laucou et al. (1998). Ten micrograms of genomic DNA was digested with
restriction enzymes and loaded on a 0.7 % agarose gel. Blotting was per-
formed according to the recommendation of the membrane supplier
(Biotrans Nylon Membrane; ICN, Costa Mesa, CA). Hybridization was
performed in Church and Gilbert (1984) buffer at 65°C overnight. Wash-
ing was done at 65°C according to Sambrook et al. (1989) (2x SSC [1X
SSC is 0.15 M NaCl and 0.015 M sodium citrate] and 0.1% SDS for 30
min, 1X SSC and 0.1% SDS for 15 min, and 0.2Xx SSC and 0.1% SDS
for 15 min).

RNA Extraction and Expression Analysis

RNA was extracted using the RNeasy Plant Mini Kit with a DNase treat-
ment on an RNeasy column (Qiagen, Valencia, CA). Five micrograms of
total RNA was used for cDNA synthesis. Before reverse transcription, to-
tal RNA was treated with amplification-grade DNase | (Life Technologies)
according to the manufacturer’s protocol. Reverse transcription was
performed using 200 units of Superscript || RNase H— reverse tran-
scriptase (Invitrogen, Carlsbad, CA) in the presence of 40 units of recom-
binant ribonuclease inhibitor (Life Technologies) with the AP primer. For
PCR, cDNAs were resuspended in 100 pL of water, and 1 pL was used
per reaction. Reverse transcriptase-mediated PCR was performed us-
ing specific primers for PsTFL1a (TFLSRACE [5'-TGAGTTGTACTCTTA-
AGTTCTTC-3'] and TFLaR5 [56'-AGGGCCAGGAACATCAGGGTC-3]),
PsTFL1b (TFL1bR1 and TFL1b31 [5'-GACAGATATACCAGGCACAAC-
AG-3')), and PsTFL1c (TFLcR2 [5’-AAATAAGCAGCAGCAACAGGG-3']
and TFLcR3 [5'-CAGACATTCCAGGGACAACAG-3']) and the following
program (40 cycles at 94°C for 30 s, 60°C for 60 s, and 72°C for 30 s).
The PCR product was loaded on a 2% (w/v) agarose gel.

Real-time PCR was performed on a Roche Lightcycler using the Fast-
Start DNA Master SYBR Green | kit (Mannheim, Germany) according to
the manufacturer’s protocol. Specific primers suitable for quantitative
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reverse transcriptase-mediated PCR were designed using LC Probe
Design Report software (Roche) for EF1a (E1FF1 [5'-GATGCACCT-
GGACATCGTGACT-3'] and E1FR1 [5'-CTTAGGGGTGGTAGCATCCAT-
CT-3']) and PsTFL1c (cF3 [5'-CCACATTTGGAAAAGAGTTGACAA-
GC-3'] and cR3 [5'-GCGTCTTCTAGGAGCCGTTGC-3')). The PCR program
consisted of a first step of denaturation and Taq activation (95°C for 8
min) followed by 45 cycles of denaturation (94°C for 10 s), annealing
(58°C for 7 s), and extension (72°C for 10 s). At the end, amplified prod-
ucts were denatured (95°C), renatured (65°C), and progressively dena-
tured (step from 65 to 95°C over 30 min or 0.1°C/s for the fusion curve
analysis). Both primers combinations (cR3/cF3 and E1FR1/E1FE1) were
tested (fusion curve, linearity, and efficiency of the primers). The primer
combinations for ETF and PsTFL1c have a PCR efficiency of 86 and
80%, respectively.

