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Auxin regulates plant growth and development through the transcription factors of the AUXIN RESPONSE FACTOR (ARF) gene family. Most notably in Arabidopsis thaliana ARF5, 6, 7, 8 and 19 activate expression of target genes in response to auxin. These five ARF activators control both variable and overlapping processes during plant development including regulation of growth at the root and the shoot apical meristems, lateral root and axillary shoot formation. Each of the five ARF activators shows unique tissue-specific expression patterns in the root and the shoot associated with their distinct functions. This tissue-specific expression is likely derived from the differences in the control of ARF activator transcription. In this study the upstream regulators of ARF5, 6, 7, 8 and 19 transcription were identified. This was achieved by utilizing a high-throughput yeast one-hybrid (Y1H) method. The transient protoplast assay revealed that each ARF activator is controlled by specific transcriptional regulators and that the majority of these regulators are repressors of ARF transcription in planta. Mutants of the regulatory transcription factors were utilized to additionally investigate the interactions in planta. These mutants display auxin-related developmental phenotypes in the root and the shoot including alternations in growth kinetics, emergence of lateral organs, responses to auxin and altered expression of ARF activators. Furthermore, this study additionally focuses on cross-talk between the auxin and cytokinin signaling pathways and its role in root and shoot development. One of the interactions identified in the Y1H screen is a repression of ARF7 by CRF10, a member of the Cytokinin Response Factors gene family. The importance of this interaction in maintaining architecture of the root apical meristem, in leaf senescence and in the phototropic response to blue light in hypocotyls is studied. ~ 3 ~ Résumé L'auxine régule la croissance et le développement des plantes grâce aux facteurs de transcription de la famille des "AUXIN RESPONSE FACTOR" (ARF). Chez Arabidopsis thaliana en particulier, ARF5, 6, 7, 8 et 19 activent l'expression de gènes cibles en réponse à l'auxine. Ces cinq ARF activateurs contrôlent de façon plus ou moins redondante des processus divers au cours du développement de la plante, notamment la régulation des croissances au niveau des méristèmes racinaires et aériens ainsi que la formation des racines latérales ou des méristèmes axillaires. Chacun de ces cinq ARF activateurs présente des patrons d'expression uniques dans chacun des tissus racinaires et aériens, en association avec leurs fonctions particulières. Il est probable que cette expression tissu-spécifique trouve son origine dans un contrôle différencié de leur transcription. Dans cette étude, des régulateurs amonts de la transcription de ARF5, 6, 7, 8 et 19 ont été identifiés par une méthode haut-débit de crible simple hybride en levure (Y1H). Une procédure d'expression transitoire en protoplastes a permis de confirmer que l'expression de chaque ARF activateur est contrôlée par des régulateurs spécifiques, dont la majorité se comportent comme des répresseurs de la transcription des ARF in planta. Parmi les régulateurs identifiés, les facteurs de transcription ont été étudiés grâce à des mutants pour préciser les interactions in planta. Ces mutants montrent des phénotypes développementaux typiques de perturbations de l'auxine dans les racines et les tiges : altérations des cinétiques de croissance, de l'émergence des organes latéraux ou de réponses à l'auxine et modification de l'expression des ARF activateurs. Par ailleurs, ce travail aborde également les dialogues entre les voies de signalisation de l'auxine et des cytokinines, et en particulier le rôle de ces interactions dans le développement des racines et des tiges. Une des interactions identifiées dans le crible Y1H est la répression de ARF7 par CRF10, un gène membre de la famille des "Cytokinin Response Factors". Nous avons mis en évidence l'importance de cette interaction pour le maintien de l'architecture du méristème apical racinaire, pour la sénescence des feuille et pour la réponse phototropique à la lumière bleue dans les hypocotyles. ~ 4 ~ Acknowledgments Teva and Tony, my most incredible supervisors, I own great gratitude to you both. You changed my life when you offered me this PhD position and since then, I spend awesome four years learning from you how to do science. When it comes to science your advices were always full of wisdom and experience guiding me through my thesis. I had amazing support from you both in my work but also in my life. I felt it from the start when you took this incredible effort to go through a huge pile of paperwork to organize this joint PhD. I felt it even more during my thesis when I was able to come up to any of you with my problems or difficulties at any time of the day, and you would always help me. Your kindness and friendliness

Introduction

Among the diverse groups of living organisms land plants constitute a unique branch.

Unlike animals, plants generally spend the majority of their life immobilized and restricted to a small space where they gradually progress through each stage of their development starting from a small embryo and proceeding as an adult plant capable of reproduction. During this whole developmental cycle plants have to continually adapt themselves to the ever-changing environmental conditions. They are subjected to a variety of stresses from various abiotic factors such as changes in temperature, humidity, nutrient content of the soil as well as biotic factors including attacks by pathogens and herbivore animals. To overcome these difficulties plants continue to produce new organs and modify the existing organs postembryonically. For example, phosphorus deficiency in the soil causes plants to alter their root architecture by attenuating growth of the primary root, forming more lateral roots and root hairs and this allows for more efficient forging of the available space [START_REF] Bates | Stimulation of root hair elongation in Arabidopsis thaliana by low phosphorus availability[END_REF][START_REF] Bates | Root hairs confer a competitive advantage under low phosphorus availability[END_REF][START_REF] Brown | What are the implications of variation in root hair length on tolerance to phosphorus deficiency in combination with water stress in barley (Hordeum vulgare)?[END_REF], Giehl and von Wiren 2014, Lopez-Bucio et al. 2002, Sanchez-Calderon et al. 2005[START_REF] Williamson | Phosphate availability regulates root system architecture in Arabidopsis[END_REF].

The constant growth and adaptation of the body structure throughout the entire life requires tight communication between various tissues to initiate or terminate the development of specific organs. On a cellular level this complex communication between tissues and cells is mediated by various mechanisms involving plant hormones, mobile transcription factors, small mobile peptides and small RNAs [START_REF] Chaiwanon | Information integration and communication ~ 231 ~ in plant growth regulation[END_REF][START_REF] Van Norman | Intercellular communication during plant development[END_REF]). Among the plant hormones, auxin and cytokinin control a large number of developmental processes in either an antagonistic or synergistic manner. For example, auxin inhibits formation of axillary branches while cytokinin acts in opposition promoting growth of axillary branches (Muller andLeyser 2011, Shimizu-Sato et al. 2009). Similarly, antagonistic interactions between auxin and cytokinin control specification of vasculature tissues in the root [START_REF] Bishopp | A mutually inhibitory interaction between auxin and cytokinin specifies vascular pattern in roots[END_REF][START_REF] Vaughan-Hirsch | North, East, South, West: mapping vascular tissues onto the Arabidopsis root[END_REF].

Auxin and cytokinin appear to be key factors that regulate the formation and maintenance of the root and the shoot apical meristems [START_REF] Su | Auxin-cytokinin interaction regulates meristem development[END_REF]. The root and the shoot apical meristems are important sites of growth in the plant. They contain a pool of pluripotent stem cells that are able to divide, grow and differentiate ~ 14 ~ into various specific cell types [START_REF] Heidstra | Plant and animal stem cells: similar yet different[END_REF]). In the root apical meristem (RAM) located at the root tip the primary root tissues are produced [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. Shoot apical meristem (SAM) is found at the shoot apex; here all new flowers, leaves and axillary shoots are formed [START_REF] Barton | Twenty years on: the inner workings of the shoot apical meristem, a developmental dynamo[END_REF][START_REF] Murray | Systems analysis of shoot apical meristem growth and development: integrating hormonal and mechanical signaling[END_REF]. How auxin and cytokinin controls plant growth in the RAM and the SAM remains a subject of intensive research with key signalling pathways being discovered in the last 20 years. Nevertheless, many aspects of auxin and cytokinin involvement in growth regulation at the RAM and the SAM still remain to be explored. This thesis focuses on genes involved in the auxin signalling pathway and their involvement in the root and shoot growth as well as on the crosstalk between auxin and cytokinin signalling pathways. For these reasons, this introduction will start with the detailed description of the plant development focusing on the growth of the root and the shoot, followed by description of the auxin and cytokinin signalling pathways.

A stronger emphasis will be given to knowledge obtained using Arabidopsis thaliana, the model plant that was used in this study.

Plant embryonic development

Plants start their development from the zygote, a single totipotent cell. In Arabidopsis thaliana, the zygote undergoes a series of highly ordered cell divisions followed by cell differentiation that results in formation of the basic tissue types found in the mature plants including epidermis, vasculature, stem-cells and the ground tissue [START_REF] Esau | Anatomy of Seed Plants[END_REF]. Several more specific tissue types develop post-embryonically including adventitious and lateral roots [START_REF] Bellini | Adventitious roots and lateral roots: similarities and differences[END_REF], trichomes [START_REF] Pattanaik | An overview of the gene regulatory network controlling trichome development in the model plant, Arabidopsis[END_REF] and root hair [START_REF] Grierson | Root hairs[END_REF].

The embryogenesis starts with an asymmetric division of the zygote cell producing the small apical and the elongated basal cells (Fig. In-1) [START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. The apical cell will eventually give rise to the majority of the cells of the embryo whereas the lower basal cell will generate only a few specific cell types of the primary root: columella and the quiescent center (QC).

Following the initial asymmetric division, the upper apical cell will continue to divide; these divisions will partition the original cell volume without substantial cell expansion [START_REF] Yoshida | Genetic control of plant development by overriding a geometric division rule[END_REF]) (Fig. In-1). The lower basal cell will divide as well forming the suspensor domain (Fig. In-1). Together these divisions will form the globular stage embryo with the roughly spherical shaped apical domain and the lower suspensor domain that looks like a vertical string of cells (Fig. In-1) (ten Howe et al. 2015).

