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ABSTRACT OF THE THESIS

lowering is a crucial step in plant development that needs to be carefully regulated to occur at the
right time of the year, thus ensuring reproductive success. In Arabidopsis thaliana, several intercon-
nected molecular networks have been disclosed that mediate flowering response to environmental cues,
such as photoperiod and temperature, or to endogenous factors, such as plant age or hormones. Many of
these signalling pathways are systemic, i.e. involve regulatory mechanisms distant from the shoot apical
meristem where floral transition eventually occurs. However, most investigations were focused on the aerial

parts of the plant but ignored the roots.

'The aim of this Ph.D. thesis was to integrate the roots into a comprehensive overview of the genetic
control of flowering in Arabidopsis. A prerequisite was to obtain a full list of known flowering-time genes.
'This step led to the creation of a database of flowering-time genes, which is accessible online and in which

users can navigate through data tables or interactive schemes (www.flor-id.org).

In the second part of the work, we studied the involvement of the roots in the differential developmental
rates of plants grown in hydroponics and on soil. This analysis revealed that the growing medium had a
striking effect on the juvenile-to-adult phase transition, but had only a moderate impact on flowering time.
'These differences were associated with significant changes in the root transcriptome, as more than 2,000
genes were differentially expressed. By crossing the list of flowering-time genes with these transcriptomic
data, we observed that a large proportion of the genes involved in the initiation of reproductive develop-
ment was expressed in roots, although only a small subset was differentially expressed in the two growing
substrates. Among them, we found the potent repressor of flowering, FLOWERING LOCUS C (FLC),
which was upregulated on soil. However, further experiments with Arabidopsis lines expressing FLC to
different levels demonstrated that this gene does not mediate the medium effect on plant developmental
rate.

In the third part of the work, we used a data mining approach that confirmed the expression of about
200 flowering-time genes in the roots of Arabidopsis. Genes of the photoperiodic pathway were overre-
presented but most of the key regulators were not expressed, suggesting that flowering-time genes may be
involved in other regulatory processes in the roots. Using a complementary approach, we analysed the root
transcriptome to identify early changes occurring during the induction of flowering by a photoperiodic
treatment. We found 595 differentially regulated genes, the majority of which were previously qualified as
circadian. Interestingly, clock genes such as GIGANTEA (GI) and CIRCADIAN CLOCK ASSOCIATED 1
(CCA1) showed a delay in expression upon extension of the photoperiod. Enrichment analysis in root-tis-
sue expression, gene ontology terms and promoter sequences converged onto the identification of sugars as
putative signals triggering the transcriptomic changes in the roots. Consistently, 7TREHALOSE-6-PHOS-
PHATE SYNTHASE 1 (TPS1) was upregulated during the inductive photoperiod. Moreover, upregulation
of cytokinin biosynthesis suggested involvement of the roots in a feed-forward loop promoting flowering.

Collectively, the results presented in this work brought new insights in the regulation of flowering time
at the whole-organism scale by integrating the “hidden part” of plants in the current landscape of the mo-
lecular processes controlling phase transitions in Arabidopsis thaliana.

© 2015 Frédéric Bouché, University of Liege.






RESUME DE LA THESE

D ans le cycle de développement des plantes, la floraison est un processus crucial qui doit étre
initié alors que les conditions environnementales sont favorables, de maniére a assurer le succes
du processus reproductif. Dans ce but, la floraison d’Arabidopsis thaliana est controlée par de nombreux
réseaux génétiques interconnectés qui sont influencés par plusieurs signaux environnementaux, tels que
la photopériode ou la vernalisation, ainsi que par des facteurs endogenes, tels que I'age de la plante et
son statut hormonal. Les processus moléculaires régulant la floraison impliquent des signaux systé-
miques qui migrent au travers de la plante, notamment vers le méristéme apical de tige, ot ils induisent
la floraison. Ces processus ont été étudiés de maniere assidue au niveau de la partie aérienne, tandis que

les racines ont longtemps été ignorées.

Le but de cette thése de doctorat est de caractériser le controle génétique de la floraison a I'échelle
de lorganisme entier, en utilisant pour cela une approche holistique visant a intégrer les racines dans
les processus moléculaires contrdlant I'initiation du développement reproductif. Un prérequis a cette
analyse consistait 4 dresser une liste exhaustive des genes de floraison afin détablir lesquels d’entre eux
étaient exprimés dans les racines. Cette étape nous a mené a la création d’une base de données interac-

tive accessible en ligne : FLOR-ID (www.flor-id.org).