For PCR, cDNA was diluted 50 times and 5 pL was used as a template
in a 20-pL reaction mix. PSTFL1c transcript level was estimated based
on the level of the constitutive EF7a gene (Nesi et al., 2000). For each
condition, the number of cycles necessary to reach a certain level (exit
position) of fluorescence was evaluated for EF1a (Ngr1,) and PsSTFL1c
(NpstrL1c)- The difference between the exit points of the two genes was
calculated (d1 = npgrrL1c — Ner1a)- The value 297 represents the difference
of copy number between PsTFL1c and the constitutively expressed
gene, EF1a. Because EF1a was expressed at a higher level than
PsTFL1c, the final ratio was calculated as follows: PsTFL1c level =
(1/24) x 100,000% EF1c.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Catherine Rameau, rameau@versaille.inra.fr.

Accession Numbers

The sequence data described herein have been submitted to GenBank
with accession numbers AY340579 for PsTFL1a, AY340580 for PsTFL1b,
and AY343326 for PsTFL1c. Accession numbers for the sequences
shown in Figure 2 are as follows: AB027506 (TSF), AB016880 (BFT),
AF147721 (MFT), and BAA33415 (BnTFL1-1 from Brassica napus).

ACKNOWLEDGMENTS

We thank Mike Ambrose, K. Sidorova, and lan Murfet for providing the
mutant lines. Thanks also are due to Bertrand Dubreucq for help and
suggestions with the real-time PCR experiments, to Magali Goussot,
Karine Haurogné, Xenie Johnson, and Nathalie Mansion for technical as-
sistance, and to Patrick Grillot for his excellent management of the
greenhouse. We also particularly thank Julie Hofer and Jim Weller for
their critical comments and corrections on the manuscript and for their
suggestions. Finally, we dedicate this article to lan Murfet for his great
contribution to the understanding of flowering genetics in pea. This work
was supported by Genoplante (Project PEA-A) and the Human Frontiers
in Science Program. M.J.B. is a Royal Society (UK) University Research
Fellow.

Received July 24, 2003; accepted September 12, 2003.

REFERENCES

Amaya, l., Ratcliffe, 0.J., and Bradley, D.J. (1999). Expression of
CENTRORADIALIS (CEN) and CEN-like genes in tobacco reveals a
conserved mechanism controlling phase change in diverse species.
Plant Cell 11, 1405-1418.

Aukerman, M.J., and Amasino, R.M. (1996). Molecular genetic analy-
sis of flowering time in Arabidopsis. Semin. Cell Dev. Biol. 7,
427-433.

Banfield, M.J., Barker, J.J., Perry, A.C.F., and Brady, R.L. (1998).
Function from structure? The crystal structure of human phosphati-
dylethanolamine-binding protein suggests a role in membrane signal
transduction. Structure 6, 1245-1254.

Banfield, M.J., and Brady, R.L. (2000). The structure of Antirrhinum
CENTRORADIALIS protein (CEN) suggests a role as a kinase regula-
tor. J. Mol. Biol. 297, 1159-1170.

Berdnikov, V.A., Gorel, F.L., Bogdanova, V.S., Kosterin, O.E.,
Trusov, Y.A., and Rpzov, S.M. (1999). Effect of a substitution of a
short chromosome segment carrying a histone H7 locus on expres-
sion of the homeotic gene T/ in heterozygote in the garden pea Pisum
sativum L. Genet. Res. 73, 93-109.

Beveridge, C.A., and Murfet, I.C. (1996). The gigas mutant in pea is
deficient in the floral stimulus. Physiol. Plant. 96, 637-645.

Beveridge, C.A., Weller, J.L., Singer, S.R., and Hofer, J.M.l. (2003).
Axillary meristem development: Budding relationships between net-
works controlling flowering, branching, and photoperiod responsive-
ness. Plant Physiol. 131, 927-934.

Bradley, D., Carpenter, R., Copsey, L., Vincent, C., Rothstein, S.,
and Coen, E. (1996). Control of inflorescence architecture in Antirrhi-
num. Nature 379, 791-797.

Bradley, D., Ratcliffe, O., Vincent, C., Carpenter, R., and Coen, E.
(1997). Inflorescence commitment and architecture in Arabidopsis.
Science 275, 80-83.