During this stage, the uppermost suspensor cell called hypophysis is specified to become the root apical meristem founder cell [START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF]. The hypophysis divides to produce two daughter cells: the upper cell becomes the quiescent centre cell (QC) and the lower cell gives rise to columella initials and columella proper [START_REF] Yoshida | Auxin regulation of embryonic root formation[END_REF]. The QC is a part of the root stem cell niche which incorporates mitotically inactive cells [START_REF] Dubrovsky | The origins of the quiescent centre concept[END_REF]. Therefore the QC and the columella cell layers below it are derived from hypophysis. On the other hand, the lower tier of the sphere-shaped apical domain eventually gives rise to the rest of the root tissues including root vasculature, cortex, endodermis and epidermis layers (Fig.

In-1) [START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF][START_REF] Petricka | Control of Arabidopsis root development[END_REF], Yoshida et al. 2013).

The outer cells of the sphere-shaped apical domain divide anticlinally to form the epidermal tissue. On the other hand, the inner cells divide longitudinally to produce the vasculature and the ground tissues (Fig. In-1) [START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. The increased number of cells leads to morphological transformation from the globular to the heart-stage embryo [START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. At this stage the future cotyledons become distinguishable as two bulges. The shoot stem cell niche forms between the emerging cotyledon primordia [START_REF] Zhang | A molecular framework for the embryonic initiation of shoot meristem stem cells[END_REF]. 
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The shoot-and the root stem-cell niches are already established at the heart-stage embryo and are maintained in the mature plant where they function to produce new tissues and organs. After the heart-stage embryo, the provascular tissues within the cotyledons are formed, the hypocotyl and the root cellular organization is established, and the SAM acquired the three layer structure [START_REF] Capron | Embryogenesis: pattern formation from a single cell[END_REF]. The structural complexity of the fully-formed embryo equals that of the plant seedling [START_REF] Capron | Embryogenesis: pattern formation from a single cell[END_REF]. At the end of embryogenesis the cell divisions are arrested and the mature embryo remains inside the seed through a period of dormancy until the germination phase is initiated [START_REF] Bentsink | Seed dormancy and germination[END_REF].

Root growth and the root apical meristem

Root apical meristem morphology

As pointed out earlier, roots are dynamic structures that undergo developmental changes. Studies in various plant species reveal that the root growth is not indeterminate and that the growth rate of the root is not identical throughout its development. Postembryonically, the young primary root grows at accelerated rate for the first 1-2 weeks of the seedling growth [START_REF] Chapman | Primary root growth and the pattern of root apical meristem organization are coupled[END_REF][START_REF] Zhu | Directional cell-to-cell communication in the Arabidopsis root apical meristem II. Dynamics of plasmodesmatal formation[END_REF]. This growth acceleration is followed by a period of constant growth rate with a steady increase in root length. Later, the root undergoes gradual deceleration of the growth rate which finally results in cessation of the growth altogether when the root reaches its final size [START_REF] Chapman | Primary root growth and the pattern of root apical meristem organization are coupled[END_REF][START_REF] Gladish | The effects of temperature on primary root growth dynamics and lateral root distribution in garden pea (Pisum sativum L., cv. "Alaska")[END_REF][START_REF] Reinhardt | On the correlation of primary root growth and tracheary element size and distance from the tip in cotton seedlings grown under salinity[END_REF][START_REF] Zhu | Directional cell-to-cell communication in the Arabidopsis root apical meristem II. Dynamics of plasmodesmatal formation[END_REF]. The precise final length of the root depends on growth conditions such as the temperature [START_REF] Gladish | The effects of temperature on primary root growth dynamics and lateral root distribution in garden pea (Pisum sativum L., cv. "Alaska")[END_REF].

The root growth is sustained by the root apical meristem (RAM) which contains undifferentiated stem cells called initials. The cells in the RAM are able to divide and differentiate producing other tissues of the root [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. Morphological patterns of the RAM can substantially vary depending on plant species [START_REF] Heimsch | Organization of the root apical meristem in angiosperms[END_REF]. In addition, root morphology undergoes changes as the root ages and in response to environmental conditions [START_REF] De Tullio | Redox regulation of root apical meristem organization: Connecting root development to its environment[END_REF][START_REF] Rost | The organization of roots of dicotyledonous plants and the positions of control points[END_REF]. Three different types of RAM organisation have been reported: closed, intermediate and open [START_REF] Groot | Phylogenetic distribution and evolution of root apical meristem organization in dicotyledonous angiosperms[END_REF]). The differences between these RAM types lie in the organization of the stem cell niche consisting of the initial cells and QC. Initial cells are able to divide and differentiate into specific cell types. In the closed RAM each ~ 17 ~ cell layer (cortex, epidermis etc.) can be traced back to specific separate tiers of initials. The opposite root organization is the open type which lacks well-defined tiers of initials; here all initials look morphologically identical. The intermediate type displays to some extent organization especially for the epidermis/cortex lineage but still lacks apparent tiers of initials [START_REF] Rost | The organization of roots of dicotyledonous plants and the positions of control points[END_REF]. In many species with the closed types of RAMs the meristem structure was shown to gradually change from a wellorganized closed type to a less organized structure resembling an intermediate type as the root became older and reached its final root length [START_REF] Chapman | Primary root growth and the pattern of root apical meristem organization are coupled[END_REF]. In some species the overall size of the root meristem reduces as the root ages [START_REF] Chapman | Primary root growth and the pattern of root apical meristem organization are coupled[END_REF]. These changes in RAM architecture over the lifespan of the root were speculated to be due to reduction or cessation of RAM function in the old root and were linked to reduced cell to cell communication evident by the reduction of plasmodesmata [START_REF] Zhu | Directional cell-to-cell communication in the Arabidopsis root apical meristem II. Dynamics of plasmodesmatal formation[END_REF].

As previously mentioned, this thesis has been focused on the plant model species Arabidopsis thaliana. The root apical meristem of Arabidopsis thaliana has a closed meristem with a very precise organization of cells that remains remarkably unchanged under different growth conditions and between individual plants. As with other species, this organization undergoes changes to a more intermediate type as the root ages, although these changes are limited [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF].

The root tip of Arabidopsis can be separated into well-defined zones: the meristematic, the elongation and the differentiation zones (Fig. In-2A) [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. The meristematic zone is made of actively dividing cells and is located above QC. In the meristematic zone cells undergo rapid divisions. The cells stop dividing, start to elongate and to increase in length when they reach the elongation zone. The area between the meristematic and the elongation zones is known as the transition zone. Finally, in the differentiation zone the cells complete their maturation (Fig. In-2A) [START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF][START_REF] Heidstra | Plant and animal stem cells: similar yet different[END_REF][START_REF] Petricka | Control of Arabidopsis root development[END_REF].

The architecture of the RAM is well-described (Fig. In-2B). The QC located at the tip of the root contains cells that divide slowly (Clowes 1956, Dubrovsky and[START_REF] Dubrovsky | The origins of the quiescent centre concept[END_REF]. The function of the QC is to inhibit differentiation of the surrounding initials (van den [START_REF] Van Den Berg | Short-range control of cell differentiation in the Arabidopsis root meristem[END_REF]. The QC therefore acts as an organizing center maintaining organization of the root stem cell niche. In roots younger than one week old there are 4-8 QC cells. In the 3 week old plants the QC structure changes: some ~ 18 ~ QC cells can divide forming a partial two-layered QC structure. In a 4-5 week old plants the QC becomes more disorganized [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF].

Surrounding the QC are the initials that are the precursor cells of the cell types composing the root. Rootwards from QC is a single cell file of columella initials (also known as columella stem cells) followed by a few layers of mature columella cells.

Shootwards from QC are vasculature initials that later produce xylem, phloem and procambium tissues. Initials of endodermis, cortex, epidermis and lateral root cap are found laterally to the QC (Fig. In-2B) [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. [START_REF] Petricka | Control of Arabidopsis root development[END_REF].
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The origin of each tissue type can be easily traced to specific initials. As mentioned above columella cells originate from the columella initials which divide periclinally [START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF]. The cortex initial cell located laterally to the QC undergoes first anticlinal division followed by a periclinal division that results in formation of two parallel cell layers: cortex and endodermis (Fig. In-2C) [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. This pattern of divisions changes as the plant ages; in most plants older than 1 week the cortex initial divides periclinally without first dividing anticlinally which results in two new initials: the cortex initial and the endodermis initial. These two initials give rise to the respective cell layers: cortex and endodermis. Finally, in roots older than 3 week an additional second layer of cortex, the middle cortex, forms. The second layer of cortex is formed though a periclinal division of cortex initials [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF].

The epidermis and lateral root cap layers are also derived from a single initial. This initial divides first anticlinally and then periclinally to produce these two cell layers (Fig. In-2D) [START_REF] Petricka | Control of Arabidopsis root development[END_REF].

The vascular initials are located shootwards from the QC (Fig. In-2B). They gradually give rise to different cell types of the vasculature: the single pericycle layer, phloem, xylem and procambium [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF].