Dans la seconde partie de ce travail, nous avons déterminé I'importance de lenvironnement racinaire
sur le développement des plantes en comparant les transitions de phase ainsi que le transcriptome
d’individus cultivés sur terreau et en hydroponie. Cette analyse a révélé un effet conséquent du milieu
de culture sur la transition depuis la phase juvénile vers la phase adulte, accélérée en hydroponie, tandis
que le moment de floraison neest que peu affecté. Ces modifications sont accompagnées par des chan-
gements significatifs du transcriptome racinaire : plus de 2000 geénes montrent une forte variation d'ex-
pression en fonction du milieu de culture. En croisant la liste des génes de floraison avec cette analyse
transcriptomique, nous avons constaté que, dans une importante proportion, les génes impliqués dans
la transition vers le développement reproductif sont exprimés dans les racines. Parmi eux, le répresseur
de floraison FLOWERING LOCUS C (FLC) était exprimé a un niveau plus élevé dans les racines de
plantes cultivées sur terreau. Cependant, plusieurs expériences physiologiques menées sur des lignées
exprimant /LC a des niveaux variables ont révélé que ce gene nétait pas impliqué dans les différences

de transitions de phase causées par le milieu de culture.

Dans la derniére partie de ce travail, nous avons employé une méthode dexploration de données
(data mining) de maniére 2 identifier les génes de floraison couramment détectés dans les racines :
cette approche nous a permis de confirmer que nombre dentre eux y sont exprimés, parmi lesquels de
multiples genes impliqués dans la voie photopériodique. Cependant, la plupart des genes essentiels a la
transition vers le développement reproductif, les « intégrateurs » de la floraison, ne sont pas exprimés
dans les racines. Nous avons également employé une méthode complémentaire visant a déterminer les
changements transcriptomiques précoces se déroulant dans les racines lors de I'induction photopé-

riodique de la floraison. Cette analyse a révélé lexistence de changements conséquents, puisque 595



genes étaient différentiellement exprimés dans les racines au cours de I'induction florale. Parmi les
processus altérés, nous avons pu déceler l'existence d’un décalage de lexpression de certains génes
de T'horloge circadienne, tels que GIGANTEA (GI) et CIRCADIAN CLOCK ASSOCIATED 1
(CCA1). Plusieurs méthodes bio-informatiques ont montré le probable role des sucres dans les
changements transcriptomiques observés. Cette hypothése est corroborée par 'augmentation du ni-
veau d’expression du géne TREHALOSE-6-PHOSPHATE SYNTHASE 1 (TPS1), qui est impliqué
dans les réactions métaboliques liées aux sucres. Qui plus est, 'induction de lexpression de génes
impliqués dans la biosynthése de cytokinines suggere I'implication des racines dans une boucle de
rétroactivation participant a I'induction de la floraison.

Les résultats récoltés au cours de cette thése de doctorat ouvrent de nouvelles perspectives concer-

nant la régulation des transitions de phase a Iéchelle de Torganisme entier, en y intégrant les racines.



TABLE OF CONTENTS






TABLE OF CONTENTS

Preface 3

SECTION | - General introduction

Chapter 1. State of the art 13
1.1 « Arabidopsis as a model plant 13
1.1.1 « A brief history 13
1.1.2 - Arabidopsis life cycle 15
1.2 « Flowering-time regulation 18
1.2.1 « Overview 18
1.2.2 « The photoperiodic pathway 24
1.2.3 « Circadian clock 34
1.2.4 « The vernalization pathway 40
1.2.5 « The aging pathway 49
1.3 « Objectives of the thesis 57
1.4 - References 60
Chapter 2. A Database of flowering-time genes 77
2.1« Context 77
2.2« Article 80
2.2.1 « Abstract 80
2.2.2 « Introduction 81
2.2.3 - Database creation 82
2.2.4 - User interface 84
2.2.5 « Data curation 86
2.2.6 - Conclusions and prospects 87
2.3 - General Discussion 88
2.3.1 - On the importance of databases 88
2.3.2 - Further developments 20

2.4 < References 92



TABLE OF CONTENTS

Chapter 3. The growing substrate affects plant development and root transcriptome 97