Church, G.M.,, and Gilbert, W. (1984). Genomic sequencing. Proc. Natl.
Acad. Sci. USA 81, 1991-1995.

Coen, E.S., Romero, J.M., Doyle, S., Elliott, R., Murphy, G., and
Carpenter, R. (1990). floricaula: A homeotic gene required for flower
development in Antirrhinum majus. Cell 63, 1311-1322.

Colasanti, J., and Sundaresan, V. (2000). ‘Florigen’ enters the molecu-
lar age: Long-distance signals that cause plants to flower. Trends
Biochem. Sci. 25, 236-240.

Cong, B., Liu, J., and Tanksley, S.D. (2002). Natural alleles at a tomato
fruit size quantitative trait locus differ by heterochronic regulatory mu-
tations. Proc. Natl. Acad. Sci. USA 99, 13606-13611.

Corpet, F. (1988). Multiple sequence alignment with hierarchical clus-
tering. Nucleic Acids Res. 16, 10881-10890.

Cronk, Q.C.B. (2001). Plant evolution and development in a post-geno-
mic context. Nat. Rev. Genet. 2, 607-619.

Devic, M., Albert, S., Delseny, M., and Roscoe, T.J. (1997). Efficient
PCR walking on plant genomic DNA. Plant Physiol. Biochem. 35,
109-116.

Ellis, T.H., Turner, L., Hellens, R.P., Lee, D., Harker, C.L., Enard, C.,
Domoney, C., and Davies, D.R. (1992). Linkage maps in pea. Genet-
ics 130, 649-663.

Floyd, R.S., and Murfet, I.C. (1986). Branching in Pisum: Effect of the
flowering and length genes. Pisum Newsl. 18, 12-15.

Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.-l., and
Postlethwait, J. (1999). Preservation of duplicate genes by comple-
mentary, degenerative mutations. Genetics 151, 1531-1545.

Fowler, S., Lee, K., Onouchi, H., Samach, A., Richardson, K., Morris,
B., Coupland, G., and Putterill, J. (1999). GIGANTEA: A circadian
clock-controlled gene that regulates photoperiodic flowering in Arabi-
dopsis and encodes a protein with several possible membrane-span-
ning domains. EMBO J. 18, 4679-4688.

Hofer, J., and Ellis, N. (2002). Conservation and diversification of gene
function in plant development. Curr. Opin. Plant Biol. 5, 56-61.

Hofer, J., Turner, L., Hellens, R., Ambrose, M., Matthews, P.,
Michael, A., and Ellis, N. (1997). UNIFOLIATA regulates leaf and
flower morphogenesis in pea. Curr. Biol. 7, 581-587.



I,
O
)
c
==
aw
)
=
-

Jensen, C.S., Salchert, K., and Nielsen, K.K. (2001). A TERMINAL
FLOWER1-like gene from perennial ryegrass involved in floral transi-
tion and axillary meristem identity. Plant Physiol. 125, 1517-1528.

Johanson, U., West, J., Lister, C., Michaels, S., Amasino, R., and
Dean, C. (2000). Molecular analysis of FRIGIDA, a major determinant
of natural variation in Arabidopsis flowering time. Science 290,
344-347.

Kardailsky, ., Shukla, V.K., Ahn, J.H., Dagenais, N., Christensen,
S.K., Nguyen, J.T., Chory, J., Harrison, M.J., and Weigel, D. (1999).
Activation tagging of the floral inducer FT. Science 286, 1962-1965.

Kobayashi, Y., Kaya, H., Goto, K., Iwabuchi, M., and Araki, T. (1999).
A pair of related genes with antagonistic roles in mediating flowering
signals. Science 286, 1960-1962.

Kojima, S., Takahashi, Y., Kobayashi, Y., Monna, L., Sasaki, T.,
Araki, T., and Yano, M. (2002). Hd3a, a rice ortholog of the Arabi-
dopsis FT gene, promotes transition to flowering downstream of Hd71
under short-day conditions. Plant Cell Physiol. 43, 1096-1105.