The RAM structure in transverse view in a root less than 1 week old is very precise (Fig. In-2B) [START_REF] Petricka | Control of Arabidopsis root development[END_REF]. The root is surrounded by a single epidermis layer followed by single layers of cortex and endodermis. There are normally eight or nine cortical and endodermal cells [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF]. Next, a single layer of pericycle separates vasculature tissues from cortex. Xylem consists of 5 vessels which form a diarch pattern. There are two protoxylem vessels located adjacent to the pericycle layer as well as three metaxylem vessels. The two phloem sections are positioned perpendicularly to the xylem and adjacent to the pericycle layer. The vasculature cells located between the phloem and the xylem are called procambium (Fig. In-2B) [START_REF] Baum | Apical organization and maturation of the cortex and vascular cylinder in Arabidopsis thaliana (Brassicaceae) roots[END_REF][START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF][START_REF] Petricka | Control of Arabidopsis root development[END_REF].

The different cell types of the root originating from the root apical meristem have specific functions in the mature root. For example, xylem cells transport water and minerals upwards to the above-ground organs of the plant, whereas phloem cells transport nutrients from the sites of their synthesis into non-photosynthetic plant organs [START_REF] Lucas | The plant vascular system: evolution, development and functions[END_REF]. The columella cells are involved in gravity perception due to the presence of the starch-filled plastids in these cells [START_REF] Blancaflor | Mapping the functional roles of cap cells in the response of Arabidopsis primary roots to gravity[END_REF].
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Overall, the structure of the RAM has been well described but the questions remain how this very precise structural organisation is achieved and maintained. New findings implement several hormone and various key genes involved in this process.

Regulation of root apical meristem development

The precise cell patterning of the root apical meristem is a result of cell division and differentiation processes which are tightly regulated by specific molecular mechanisms. Recently, a few major signals regulating these molecular mechanisms were characterized. These include auxin and cytokinin; together they manage patterning of the RAM in mostly antagonistic manner. In my thesis the focus lies on the role of auxin and, to a lesser extent, cytokinin in the growth of the root and the activity of the root apical meristem.

The levels of auxin and cytokinin signalling are relatively high in the root apical meristem, and this has been observed using appropriate in planta reporter constructs. Auxin itself and its signalling both have maximum in the QC, columella and xylem cells of the vasculature (Fig. [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. On the other hand, cytokinin signalling is enriched in phloem and procambium domains of the vasculature as well as in the lateral root cap (Zurcher et al. 2013) (Fig. In-3C). [START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. Cytokinin signalling maxima are displayed using the TCSn reporter (C) (Zurcher et al. 2013).
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Auxin modulates growth of the root already at the embryonic stage through the action of the Auxin Response Factor 5 (ARF5), an essential component of the auxin signalling pathway (see later for further details on auxin signalling). ARF5 mediates specification of the hypophysis through the direct activation of the mobile transcription factor TMO7 [START_REF] Schlereth | MONOPTEROS controls embryonic root initiation by regulating a mobile transcription factor[END_REF][START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF]. Likewise, the establishment of the root vascular cylinder during embryonic development and its maintenance post-embryonically is also controlled by auxin via ARF5. In this process ARF5 acts through activation of its target genes including TMO5 which form heterodimers with members of the LONESOME HIGHWAY (LHW) family transcription factors and together they regulate cell divisions in vasculature initials (De Rybel et al. 2013, Ohashi-Ito and[START_REF] Ohashi-Ito | Regulation of the Arabidopsis root vascular initial population by LONESOME HIGHWAY[END_REF]. Interestingly, the TMO5/LHW heterodimers directly induce expression of genes involved in cytokinin biosynthesis (LOG3 and LOG4) and signalling (AHP6) in xylem precursor cells of the RAM [START_REF] De Rybel | Plant development. Integration of growth and patterning during vascular tissue formation in Arabidopsis[END_REF][START_REF] Ohashi-Ito | A bHLH complex activates vascular cell division via cytokinin action in root apical meristem[END_REF]. Cytokinins produced by the activity of LOG3 and LOG4 have been proposed to move from xylem precursors into adjacent vasculature cells where they promotes vascular cell divisions resulting in the growth of the vascular cylinder [START_REF] De Rybel | Plant development. Integration of growth and patterning during vascular tissue formation in Arabidopsis[END_REF][START_REF] Ohashi-Ito | A bHLH complex activates vascular cell division via cytokinin action in root apical meristem[END_REF]. On the other hand, AHP6, an inhibitor of cytokinin signalling, acts in the xylem precursor cells where it restricts cytokinin signalling and blocks additional cell divisions maintaining an invariable number of xylem cells [START_REF] De Rybel | Plant development. Integration of growth and patterning during vascular tissue formation in Arabidopsis[END_REF], Mahonen et al. 2006[START_REF] Ohashi-Ito | A bHLH complex activates vascular cell division via cytokinin action in root apical meristem[END_REF].

In addition to cell division, auxin and cytokinin determine specification of vasculature cells into respective cell types: proto-and metaxylem, phloem and procambium which are organized in a strict pattern (Fig. In-2B). The patterning of the vasculature cylinder is possible due separation of the cylinder into two distinct spatial domains, one with high auxin signalling in the xylem surrounded by one with the high cytokinin signalling in the phloem and procambium. This separation is achieved by two key molecular actors. On one hand, cytokinin signalling is maintained at low level in xylem through the repressive action of the auxin-induced cytokinin signalling inhibitor AHP6. Simultaneously, auxin is actively directed into xylem cells though activity of several PIN proteins whose expression and subcellular localization are regulated by cytokinin. PIN proteins are auxin efflux carriers that are localized polarly in cells and control the direction of intracellular auxin fluxes [START_REF] Adamowski | PIN-dependent auxin transport: action, regulation, and evolution[END_REF], thus allowing for the accumulation of auxin in xylem cells and for the formation and ~ 22 ~ maintenance of the two antagonistic hormone signalling domains. The hormonal signalling output within these domains then determines the cell fate of the vasculature initial daughter cells which will be specified to become either xylem, phloem or procambium cells [START_REF] Bishopp | A mutually inhibitory interaction between auxin and cytokinin specifies vascular pattern in roots[END_REF][START_REF] Mellor | Theoretical approaches to understanding root vascular patterning: a consensus between recent models[END_REF].

Besides vasculature formation and patterning, cytokinin and auxin determine the size of the root meristem and control transition from cell division in the meristematic zone to cell differentiation in the elongation zone. Application of cytokinin reduces the size of the meristem and promotes cell differentiation; likewise, the cytokinin biosynthesis and signalling mutants exhibit increased meristematic zone [START_REF] Dello Ioio | Cytokinins determine Arabidopsis root-meristem size by controlling cell differentiation[END_REF]).

On the contrary, auxin increases the size of the meristematic zone and promotes cell divisions [START_REF] Blilou | The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots[END_REF][START_REF] Dello Ioio | Cytokinins determine Arabidopsis root-meristem size by controlling cell differentiation[END_REF][START_REF] Dello Ioio | A genetic framework for the control of cell division and differentiation in the root meristem[END_REF]. Thus these hormones together establish a boundary between two domains with different cell responses: rapid cell divisions in the meristematic zone and cell growth in the elongation zone [START_REF] Di Mambro | Auxin minimum triggers the developmental switch from cell division to cell differentiation in the Arabidopsis root[END_REF].

Finally, cytokinin was shown to be important in regulation of the QC function.

Cytokinin is able to promote cell division in the mitotically inactive QC cells (Zhang et al. 2013). Application of cytokinin does not alter the expression pattern of the QC patterning marker lines such as QC46, SCR, WOX5 [START_REF] Dello Ioio | Cytokinins determine Arabidopsis root-meristem size by controlling cell differentiation[END_REF]) but seems to reduce the expression levels of several of these markers [START_REF] Zhang | Cytokinin induces cell division in the quiescent center of the Arabidopsis root apical meristem[END_REF].

In addition to auxin and cytokinin, the RAM development is regulated by specific regulatory transcription factors. Among these is WOX5, which controls the development of the QC. WOX5 is expressed specifically in the QC starting already in the embryonic QC cell lineage [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]). The wox5 mutant has abnormally enlarged QC and columella stem cells, reduced number of columella cells and ectopic cell divisions in the QC (Fig. In-4A andB) [START_REF] Forzani | WOX5 suppresses CYCLIN D activity to establish quiescence at the center of the root stem cell niche[END_REF][START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]. WOX5 is required for columella stem cell maintenance preventing their differentiation into mature columella cells [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]. The WOX5 protein is able to move from QC into columella stem cell layer where it represses the transcription factor CDF4 thus maintaining columella stem cells in undifferentiated state [START_REF] Pi | Organizer-derived WOX5 signal maintains root columella stem cells through chromatin-mediated repression of CDF4 expression[END_REF].