3.1 - Context 97
3.2 - Introduction 98
3.3 - Materials and Methods 102
3.4+ Results 105
3.5« Discussion 121
3.5.1 - The growing substrate affects plant development 121
3.5.2 < Molecular basis of the differential responsiveness to a single long day 122
3.5.3 « Modifications of the root transcriptome 124
3.5.4 . Differential expression of flowering-time genes 127
3.5.5 « FLC does not mediate the effects of the growing substrate 127
3.6 - Conclusion 129
3.7 - References 130
Chapter 4. Rooting the flowering process 137
4.1 - Context 137
4.2 - Article 139
4.2.1 - Abstract 139
4.2.2 - Introduction 140
4.2.3 - Materials and Methods 142
4.2.4 - Results 145
4.2.5 - Discussion 155
4.3 - Complementary information 159
4.3.1 « Flowering-time genes in roots 159
4.3.2 - Root transcriptome changes mediated by exposure to a 22-h long day 161
4.4 « References 164
Chapter 5. Final discussion and conclusion 171

5.1 « Plant phase changes and heteroblasty are uncoupled in different growing substrates 171



TABLE OF CONTENTS

5.2 « Many flowering-time genes are expressed in the roots 174
5.3 - Sugar-signalling roots the flowering process 176
5.4 - References 179

SECTION IV - Supplementary Materials

Chapter S1. An FLC ortholog from root chicory S3
S1.1 - Abstract S3
S1.2 « Introduction S4
S1.3 « Materials and Methods S7
S1.4 - Results S11
S1.5 - Discussion S21
S1.6 - References S25
S1.7 « Supplementary materials S28

Chapter S2. Heat can erase epigenetic marks of vernalization S33
52.1 - Context S33
S2.2 - Abstract S37
S2.3 « Results and discussion S38
S2.4 - Materials and Methods S42
S2.5 - References S43
S2.6 - Supplementary materials S46

Chapter S3. Additional information regarding the analysis of microRNAs S49
S3.1 - Technical considerations S49
S3.2 - Difficulties to identify molecular markers of development S50
S3.3 - References S52

Chapter S4. Supplementary Materials S55

S4.1 - Supplementary materials from Chapter 2 S55



TABLE OF CONTENTS

S4.2 - Supplementary materials from Chapter 3 S61
S4.3 - Supplementary materials from Chapter 4 S64
List of figures S91
List of tables S95
List of abbreviations S97
Scientific production S99
Remerciements S$101
Le laboratoire S101
La famille S103

Les amis S104















An investment in knowledge pays the best interest.

Benjamin Franklin







PREFACE

Plants are crucial for humanity as they provide oxygen, food, and are the source of a consi-
derable number of drugs used in modern medicine. Plant genetic material accounts for more
than half the DNA content on earth (Landenmark ez a/, 2015) and approximately 20 % of
the calories consumed in the world come from wheat only (Regina ez a/,, 2006). Because of
the continuous growth in human population, the global demand for agricultural products is
increasing and will continue so for decades (Tilman ez a/., 2011). Major challenges are thus to
meet these higher needs by sustainable ways (Dirzo and Raven, 2003; Vitousek ez a/., 2008)
and to take into account how climate changes will affect productivity (Craufurd and Wheeler,
2009). Plant research is therefore essential. The “golden rice” is a striking example of the ap-
plications of plant genetics. Deficiency in Vitamin A kills more than 600,000 children yearly
(Black ez al., 2008). To answer this major health problem, scientists re-engineered the whole
pathway of beta-carotene - the precursor of Vitamin A - to increase its contents in transgenic
rice (Ye ez al., 2000; Paine ef al., 2005), thus helping to prevent shortage in concerned popu-

lations.

One of the key research topics closely related to potential improvements in agriculture is the
genetic regulation of flowering time. Indeed, a better understanding of the molecular mecha-
nisms controlling this developmental step is necessary to ensure adaptation of the cultivated

materials to local climate conditions and to improve yields.