Laucou, V., Haurogné, K., Ellis, N., and Rameau, C. (1998). Genetic
mapping in pea. 1. RAPD-based genetic linkage map of Pisum sati-
vum. Theor. Appl. Genet. 97, 905-915.

Levy, Y.Y., and Dean, C. (1998). The transition to flowering. Plant Cell
10, 1973-1990.

Lohmann, J.U., Hong, R.L., Hobe, M., Busch, M.A,, Parcy, F., Simon,
R., and Weigel, D. (2001). A molecular link between stem cell regula-
tion and floral patterning in Arabidopsis. Cell 105, 793-803.

Lynch, M., and Force, A. (2000). The probability of duplicate gene
preservation by subfunctionalization. Genetics 154, 459-473.

Ma, H., and De Pamplhilis, C. (2000). The ABCs of floral evolution. Cell
101, 5-8.

Michaels, S.D., and Amasino, R.M. (1999). FLOWERING LOCUS C en-
codes a novel MADS domain protein that acts as a repressor of flow-
ering. Plant Cell 11, 949-956.

Mimida, N., Goto, K., Kobayashi, Y., Araki, T., Ahn, J.H., Weigel,
D., Murata, M., Motoyoshi, F., and Sakamoto, W. (2001). Func-
tional divergence of the TFL7-like gene family in Arabidopsis re-
vealed by characterization of a novel homologue. Genes Cells 6,
327-336.

Mouradov, A., Cremer, F., and Coupland, G. (2002). Control of flower-
ing time: Interacting pathways as a basis for diversity. Plant Cell 14
(suppl.), S111-S130.

Murfet, I.C. (1971a). Flowering in Pisum: Reciprocal grafts between
known genotypes. Aust. J. Biol. Sci. 24, 1089-1101.

Murfet, 1.C. (1971b). Flowering in Pisum: Three distinct phenotypic
classes determined by the interaction of a dominant early and a dom-
inant late gene. Heredity 26, 243-257.

Murfet, 1.C. (1975). Flowering in Pisum: Multiple alleles at the /f locus.
Heredity 35, 85-98.

Murfet, I.C. (1989). Interaction of the det (determinate) mutant with
other flowering genes. Pisum Newsl. 21, 44-47.

Murfet, I.C. (1991). Early flowering mutants Wt11790 and Wt11791 re-
sult from mutation at the Lf locus. Pisum Genet. 23, 16-18.

Murfet, I.C., and Reid, J.B. (1974). Flowering in Pisum: The influence of
photoperiod and vernalising temperatures on the expression of genes
Lf and Sn. Z. Pflanzenphysiol. 71, 323-331.

Murfet, I.C., and Reid, J.B. (1993). Developmental mutants. In Peas:
Genetics, Molecular Biology and Biotechnology, R. Casey and D.R.
Davies, eds (Wallingford, UK: CAB International), pp. 165-216.

Neff, M.M., Neff, J.D., Chory, J., and Pepper, A.E. (1998). dCAPS, a
simple technique for the genetic analysis of single nucleotide poly-
morphisms: Experimental applications in Arabidopsis thaliana genet-
ics. Plant J. 14, 387-392.

Nesi, N., Debeaujon, I., Jond, C., Pelletier, G., Caboche, M., and
Lepiniec, L. (2000). The TT8 gene encodes a basic helix-loop-helix

DET and LF, Two TFL1 Homologs in Pea 2753

domain protein required for expression of DFR and BAN genes in Ar-
abidopsis siliques. Plant Cell 12, 1863-1878.

Ohshima, S., Murata, M., Sakamoto, W., Ogura, Y., and Motoyoshi,
F. (1997). Cloning and molecular analysis of the Arabidopsis gene
Terminal Flower 1. Mol. Gen. Genet. 254, 186-194.