The columella architecture is controlled by the two NAC-domain transcription factors SOMBRERO (SMB) and FEZ. fez mutants have a reduced number of columella ~ 23 ~ layers and lateral root cap cells whereas smb mutant has one additional columella layer. This control of the root cap patterning is independent from the other known RAM patterning regulators including WOX5, SHR, SCR or PLT genes. FEZ gene is expressed in the columella stem cells and columella proper whereas SMB is only expressed in mature columella cells. There is a negative feedback loop proposed between these two regulators: FEZ promotes cell divisions in columella stem cells and also activates SMB transcription in mature columella cells where SMB in turn represses FEZ function [START_REF] Willemsen | The NAC domain transcription factors FEZ and SOMBRERO control the orientation of cell division plane in Arabidopsis root stem cells[END_REF]. [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF], (B) wox5-1 mutant [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF], (C) shr-2 mutant [START_REF] Sebastian | PHABULOSA controls the quiescent center-independent root meristem activities in Arabidopsis thaliana[END_REF], (D) scr-1 mutant [START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF]. QC = quiescent center; CSC = columella stem cells.
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A pair of transcription factors SHR and SCR is involved in two separate processes: they regulate both the specification of QC and the patterning of endodermis and cortex. In scr mutants the cortex/endodermis initials do not undergo asymmetric division, and this results in formation of a single cell layer with mixed cortex/endodermis identity; additionally, the QC cells have abnormal shapes and function which causes loss of meristematic activity and premature termination of root growth (Fig. In-4D) [START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF]. shr mutant also shows abnormal morphology in the QC and columella regions leading to premature termination of root growth; the mutant is characterized by the presence of a single layer of ground tissue with cortex identity instead of cortex and endodermis layers (Fig. In-4C) [START_REF] Helariutta | The SHORT-ROOT gene controls radial patterning of the Arabidopsis root through radial signaling[END_REF]. Both scr and shr are required for correct QC function but the precise mechanism of this regulation is yet to be determined [START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF]. SHR mRNA is found specifically in the stele tissues of the root but the SHR protein moves from the stele to the endodermis where it activates SCR [START_REF] Cui | An evolutionarily conserved mechanism delimiting SHR movement defines a single layer of endodermis in plants[END_REF][START_REF] Helariutta | The SHORT-ROOT gene controls radial patterning of the Arabidopsis root through radial signaling[END_REF][START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF]. SCR and SHR interact with each other to regulate a number of common target genes [START_REF] Cui | An evolutionarily conserved mechanism delimiting SHR movement defines a single layer of endodermis in plants[END_REF][START_REF] Levesque | Whole-genome analysis of the SHORT-ROOT developmental pathway in Arabidopsis[END_REF].

Stem cell activity in the root meristem is also controlled by members of the PLETHORA (PLT) gene family. plt1 mutants have increased number of columella tiers and extra cells in tier 2 of the columella. plt2 mutants have more subtle phenotypes showing increased columella cell numbers. The plt1 plt2 double mutant displays severe defects in root development. PLT1 and PLT2 genes are AP2-domain transcription factors and their expression is induced by auxin. PLT1 and PLT2 are required for stem cell niche maintenance independently from SCR/SHR [START_REF] Aida | The PLETHORA genes mediate patterning of the Arabidopsis root stem cell niche[END_REF]).

Overall, it appears that the key transcription factors such as WOX5, SCR, SHR and PLT act together with the plant hormones auxin and cytokinin to establish the RAM during embryogenesis and to regulate its functions post-embryonically.

Lateral root development

The primary root is established during embryonic development and continues to grow for a certain period post-embryonically. The origin of every cell in the root is traced back to the meristematic cells in the root apical meristem. Nevertheless, adult plants have to establish additional new roots post-embryonically in order to increase the forging surface of their root system and thus adapt themselves to changes in nutrient ~ 25 ~ and water availability of the soil. There are several types of post-embryonic roots that do not originate from the root apical meristem but are produced de novo: the lateral roots, the adventitious roots and the crown roots [START_REF] Bellini | Adventitious roots and lateral roots: similarities and differences[END_REF]. Lateral roots start to grow on other roots whereas the adventitious roots develop on non-root organs (for example, on hypocotyls and stems).

In Arabidopsis thaliana lateral roots (LR) are initiated in the differentiation zone of the primary root from pericycle cells which lie adjacent to xylem poles. These lateral root founder cells consist of a cluster of several pericycle cells (ca. 11 cells on average), but only a few of these cells contribute to the majority of the future LR body [START_REF] Von Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. The pericycle founder cells divide anticlinally to form a single file of several cells (stage I of LR formation in Fig. In-5). The sequence of these first cell divisions is strictly controlled [START_REF] Von Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. Next, the cells undergo periclinal divisions resulting in a two-layer lateral root primordium (stage II of LR formation in Fig. In-5). Subsequently, the primordium continues to divide anticlinally and periclinally creating a dome-shaped structure (stages III-VII of LR formation in Fig. In-5). The patterns of these subsequent cell divisions can vary between plants and do not follow a rigid sequence. The division planes often change depending on the cell geometry; the cells tend to divide along local minima of plane area (following the shortest wall principle) and prefer to alternate their division orientation plane between anticlinal and periclinal divisions for each subsequent ~ 26 ~ division round [START_REF] Von Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]). Already at stage VI the lateral root primordium consists of distinctive cell types characteristic for a mature root tip including epidermis, cortex, endodermis and vasculature cells. At the final stage the primordium breaks through the root epidermal tissue, emerging as a new lateral root (stage VIII of LR formation in Fig. In-5) [START_REF] Lavenus | Lateral root development in Arabidopsis: fifty shades of auxin[END_REF], Malamy and Benfley 1997, Peret et al. 2009[START_REF] Von Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF].

The lateral roots positioning is strictly controlled: the lateral roots emerge at a regular spacing along the primary root in a left-right alternating pattern [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF].

The temporal and spatial distribution of the lateral roots was argued to be regulated by an endogenous clock mechanism involving oscillating genes [START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF]. Auxin was shown to additionally contribute as a signal which primes the xylem pericycle cells to become lateral root founder cells. The regular distribution of lateral roots correlates with an oscillating auxin signalling in the protoxylem cells which lie adjacent to the pericycle cells. When auxin response is maximum, the adjacent pericycle cells acquire a competence to divide and form a lateral root primordium [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF], Peret et al. 2009). The exact mechanism which choreographs these auxin signalling oscillations is still uncharacterized. Furthermore, exactly how an auxin signal is propagated from the xylem cells into the neighbouring pericycle cells remains undetermined.

Cytokinin appears to act antagonistically to auxin during lateral root initiation.

Exogenous cytokinins perturb initiation of lateral root primordia at a very early stage by blocking asymmetric cell division in the xylem pericycle cells [START_REF] Laplaze | Cytokinins act directly on lateral root founder cells to inhibit root initiation[END_REF]). This perturbation is achieved by arresting cell cycle at the G 2 to M transition phase (Li et al. 2006b). Additionally, at later stages, exogenous cytokinins induce a morphological disorganization in the emerging lateral root primordia particularly at the root tip [START_REF] Laplaze | Cytokinins act directly on lateral root founder cells to inhibit root initiation[END_REF]). Cytokinin signalling is repressed in the xylem pericycle cells in which lateral root primordia priming and initiation occurs. On the contrary, cytokinin signalling was detected in xylem pericycle cells which lie between two existing lateral root primordia where no further lateral roots are initiated [START_REF] Bielach | Spatiotemporal regulation of lateral root organogenesis in Arabidopsis by cytokinin[END_REF]. Therefore cytokinin appears be a repressive signal preventing initiation of new lateral roots in close proximity to each other and thus regulating spatial distribution of lateral roots along the primary root.
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The subsequent growth of the lateral root primordia appears to be regulated by auxin at all stages. Several mutants involved in auxin homeostasis, transport and signalling are impaired in lateral root growth (Peret et al. 2009). In particular, the Auxin Response Factors 7 and 19 (ARF7 and ARF19) as well as INDOLE-3-ACETIC ACID INDUCIBLE 28 and 14 (IAA28 and IAA14) are key auxin signalling pathway genes (see later for more details on auxin signalling) involved in lateral root formation at different stages (De Rybel et al. 2010;[START_REF] Fukaki | Lateral root formation is blocked by a gain-offunction mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis[END_REF][START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF][START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF]). Auxin response is transmitted though the transcriptional activation of auxin-responsive gene by ARF7 and ARF19 transcription factors.

Together ARF7 and ARF19 directly activate expression of several genes including the transcription factors Lateral Organ Boundaries Domain 16 and 29 (LBD16 and LBD29) [START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF]. Presumably, LBD16/LBD29 as well as other yet unidentified transcription factors are able to activate cell-specific programs in the developing lateral root primordia. These programs lead to coordinated cell divisions followed by cell specification and eventually formation of mature specialized tissues within the emerging lateral root. The de novo formed root apical meristem of the lateral root acts in the same way as the RAM of the primary root enabling postemergence growth of the lateral root. Thus differentiated xylem pericycle cells eventually give rise to a multitude of root-specific tissues including undifferentiated stem cells.

Shoot apical meristem

The development of all above-ground organs relies almost entirely on the function of the shoot apical meristem (SAM). Two opposite processes occur in the SAM: the stem cell pool is constantly maintained and renewed whereas some cells accelerate their growth and division rate and eventually differentiate to become part of the newly forming organs (the leaves and flowers). The balance between these two processes is strictly controlled over the life of the plant and the location and timing of new organ emergence appears to be tightly regulated. This regulation can be first seen from the organization of the SAM which is divided into functional zones with distinct cellular behaviours (division and expansion) and distinct cellular identities. In Arabidopsis thaliana the dome-shaped structure of the SAM is divided into the central, peripheral and rib zones (Fig. In-6A). The central zone is found at the apex and contains undifferentiated stem cells. The site of organ ~ 28 ~ primordia initiation occurs at the peripheral zone. The rib zone, situated below central and peripheral zones, produces the internal tissues of the stem. The SAM can be further divided into individual cell layers. The top two layers (L1 and L2; collectively referred as tunica) are able to divide only in one direction (anticlinally) whereas the deeper layers (L3 and further; collectively referred as corpus) are able to divide in any direction. This organization is largely similar in other higher plants with some variations in the number of tunica layers.