Most economically important plants are large, have relatively long life cycles and possess
complex genomes, thus making genetic studies difficult. This complexity is the reason why
many scientists rather focused on a small subset of “model plants”. Over the last 25 years,
the pole position was claimed by a small weed, Arabidopsis thaliana. The absence of economic
interest and its apparent simplicity both played a crucial role in its selection as a worldwide
studied model organism. The Arabidopsis genome was the first one to be sequenced among
flowering plants (Arabidopsis Genome Initiative, 2000), leading to the rapid development of
molecular and bioinformatics tools that allowed fast progress in genetics studies. Currently,
thousands of peer-reviewed articles mentioning Arabidopsis in their title are published yearly:
over 2000 according to our estimation (Figure P1; more than 3500 according to Provart ez al.,
2015). However, the rapid improvement of high-throughput sequencing techniques and the

development of efficient genome editing methods will likely shed more and more light on eco-
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Figure P1. Articles published on model flowering plants over the last 25 years.

Data were retrieved from PubMed (http://www.ncbi.nlm.nih.gov/pubmed) using a query format-
ted to retrieve papers containing species names in their title.

nomically relevant crops, such as wheat, rice or maize. The rise in crop-related publications is
indeed highly significant since 2010 (Figure P1). Nevertheless, Arabidopsis will likely remain
a resource in translational research as it allows tackling complex regulatory mechanisms (e.g.
microRNA biogenesis, chromatin remodeling, characterization of biologically active peptides,
etc.). The regulation of flowering time is one of those complex processes where Arabidopsis
demonstrated its relevance, as more than 300 genes have been identified in this species, which

define several interconnected pathways (see Chapter 2, page 77; Bouché ez al., 2015a).

My Ph.D. thesis aims to bring some new insights into the regulation of flowering time in
Arabidopsis thaliana by examining a question that has been under-investigated so far: the role

of the roots.

'The manuscript is structured around four major parts:

(i) The introduction (Chapter 1, page 13) broaches several aspects of the develop-
ment of Arabidopsis. Each section of the introduction is linked with one of the
tollowing chapters, so that the introduction can be read in parts before going to
the corresponding experimental chapter and results.

(ii) The first part (Chapter 2,page 77) logically follows the literature survey as it
describes the creation of an interactive database indexing the flowering-time ge-
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nes described in Arabidopsis thaliana. This chapter has been accepted for publication
(Bouché ez al., 2015a) and the database is available online at http://www.flor-id.org:

Bouché, F., Lobet, G., Tocquin, P. and Périlleux, C. (2015a) FLOR-ID: an inte-
ractive database of flowering-time gene networks in Arabidopsis thaliana. Nucleic
Acids Res, doi: 10.1093/nar/gkv1054.

(iii) The second part (Chapter 3, page 97) aims at evaluating the impact of the growing
medium on plant development, through the comparison of plants grown in hydropo-
nics and on soil. This section combines physiological, molecular and genetic analyses.

(iv) The third part (Chapter 4, page 137) focuses on the participation of the roots in the
flowering process. First, we carried out a data-mining analysis of the flowering-time
genes expressed in roots. Then, we performed a global transcriptomic analysis of the
roots during the photoperiodic induction of flowering. Those analyses led to the se-
lection of mutants that were subsequently characterized. This chapter is presented as
a research paper, submitted for publication:

Bouché, F.,D’Aloia, M., Tocquin, P, Lobet, G., Detry N., and Périlleux, C (Sub-
mitted), Rooting the flowering process in Arabidopsis thaliana.

Supplemental Chapters S1 (page S3) and S2 (page S33) show some of the side projects of
my thesis, dealing with the process of vernalization. These results are published:
Périlleux, C., Pieltain, A., Jacquemin, G., Bouché, F., Detry, N., D’Aloia, M.,
Thiry, L., Aljochim, P, Mathieu, A.-S., Lutts, S., and Tocquin., P. (2013) A root
chicory MADS box sequence and the Arabidopsis flowering repressor FLC share

common features that suggest conserved function in vernalization and de-verna-

lization responses. Plant ] 75: 390-402.

Bouché, F., Detry, N. and Périlleux, C. (2015b) Heat can erase epigenetic marks
of vernalization in Arabidopsis. Plant Signal Behav 10: €990799.

Finally, Chapter S3 (page S49) provides additional technical information about the analysis of
microRNAs.

While beginning my thesis, I wished to learn a diversified set of skills. I believe that I mostly
achieved this goal, as I learned techniques ranging from plant physiology to bioinformatics and
genetic engineering. This document thus deals with different aspects of plant biology, such as

plant physiology, molecular biology, genetic engineering, transcriptomics, and database creation.
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