Pnueli, L., Carmel-Goren, L., Hareven, D., Gutfinger, T., Alvarez, J.,
Ganal, M., Zamir, D., and Lifschitz, E. (1998). The SELF-PRUNING
gene of tomato regulates vegetative to reproductive switching of
sympodial meristems and is the ortholog of CEN and TFL1. Develop-
ment 125, 1979-1989.

Pnueli, L., Gutfinger, T., Hareven, D., Ben-Naim, O., Ron, N., Adir, N.,
and Lifschitz, E. (2001). Tomato SP-interacting proteins define a
conserved signalling system that regulates shoot architecture and
flowering. Plant Cell 13, 2687-2702.

Rameau, C., Dénoue, D., Fraval, F., Haurogné, K., Josserand, J.,
Laucou, V., Batge, S., and Murfet, I.C. (1998). Genetic mapping in
pea. 2. Identification of RAPD and SCAR markers linked to genes af-
fecting plant architecture. Theor. Appl. Genet. 97, 916-928.

Ratcliffe, O.J., Amaya, l., Vincent, C.A., Rothstein, S., Carpenter,
R., Coen, E.S., and Bradley, D.J. (1998). A common mechanism
controls the life cycle and architecture of plants. Development 125,
1609-1615.

Reid, J.B., and Murfet, I.C. (1975). Flowering in Pisum: The sites and
possible mechanisms of the vernalization response. J. Exp. Bot. 26,
860-867.

Reid, J.B., and Murfet, 1.C. (1984). Flowering in Pisum: A fifth locus,
veg. Ann. Bot. 53, 369-382.

Reid, J.B., Murfet, I.C., Singer, S.R., Weller, J.L., and Taylor, S.A.
(1996). Physiological-genetics of flowering in Pisum. Cell Dev. Biol. 7,
455-463.

Rouse, D.T., Sheldon, C.C., Bagnall, D.J., Peacock, W.J., and Dennis,
E.S. (2002). FLC, a repressor of flowering, is regulated by genes in dif-
ferent inductive pathways. Plant J. 29, 183-191.

Salvi, S., Tuberosa, R., Chiapporina, E., Maccaferri, M., Veillet, S.,
van Benningen, L., Isaac, P., Edwards, K., and Phillips, R.L. (2002).
Toward positional cloning of Vgt71, a QTL controlling the transition
from the vegetative to the reproductive phase in maize. Plant Mol.
Biol. 48, 601-613.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
ing: A Laboratory Manual. (Cold Spring Harbor, NY: Cold Spring Har-
bor Laboratory Press).

Schiex, T., Moisan, A., and Rouzé, P. (2000). Eugéne: An eucaryotic
gene finder that combines several sources of evidence. In JO-
BIM’2000, O. Gascuel and M.F. Soagot, eds (Heidelberg, Germany:
Springer-Verlag Heidelberg), pp. 111-125.

Schlappi, M. (2001). RNA levels and activity of FLOWERING LOCUS C
are modified in mixed genetic backgrounds of Arabidopsis thaliana.
Int. J. Plant Sci. 162, 527-537.

Schranz, M.E., Quijada, P., Sung, S.B., Lukens, L., Amasino, R., and
Osborn, T.C. (2002). Characterization and effects of the replicated
flowering time gene FLC in Brassica rapa. Genetics 162, 1457-1468.

Sheldon, C.C., Burn, J.E., Perez, P.P., Metzger, J., Edwards, J.A.,
Peacock, W.J., and Dennis, E.S. (1999). The FLF MADS box gene: A
repressor of flowering in Arabidopsis regulated by vernalization and
methylation. Plant Cell 11, 445-458.

Shibaike, H., Ishiguri, Y., and Kawano, S. (1999). Genetic analysis of
flowering time for eight natural populations of Arabidopsis thaliana
(Brassicaceae) in Japan with special regard to the genes, FRI and
FLC. Plant Spec. Biol. 14, 229-236.