The cells in the functional zones of the SAM differ in their properties. For example, the cells in the central zone where the stem cells are located divide slower than the cells in the peripheral zone [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF][START_REF] Reddy | Real-time lineage analysis reveals oriented cell divisions associated with morphogenesis at the shoot apex of Arabidopsis thaliana[END_REF]). The cells in the central zone frequently divide asymmetrically but maintain overall similar cell size within the zone. This is achieved by an adjustment of the cell growth rate and the ~ 29 ~ cell cycle length following an asymmetric cell division illustrating the presence of a compensatory mechanism that allows the meristem to maintain the desired overall uniform structure [START_REF] Jones | Cellsize dependent progression of the cell cycle creates homeostasis and flexibility of plant cell size[END_REF][START_REF] Serrano-Mislata | Active control of cell size generates spatial detail during plant organogenesis[END_REF][START_REF] Willis | Cell size and growth regulation in the Arabidopsis thaliana apical stem cell niche[END_REF].

The local variability of cell growth rates in the meristem plays a key role in setting the geometry of the SAM [START_REF] Uyttewaal | Mechanical stress acts via katanin to amplify differences in growth rate between adjacent cells in Arabidopsis[END_REF], highlighting the importance of cell behavior in generating a specific shape. The division of the SAM into the central and peripheral zones also correlates with differences in mechanical properties: the central zone of the SAM is characterized by increased stiffness of the tissue compared to more peripheral regions [START_REF] Milani | Matching patterns of gene expression to mechanical stiffness at cell resolution through quantitative tandem epifluorescence and nanoindentation[END_REF][START_REF] Milani | In vivo analysis of local wall stiffness at the shoot apical meristem in Arabidopsis using atomic force microscopy[END_REF][START_REF] Kierzkowski | Elastic domains regulate growth and organogenesis in the plant shoot apical meristem[END_REF] or organ primordia (Braybrook andPeaucelle 2013, Peaucelle et al. 2011).

Similarly to the root, these patterns associated with the functional zones of the SAM are established by both cell-autonomous factors such as the cell-specific gene regulatory networks and non-cell autonomous factors including mobile proteins and hormones [START_REF] Barton | Twenty years on: the inner workings of the shoot apical meristem, a developmental dynamo[END_REF][START_REF] Murray | Systems analysis of shoot apical meristem growth and development: integrating hormonal and mechanical signaling[END_REF].

The functional zones of the SAM are characterized by specific expression of master regulatory genes with CLV3 in the central zone [START_REF] Fletcher | Signaling of cell fate decisions by CLAVATA3 in Arabidopsis shoot meristems[END_REF], WUS in the organizing center [START_REF] Mayer | Role of WUSCHEL in regulating stem cell fate in the Arabidopsis shoot meristem[END_REF]) and KAN1 in the boundary domain [START_REF] Yadav | Plant stem cell maintenance involves direct transcriptional repression of differentiation program[END_REF]) amongst many others. Several publications have attempted to model SAM maintenance based on expression patterns and interactions of these regulatory genes [START_REF] Adibi | Centering the organizing center in the Arabidopsis thaliana shoot apical meristem by a combination of cytokinin signaling and self-organization[END_REF][START_REF] Fujita | Reaction-diffusion pattern in shoot apical meristem of plants[END_REF], Gruel et al. 2016, Yadav et al. 2013).

Computer simulations attempted to define the minimal regulatory networks required for functioning of the SAM (Fig. In-6C). The models always include the well-described WUS-CLV3 feedback loop which dynamically maintains the size of stem cell niche [START_REF] Brand | Dependence of stem cell fate in Arabidopsis on a feedback loop regulated by CLV3 activity[END_REF][START_REF] Lenhard | Stem cell homeostasis in the Arabidopsis shoot meristem is regulated by intercellular movement of CLAVATA3 and its sequestration by CLAVATA1[END_REF][START_REF] Schoof | The stem cell population of Arabidopsis shoot meristems in maintained by a regulatory loop between the CLAVATA and WUSCHEL genes[END_REF][START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF].

Repression of the differentiation-promoting genes such as KAN1 by WUS contributes to the entry into differentiation [START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF], Yadav et al. 2013). Furthermore, this modeling work emphasizes the importance of cytokinin signalling in SAM maintenance by showing that regulation of WUS expression by cytokinin [START_REF] Chickarmane | Cytokinin signaling as a positional cue for patterning the apical-basal axis of the growing Arabidopsis shoot meristem[END_REF][START_REF] Gordon | Multiple feedback loops through cytokinin signaling control stem cell number within the Arabidopsis shoot meristem[END_REF]) and activation of cytokinin signalling by WUS [START_REF] Leibfried | WUSCHEL controls meristem function by direct regulation of cytokinin-inducible response regulators[END_REF] are fundamental for correct positioning of WUS in the SAM. Recently an additional signalling network was identified which includes a movement of a CLE peptide produced in organ primordia to the center of the SAM where it regulates stem cell activity thus providing an extra feedback regulation from ~ 30 ~ developing organs on the stem cell niche and providing an interesting mechanisms for integrating stem cell maintenance and organogenesis [START_REF] Je | Signaling from maize organ primordia via FASCIATED EAR3 regulates stem cell proliferation and yield traits[END_REF].

At the periphery of the SAM, new leaf or flower primordia are initiated at predictable positions and with regular time intervals between initiation events (Fig. In-6B). In Arabidopsis thaliana new organ primordia are initiated sequentially one after another following a whorled phyllotaxis pattern with an angle of approximately 137.5 degrees between each newly formed primordium [START_REF] Bartlett | Meristem identity and phyllotaxis in inflorescence development[END_REF][START_REF] Galvan-Ampudia | Phyllotaxis: from patterns of organogenesis at the meristem to shoot architecture[END_REF], Kuhlemeier 2007, Traas 2013). A long-standing theory postulates that the positioning and timing of organs at the growing shoot apex is determined by the presence of inhibitory signals around developing organ primordia, these inhibitory fields preventing initiation of new primordia. The current understanding of the molecular mechanisms behind organ initiation suggests that this inhibition results from auxin depletion in the regions surrounding a local auxin accumulation that drives organ primordia [START_REF] Jönsson | An auxin-driven polarized transport model for phyllotaxis[END_REF][START_REF] Reinhardt | Regulation of phyllotaxis by polar auxin transport[END_REF], Smith et al. 2006[START_REF] Stoma | Flux-based transport enhancement as a plausible unifying mechanism for auxin transport in meristem development[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. The developing organ primordia are characterized by high auxin signalling in primordia of all stages (Fig. In-7A). On the other hand, the cytokinin signalling is highest in the young primordia but decreases rapidly in the older primordia; cytokinin signalling is also detected in the organizing center (Fig. In-7B). Auxin and cytokinin signalling is first switched on at the site of the next primordia initiation [START_REF] Besnard | Cytokinin signalling inhibitory fields provide robustness to phyllotaxis[END_REF]. Auxin is transported directionally towards these sites of the future organ primordia and this auxin accumulation leads to lateral organ initiation. The directional transport is achieved through the polar localization of the auxin efflux carriers from the PIN gene family, most notably PIN1 [START_REF] Heisler | Patterns of auxin transport and gene expression during primordium development revealed by live imaging of the Arabidopsis inflorescence meristem[END_REF][START_REF] Reinhardt | Regulation of phyllotaxis by polar auxin transport[END_REF]. The importance of the PIN1 for the shoot development is evident by the pin1 mutant phenotype; the pin1 mutants are unable to develop a functional inflorescence producing instead a "pin"looking structure which lacks normal lateral organs (Galweiler et al. 1998). In addition to PINs, the auxin influx carriers from the AUX/LAX gene family also contribute to the spatiotemporal distribution of auxin in the SAM [START_REF] Bainbridge | Auxin influx carriers stabilize phyllotactic patterning[END_REF][START_REF] Reinhardt | Regulation of phyllotaxis by polar auxin transport[END_REF].

Recent findings indicate that the timing of primordia initiation is regulated by an interplay between auxin and cytokinin signalling [START_REF] Besnard | Cytokinin signalling inhibitory fields provide robustness to phyllotaxis[END_REF]). This study focuses on the role of the AHP6 protein which production is induced by auxin and enriched in organ primordia and developing flowers. The AHP6 protein produced in the primordia is then able to move to the neighboring cells where it acts as an inhibitor of cytokinin signalling. The movement of AHP6 creates a differential in cytokinin signalling activity between sites of successive organ initiation that facilitates sequential initiation of organs and thus provides robustness to the timing of organ initiation.

Differential auxin patterns continue to regulate development following the initiation of the shoot organs. In particular, the developing leaf primordia require transient low auxin zone at the adaxial (upper) side for successful establishment of leaf polarity [START_REF] Qi | Auxin depletion from leaf primordia contributes to organ patterning[END_REF]. The auxin depletion at the adaxial site is achieved by PIN1 auxin efflux transporter which moves auxin away from the adaxial site of the developing leaf primordia towards the meristem. The same mechanisms that pattern the meristem are thus also key in establishing the symmetry of the organs.

In addition to the SAM, axillary meristems (AM) are small stem cell niches located at the upper (adaxial) side of the newly formed leaf. The AM gives rise to axillary buds which are able to remain dormant or eventually produce an axillary shoot (Bennett andLeyser 2006, Yang and[START_REF] Yang | Regulation of axillary meristem initiation by transcription factors and plant hormones[END_REF]. Each newly formed axillary shoot contains a functional shoot apical meristem capable of producing new organs. Thus plants can increase and diversify their architecture to adapt to the changing environmental conditions.
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The formation of the axillary meristem appears to be tightly controlled by patterns of hormone signalling which presents a remarkable similarity to the mechanisms behind the pattern formation in the SAM proper. The process requires initial auxin depletion at the future AM initiation site in the leaf axil closely followed by a pulse of cytokinin signalling. This auxin depletion in the leaf axil is achieved well before AM initiation at the early stages of leaf primordia formation due to directed polar auxin transport mediated by PIN1 localization (Wang et al. 2014a, Wang et al. 2014b).