Singer, S., Sollinger, J., Maki, S., Fishbach, J., Short, B., Reinke, J.,
Fick, J., Cox, L., McCall, A., and Mullen, H. (1999). Inflorescence ar-
chitecture: A developmental approach. Bot. Rev. 65, 385-410.

Singer, S.R., Hsuing, L.P., and Huber, S.C. (1990). determinate (det)



I,
O
)
c
==
aw
)
=
-

2754 The Plant Cell

mutant of Pisum sativum L. (Leguminosae: Papilionoideae) exhibits
an indeterminate growth pattern. Am. J. Bot. 77, 1330-1335.

Swiecicki, W.K. (1987). determinate growth (det) in Pisum: A new mu-
tant gene on chromosome 7. Pisum Newsl. 19, 72-73.

Tadege, M., Sheldon, C.C., Helliwell, C.A., Stoutjesdijk, P., Dennis,
E.S., and Peacock, W.J. (2001). Control of flowering time by FLC
orthologues in Brassica napus. Plant J. 28, 545-553.

Taylor, S.A., and Murfet, I.C. (1993). Flowering in pea: A mutation from Lf-d
to If-a and a summary of induced Lf mutations. Pisum Genet. 25, 60-63.

Uzhintseva, L.P., and Sidorova, K.K. (1988). Genetics of early flower-
ing pea mutants. Pisum Newsl. 20, 39-40.

Weigel, D., Alvarez, J., Smyth, D.R., Yanofsky, M.F., and Meyerowitz,
E.M. (1992). LEAFY controls floral meristem identity in Arabidopsis.
Cell 69, 843-859.

Weller, J.L., Reid, J.B., Taylor, S.A., and Murfet, I.C. (1997). The ge-
netic control of flowering in pea. Trends Plant Sci. 2, 412-418.

Yan, L., Loukoianov, A., Tranquilli, G., Helguera, M., Fahima, T.,
and Dubcovsky, J. (2003). Positional cloning of the wheat ver-
nalization gene VRN7. Proc. Natl. Acad. Sci. USA 100, 6263-
6268.

Yano, M., Katayose, Y., Ashikari, M., Yamanouchi, U., Monna, L.,
Fuse, T., Baba, T., Yamamoto, K., Umehara, Y., Nagamura, Y.,
and Sasaki, T. (2000). Hd1, a major photoperiod sensitivity quantita-
tive trait locus in rice, is closely related to the Arabidopsis flowering
time gene CONSTANS. Plant Cell 12, 2473-2484.

Yano, M., Kojima, S., Takahashi, Y., Lin, H., and Sasaki, T. (2001).
Genetic control of flowering time in rice, a short-day plant. Plant
Physiol. 127, 1425-1429.



	Randous2012.pdf
	Online.pdf
	020_EXBOTJ_ers310_online.pdf


	Remay2009.pdf
	A survey of Xowering genes reveals the role of gibberellins in Xoral control in rose
	Abstract
	Introduction
	Materials and methods
	Plant material
	Growth measurement and sampling
	Isolation of candidate genes: degenerate primer strategy
	Sequencing, database searches, alignments and phylogenetic analysis
	DNA and RNA extraction
	Reverse transcription (RT)
	PCR ampliWcation of genomic DNA and cDNA
	Marker development and genetic mapping
	Quantitative real-time PCR analysis

	Results
	Isolation of Xowering-related genes in rose
	Floral integrators
	MADS-box gene family
	FT/TFL1 gene family
	Another Xoral integrator: LEAFY

	GA metabolism and signalling
	Isolation of Xoral repressors in rose

	Genetic mapping
	Where are Xowering-related genes expressed in rose?
	Analysis of transcript abundance

	Discussion
	Flowering genes are conserved in rose
	Genetic linkage between Xoral traits and Xoral genes
	Gibberellins control rose Xowering
	GA metabolism and Xoral initiation
	GA signalling and recurrent blooming


	References