Lately, the axillary meristem was shown to be regulated by the same key genes as the main SAM. Specifically, the regulators of the shoot stem-cell niche WUS and CLV3 were dynamically induced one after another during initiation of the AM creating a two-step pattern of expression. Interestingly, CLV3 was initially induced in the WUS-specific central domain before the expression shifted to the expected L1 and L2 layers at the later stages of AM formation [START_REF] Xin | Dynamic expression reveals a two-step patterning of WUS and CLV3 during axillary shoot meristem formation in Arabidopsis[END_REF]. In addition, the mobile stem-cell specific gene STM was shown to be important for AM initiation [START_REF] Balkunde | SHOOT MERISTEMLESS trafficking controls axillary meristem formation, meristem size and organ boundaries in Arabidopsis[END_REF][START_REF] Shi | Two-Step regulation of a meristematic cell population acting in shoot branching in Arabidopsis[END_REF].

In summary, the key mechanism controlling organ initiation and maintenance of the stem-cell niche in the SAM is the contrasting hormone signalling between different regions in the SAM which results in tissue-specific gene expression patterns. In turn, the differentially expressed regulatory genes trigger cell-specific programs promoting cell fate determination. A strong emerging trend in recent research is that a similar set of signals and genes define a patterning module that is used in the SAM, the developing organs and to establish new meristems such as the AM. How this module is reused and how this allows to link organ and tissue development to the SAM activity is yet to be fully characterized but some of the key mechanisms have clearly been identified.

The plant hormone auxin

Auxin was shown to be involved in numerous developmental processes including cell division and cell expansion (Perrot-Rechenmann 2010), root and shoot growth [START_REF] Overvoorde | Auxin control of root development[END_REF][START_REF] Vernoux | Auxin at the shoot apical meristem[END_REF], phototropism [START_REF] Fankhauser | Plant phototropic growth[END_REF], gravitropism [START_REF] Band | Root gravitropism is regulated by a transient lateral auxin gradient controlled by a tipping-point mechanism[END_REF], leaf senescence [START_REF] Ellis | AUXIN RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR2 regulate senescence and floral organ abscission in Arabidopsis thaliana[END_REF], response to pathogens [START_REF] Kazan | Linking development to defense: auxin in plant-pathogen interactions[END_REF]Manners 2009, Fu and[START_REF] Fu | Insights into auxin signaling in plant-pathogen interactions[END_REF], abiotic stress [START_REF] Bielach | Plants under stress: involvement of auxin and cytokinin[END_REF][START_REF] Salopek-Sondi | Auxin as a mediator of abiotic stress responses. In mechanism of plant hormone signaling under stress[END_REF]. The main type of auxin found ~ 33 ~ in plants is the indole-3-acetic acid (IAA) (Fig. In-8A) (Simon and Petrasek 2011).

Other naturally occurring auxins include 4-chloroindole-3-acetic acid (4-Cl-IAA), and phenylacetic acid (PAA). In addition, several synthetic compounds such as 2,4dichlorophenoxyacetic acid (2,4-D), 1-naphthaleneacetic acid (NAA), 3,6-dichloro-2methoxybenzoic acid (dicamba), and 4-amino-3,5,6-trichloropicolinic acid (picloram) also induce auxin responses when applied externally on the plant or added to the growth medium (Fig. In-8A) [START_REF] Sauer | Auxin: simply complicated[END_REF].

The metabolism of IAA is well-studied. IAA can be produced through two major routes using either the tryptophan (Trp)-dependent and the Trp-independent pathways (Fig. In-8B) [START_REF] Korasick | Auxin biosynthesis and storage forms[END_REF]. Both these pathways might contribute to the regulation of IAA levels but the precise role of each pathway in Arabidopsis thaliana is unclear. The IPyA pathway where tryptophan is converted to IAA via the enzymes from the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA) family of Trp aminotransferases and the YUCCA (YUC) family of flavin monooxygenases seems to contribute the most to the active IAA [START_REF] Korasick | Auxin biosynthesis and storage forms[END_REF][START_REF] Zhao | Auxin biosynthesis: a simple two-step pathway converts tryptophan to indole-3-acetic acid in plants[END_REF]. Active auxins can be conjugated and transformed into inactive ~ 34 ~ storage forms. In addition, inactive auxins can be reactivated [START_REF] Korasick | Auxin biosynthesis and storage forms[END_REF][START_REF] Sauer | Auxin: simply complicated[END_REF].

Auxin is not synthesized ubiquitously throughout the plant; the main sites of auxin synthesis in Arabidopsis thaliana are the aerial plant parts especially the young developing leaves [START_REF] Ljung | Sites and homeostatic control of auxin biosynthesis in Arabidopsis during vegetative growth[END_REF]) from which auxin is transported into the root tip though the stele [START_REF] Michniewicz | Polar auxin transport and asymmetric auxin distribution[END_REF]. But auxin is also synthesized in the root especially in the primary root meristem and in developing lateral roots [START_REF] Ljung | Sites and regulation of auxin biosynthesis in Arabidopsis roots[END_REF].

In addition to this, auxin is transported locally between the adjacent cells through the process of polar auxin transport. This well described process is based on the fact that IAA, as a weak organic acid, can exist in both protonated and deprotonated forms depending on the pH level of the environment [START_REF] Raven | Transport of indoleacetic acid in plant cells in relation to pH and electrical potential gradients, and its significance for polar IAA transport[END_REF][START_REF] Rubery | Effect of pH and surface charge on cell uptake of auxin[END_REF][START_REF] Rubery | Carrier-mediated auxin transport[END_REF]. Outside the cells, in the apoplast, the pH level is acidic which means that IAA is protonated and can diffuse into cells easily due to its neutral charge. Additionally the influx carriers of the AUX/LAX family actively pump IAA into the cells (Peret et al. 2012b). Inside the cells the pH is neutral which causes IAA to lose the proton and become electrically charged preventing it from diffusing Fig. In-9. PIN distribution and auxin transport in the leaf (A), the shoot apex (B), in developing shoot primordium (C) and the root apex (D) [START_REF] Berkel | Polar auxin transport: models and mechanisms[END_REF]. Auxin is in blue and PIN proteins in red; arrows indicate the direction of auxin flux. (E) Scheme of the auxin signalling pathway in the absence or presence of auxin [START_REF] Lau | The evolving complexity of the auxin pathway[END_REF].
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outside the cell [START_REF] Goldsmith | The polar transport of auxin[END_REF]. This charged IAA molecules can be actively transported outside through efflux carriers from the PIN-FORMED (PIN) family [START_REF] Adamowski | PIN-dependent auxin transport: action, regulation, and evolution[END_REF]. The PIN transporters are distributed asymmetrically on the plasma membrane with clear preferences for the transport into one or more specific directions (Galweiler et al. 1998, Friml et al. 2002a, b, Muller et al. 1998). As a result, auxin is transported directionally. In the leaves auxin is transported within the veins towards the base of the leaf (Fig. In-9A) [START_REF] Berkel | Polar auxin transport: models and mechanisms[END_REF]). In the shoot apex auxin is concentrated towards organ primordia (Fig. In-9B) where it flows in the upper layers towards the center of the primordium and then flows back though the vasculature creating a fountain-like flow pattern (Fig. In-9C) [START_REF] Reinhardt | Regulation of phyllotaxis by polar auxin transport[END_REF].

In the root tip auxin moves in a reverse fountain-like pattern with downwards movement though the vasculature towards the root tip and then the upwards movement along the outer epidermal layer (Fig. In-9D) [START_REF] Blilou | The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots[END_REF].

Auxin triggers cell or tissue specific responses though a well-studied signalling pathway. Inside the cell auxin is bound by the TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALLING F-BOX PROTEIN (TIR1/AFB) receptors (Dharmasiri et al. 2005a,b, Kepinski and[START_REF] Kepinski | The Arabidopsis F-box protein TIR1 is an auxin receptor[END_REF]. TIR1 proteins are F-box proteins and for this reason they can bind three different ligands: an SCF-TIR1 ubiquitin ligase complex, auxin and AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) proteins. The binding of all these three ligands at the same time triggers the ubiquitination of AUX/IAA proteins and their subsequent degradation by the 26S proteasome. AUX/IAA proteins repress the transcription of auxin-induced genes by building multimers with other AUX/IAA proteins and with AUXIN RESPONSE FACTOR (ARF) transcription factors. After the auxin-induced degradation of Aux/IAAs, ARF transcription factors are free to activate or repress the expression of genes to which promoters they are bound [START_REF] Hayashi | The interaction and integration of auxin signaling components[END_REF][START_REF] Lau | The evolving complexity of the auxin pathway[END_REF]). ARF proteins bind as higher-order multimers to the so-called auxin responsive element (AuxRe) in the promoters of the auxin-induced genes (Fig. In-9E) [START_REF] Boer | Structural basis for DNA binding specificity by the auxin-dependent ARF transcription factors[END_REF][START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014). The TIR1/AFB gene family consists of 6 members in Arabidopsis thaliana (Dharmasiri et al. 2005b), the AUX/IAA gene family contains 29 members [START_REF] Remington | Contrasting modes of diversification in the Aux/IAA and ARF gene families[END_REF]) and the ARF gene family includes 23 transcription factors [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. It can be speculated that the differential expression of these genes, their post-transcriptional regulation and the predisposition ~ 36 ~ towards oligomerization are of key importance in understanding the specificity of auxin-induced developmental changes [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF].

Auxin can be detected on the cellular level within living tissues using auxin sensors.

The DII-Venus auxin sensor utilizes the auxin-induced degradation of AUX/IAA proteins to detect the auxin content (Fig. 7A). In this sensor, a DII domain of an AUX/IAA protein fused to a fluorescent reporter gene is constitutively produced in the plants and is degraded rapidly in response to elevated levels of auxin (Brunoud et al. 2012). The second auxin sensor, DR5, does not detect auxin as such but reports output of the auxin signalling pathway (Fig. 7A). The DR5 reporter contains concatemerized repeats of AuxRE elements representing the binding sites of ARFs [START_REF] Ulmasov | Aux/IAA proteins repress expression of reporter genes containing natural and highly active synthetic auxin response elements[END_REF]. The AuxRe concatemers drive the expression of fluorescent proteins or GUS reporters thus providing information on ARF activity in vivo and on the activity of auxin signalling during developmental processes (Benkova et al. 2003, Friml et al. 2002a[START_REF] Ulmasov | Aux/IAA proteins repress expression of reporter genes containing natural and highly active synthetic auxin response elements[END_REF].

The action of auxin is based on its ability to reprogram cellular responses through ARF-mediated changes in expression of auxin-inducible genes. The altered gene expression then leads to specific physiological responses. Fundamentally, auxininduced growth responses involve cell division, cell expansion and cell differentiation.

Auxin promotes cell division and controls cell-cycle progression (Perrot-Rechenmann 2010, [START_REF] Stals | When plant cells decide to divide[END_REF]Inze 2001, Trehin et al. 1998). The effect of auxin on the cell cycle machinery is based on transcriptional and post-transcriptional control of cell-cycle regulators [START_REF] Perrot-Rechenmann | Cellular responses to auxin: division versus expansion[END_REF], Vanneste et al. 2005). Following division, cells undergo expansion accompanied by increase in size. This process is also regulated by auxin in a cell-type and concentration-specific manner (Perrot-Rechenmann 2010, [START_REF] Rayle | Action of auxin on cell elongation[END_REF]. For example, auxin stimulates cell elongation by activating expression of cell-wall related genes which can modify cell wall composition and initiate cell wall loosening [START_REF] Esmon | A gradient of auxin and ~ 233 ~ auxin-dependent transcription precedes tropic growth responses[END_REF][START_REF] Majda | The role of auxin in cell wall expansion[END_REF][START_REF] Perrot-Rechenmann | Cellular responses to auxin: division versus expansion[END_REF]. Auxin can trigger cell differentiation as shown for the root columella stem cells [START_REF] Ding | Auxin regulates distal stem cell differentiation in Arabidopsis roots[END_REF]. The auxin-induced cellular reprogramming requires flexibility to produce responses specific for a given developmental context. The involvement of multiple TIR1/AFB auxin receptors, AUX/IAA repressors and ARF transcription factors provides essential complexity to the auxin signalling pathway and allows specificity of auxin-induced developmental changes.

~ 37 ~

The TIR1/AFB family of auxin receptors

One key initial step in auxin signalling is the degradation of AUX/IAA repressors which triggers derepression of ARFs allowing auxin-regulated gene transcription. The degradation is initiated when AUX/IAA build a transient complex with the TIR1/AFB proteins, auxin and the members of the SCF complex [START_REF] Salehin | SCFTIR1/AFB-based auxin perception: mechanism and role in plant growth and development[END_REF]. There are 6 TIR1/AFBs in Arabidopsis thaliana genome: TIR1 and AFB1-5 (Dharmasiri et al. 2005b). The single mutants of TIR1/AFBs have only mild phenotypes (Dharmasiri et al. 2005b[START_REF] Ruegger | The TIR1 protein of Arabidopsis functions in auxin response and is related to human SKP2 and yeast grr1p[END_REF]) whereas higher order mutants show auxin resistance phenotypes and strong developmental defects which can lead to complete growth arrest (Dharmasiri et al. 2005b).

TIR1 and AFB1-5 proteins function as auxin receptors (Dharmasiri et al. 2005a, b, Prigge et al. 2016). They share a similar structure with an F-BOX domain close to the N-terminus and 18 leucine-rich repeats (LRR) composing the rest of the protein. The AUX/IAA proteins interact with TIR1 through their F-box domain. Another domain or TIR1, the LRR, contains a binding pocket for auxin [START_REF] Tan | Mechanism of auxin perception by the TIR1 ubiquitin ligase[END_REF]). It appears that auxin acts to stabilize interactions between TIR1 and AUX/IAA proteins (Calderon-

Villalobos et al. 2010).

There are 6 TIR1/AFB receptors and 29 AUX/IAA repressors in A. thaliana which results in multiple possible combinations of the coreceptor complex. Indeed, different receptor-repressor combinations have variable affinities to auxin [START_REF] Calderon-Villalobos | A combinatorial TIR1/AFB-Aux/IAA co-receptor system for differential sensing of auxin[END_REF][START_REF] Winkler | Variation in auxin sensing guides AUX/IAA transcriptional repressor ubiquitylation and destruction[END_REF]. In addition, the TIR1/AFB receptors and AUX/IAA proteins show tissue-specific expression patterns (Dharmasiri et al. 2005b[START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]) which adds another level of specificity to auxin signalling.

The AUX/IAA repressors of auxin signalling

AUX/IAA proteins consist of three conserved domain: domains I, II and the PB1 domain (previously known as domains III and IV). Among them, domain I is the repressor EAR domain which facilitates interaction between AUX/IAA protein and the plant co-repressor TOPLESS; this interaction is required for the repression of the ARF transcriptional activity [START_REF] Szemenyei | TOPLESS mediates auxin-dependent transcriptional repression during Arabidopsis embryogenesis[END_REF]. Domain II is responsible for the interaction with TIR1/AFB auxin receptors [START_REF] Kepinski | The Arabidopsis F-box protein TIR1 is an auxin receptor[END_REF]. The PB1 domain allows for interactions between AUX/IAA repressors and ARFs, a majority of which share this domain [START_REF] Guilfoyle | The PB1 domain in auxin response factor and Aux/IAA proteins: a versatile protein interaction module in the auxin response[END_REF]. The PB1 domain is a well-described protein interaction module found in fungi, amoebas, animals and plants that mediates ~ 38 ~ protein-protein interactions between PB1 domain-containing proteins [START_REF] Sumimoto | Structure and function of the PB1 domain, a protein interaction module conserved in animals, fungi, amoebas, and plants[END_REF]. The conserved residues in the N-and C-terminal ends of the PB1 domain confer electrostatic and hydrogen-bond interactions between two proteins with PB1 domains; these interactions are oriented front-to-back enabling formation of oligomers [START_REF] Guilfoyle | The PB1 domain in auxin response factor and Aux/IAA proteins: a versatile protein interaction module in the auxin response[END_REF][START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014).

At low auxin levels AUX/IAA build oligomers with ARFs and recruit the co-repressor TOPLESS to attenuate auxin signalling. At high auxin, TIR1/AFB and AUX/IAA proteins build a complex which results in ubiquitination and degradation of AUX/IAAs by 26S proteasome and the subsequent derepression of the auxin signalling pathway [START_REF] Luo | Aux/IAA gene family in plants: molecular structure, regulation, and function[END_REF]. Most of AUX/IAAs are short-lived proteins with half-life ca. 5-12 minutes [START_REF] Abel | Early auxin-induced genes encode short-lived nuclear proteins[END_REF].

Majority of the AUX/IAA proteins are able to interact with each other and with ARF activators [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. There are multiple possibilities to build variable oligomer complexes between AUX/IAA and ARFs [START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014). In addition, the tissue-specific expression of individual AUX/IAAs contributes to the complexity of ARF repression [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF].

ARF transcription factors

Auxin Response Factors mediate auxin signalling by directly transmitting auxin response through the activation or repression of auxin-induced genes. Most of the ARFs share a similar structure with a B3 DNA-binding domain (B3 DBD) at the Nterminus which is responsible for the interactions with the AuxRe element in the promoters of their target genes (Fig. In-10A) [START_REF] Tiwari | The roles of auxin response factor domains in auxin-responsive transcription[END_REF]. ARFs also contain a dimerization domain (DD) at the N-terminus which facilitates homodimerization of ARFs and allows cooperative binding of ARF dimers to their target AuxRe element; this domain consists of two parts surrounding the DNA-binding domain [START_REF] Boer | Structural basis for DNA binding specificity by the auxin-dependent ARF transcription factors[END_REF]. The flanking domains (FD) are found adjacent to the DD at the N-terminus; the function of these domains remains unclear [START_REF] Boer | Structural basis for DNA binding specificity by the auxin-dependent ARF transcription factors[END_REF][START_REF] Guilfoyle | The PB1 domain in auxin response factor and Aux/IAA proteins: a versatile protein interaction module in the auxin response[END_REF]. A variable middle region (MR) inside the ARF protein determines if the ARF is a transcriptional activator or a repressor [START_REF] Tiwari | The roles of auxin response factor domains in auxin-responsive transcription[END_REF]. The C-terminal domain PB1 is involved in homo-and heterooligomerization between ARFs and AUX/IAAs (Fig. In-10A) [START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014).

The phylogenetical analysis of the ARF gene family leads to division of these genes into 3 classes (Fig. In-10B) [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. Class II genes include ARF5, 6, ~ 39 ~ 7, 8 and 19; it has been argued that these are transcriptional activators due to the presence of the Q-rich middle region located between the N-terminus and the Cterminus. This middle region was shown to act as an activator domain in carrot protoplast assays [START_REF] Tiwari | The roles of auxin response factor domains in auxin-responsive transcription[END_REF][START_REF] Ulmasov | Activation and repression of transcription by auxin-response factors[END_REF]. More recent data suggest that at least ARF5 is able to act as both transcriptional activator [START_REF] Cole | DORNROSCHEN is a direct target of the auxin response factor MONOPTEROS in the Arabidopsis embryo[END_REF], [START_REF] Guilfoyle | The PB1 domain in auxin response factor and Aux/IAA proteins: a versatile protein interaction module in the auxin response[END_REF]. The ARF Gene Family of Arabidopsis thaliana (B) [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF].

~ 40 ~ [START_REF] Konishi | MONOPTEROS directly activates the auxininducible promoter of the Dof5.8 transcription factor gene in Arabidopsis thaliana leaf provascular cells[END_REF], Schlereth et al. 2010[START_REF] Yamaguchi | A molecular framework for auxin-mediated initiation of flower primordia[END_REF]) and transcriptional repressor [START_REF] Zhang | Auxin inhibits stomatal development through MONOPTEROS repression of a mobile peptide gene STOMAGEN in mesophyll[END_REF][START_REF] Zhao | Hormonal control of the shoot stem-cell niche[END_REF]. Several members of Class I (15 members) and Class III (3 members) were shown to act as transcriptional repressors [START_REF] Tiwari | The roles of auxin response factor domains in auxin-responsive transcription[END_REF][START_REF] Ulmasov | Activation and repression of transcription by auxin-response factors[END_REF]. The focus of my thesis lies in Class II ARFs in Arabidopsis and for this reason I will describe these ARFs in more details below.

ARF5

Among the Class II ARF family genes ARF5 (also called MONOPTEROS) is the most well studied. Loss of function mutations in the ARF5 gene result in severe phenotypes that include the inability to initiate root growth during embryonic development, variable arrangement of cotyledons and defects in vascular pattern in the leaves (Berleth andJurgens 1993, Hardtke and[START_REF] Hardtke | The Arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation and vascular development[END_REF]. The arf5 mutant seedlings show defects in the embryonic development already at the triangular stage where the lower tier of cells show erratic patterns of cell division leading to incorrect development of suspensor cells. Consequently, the hypocotyl and the primary root are missing in the mutant seedling (Fig. In-11A) [START_REF] Berleth | The role of the monopteros gene in organising the basal body region of the Arabidopsis embryo[END_REF]. [START_REF] Berleth | The role of the monopteros gene in organising the basal body region of the Arabidopsis embryo[END_REF]. (B) wild-type, arf6 mutant, arf8 mutant and arf6 arf8 mutant plants [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. (C) wild-type and the arf7 arf19 double mutant seedlings [START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF].

~ 41 ~

Nevertheless, the formation of adventitious roots can be induced in the arf5 mutant under specific conditions. This enables the examination of the mutant phenotype in the older plant. The fully-grown plants are able to produce shoots which have defective "pin"-like inflorescences; this phenotype is similar to the pin1 mutants ~ 42 ~ (Galweiler et al. 1998[START_REF] Przemeck | Studies on the role of the Arabidopsis gene MONOPTEROS in vascular development and plant cell axialization[END_REF]. The defects in the vascular development of the leaves include disrupted connection between individual xylem and phloem cells as well as the reduction of the vascular system to a single central strand (Berleth andJurgens 1993, Przemeck et al. 1996).

ARF5 expression has been relatively well described. During embryogenesis this gene is expressed in the upper domain of the globular and the heart-stage embryos without any visible expression in the hypophysis and the underlying suspensor cells [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF][START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF]. Later ARF5 is gradually confined to the vasculature of every plant organ with additional expression domains in the shoot and the root apices (Fig. In-12A andB) [START_REF] Hardtke | The Arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation and vascular development[END_REF]. In the shoot this gene is broadly expressed in the peripheral zone and the lateral organ primordia (Fig.

In-12A) [START_REF] Hardtke | The Arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation and vascular development[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF][START_REF] Zhao | Hormonal control of the shoot stem-cell niche[END_REF]. The root expression is confined to the vasculature and the columella region of the root tip (Fig.

In-12B) [START_REF] Hardtke | The Arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation and vascular development[END_REF][START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF], De Rybel et al. 2010).

ARF5 is required during embryogenesis where it mediates the establishment of the root pole through the specification of the hypophysis. ARF5 expression is limited to the cells adjacent to the hypophysis where it directly activates expression of a transcription factor TMO7 [START_REF] Schlereth | MONOPTEROS controls embryonic root initiation by regulating a mobile transcription factor[END_REF]. Subsequently, TMO7 moves to the adjacent hypophysis precursor cell and mediates specification of the root pole [START_REF] Schlereth | MONOPTEROS controls embryonic root initiation by regulating a mobile transcription factor[END_REF][START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF].

Due to the lethality of the arf5 mutant the role of ARF5 in the mature plant is not so well characterized. ARF5 was shown to directly bind to promoters of several auxinresponsive genes and induce or repress expression of these genes. The direct regulation of Dof5.8 by ARF5 was shown to be important for vascular patterning during cotyledon development [START_REF] Konishi | MONOPTEROS directly activates the auxininducible promoter of the Dof5.8 transcription factor gene in Arabidopsis thaliana leaf provascular cells[END_REF]. ARF5 induces DORNROSCHEN transcription during embryogenesis and this interaction regulates cotyledon development [START_REF] Cole | DORNROSCHEN is a direct target of the auxin response factor MONOPTEROS in the Arabidopsis embryo[END_REF]. Additionally, ARF5 directly induces expression of LEAFY, AINTEGUMENTA and AIL6 during initiation of flower primordium [START_REF] Yamaguchi | A molecular framework for auxin-mediated initiation of flower primordia[END_REF], ATHB8 during leaf vein formation [START_REF] Donner | Regulation of preprocambial cell state acquisition by auxin signaling in Arabidopsis leaves[END_REF]), CUC1 and CUC2 during ovule development [START_REF] Galbiati | An integrative model of the control of ovule primordia formation[END_REF]). ARF5 directly represses STOMAGEN which is important for the development of stomata [START_REF] Zhang | Auxin inhibits stomatal development through MONOPTEROS repression of a mobile peptide gene STOMAGEN in mesophyll[END_REF]. The direct repression of ARR7 and ARR15 by ARF5 in shoot apical meristem is involved in regulation of the phyllotaxy [START_REF] Zhao | Hormonal control of the shoot stem-cell niche[END_REF].

~ 43 ~ ARF5 appears to be the key mediator of auxin response in several developmental processes and because of this ARF5 is the most well-studied ARF. Nevertheless, many aspects of ARF5-mediated auxin response still require further investigations.

ARF6 and ARF8

ARF6 and ARF8 are closely related putative ARF activators with both independent and cooperative functions in plant development. ARF6 and ARF8 synergistically regulate flower development. Both arf6 and arf8 single mutant plants display a small delay in stamen development and produce fewer seeds than the wild-type, whereas in the arf6 arf8 double mutant flower development is completely arrested and seeds are not produced (Fig. In-11B) [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. The arf6 arf8 double mutant has significantly reduced levels of jasmonic acid [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. Both ARF6 and ARF8 were shown to be important for initiation of adventitious roots via the modulation of jasmonic acid homeostasis [START_REF] Gutierrez | Phenotypic plasticity of adventitious rooting in Arabidopsis is controlled by complex regulation of AUXIN RESPONSE FACTOR transcripts and microRNA abundance[END_REF][START_REF] Gutierrez | Auxin controls Arabidopsis adventitious root initiation by regulating jasmonic acid homeostasis[END_REF]. A role for ARF8 independent from that of ARF6 was identified in lightdependant hypocotyl growth response [START_REF] Tian | Disruption and overexpression of Auxin Response Factor 8 gene of Arabidopsis affect hypocotyl elongation and root growth habit, indicating its possible involvement in auxin homeostasis in light condition[END_REF]; in this study ARF8 was shown to inhibit hypocotyl elongation in response to light. arf8 mutants have parthenocarpic silique development indicating an additional role for ARF8 in fruit development [START_REF] Goetz | AUXIN RESPONSE FACTOR8 is a negative regulator of fruit initiation in Arabidopsis[END_REF][START_REF] Goetz | Expression of aberrant forms of AUXIN RESPONSE FACTOR8 stimulates parthenocarpy in Arabidopsis and tomato[END_REF]). Finally, ARF8 was shown to be involved in lateral root emergence in response to nitrogen [START_REF] Gifford | Cell-specific nitrogen responses mediate developmental plasticity[END_REF].

ARF6 and ARF8 are expressed differentially throughout plant development. Whereas ARF6 is strongly expressed at all stages of embryonic development, ARF8 expression was not detected in embryos at all [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF]. Later ARF6 seems to be ubiquitously expressed in all cells of the RAM and shows a broad expression also in the SAM (Fig. In-12) [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. On the other hand ARF8 expression seems to be limited to specific tissues both in the root and the shoot (Fig. In-12) [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. Both ARF6 and ARF8 are expressed in multiple flower organs [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. The expression of ARF6 and ARF8 is controlled by microRNA167 and this regulation is important for flower development [START_REF] Wu | Arabidopsis microRNA167 controls patterns of ARF6 and ARF8 expression, and regulates both female and male reproduction[END_REF].

ARF7 and ARF19

ARF7 and ARF19 are closely related genes and, similarly to ARF6 and ARF8, they have both unique and overlapping functions.

~ 44 ~ arf7 mutant has impaired phototropic response towards blue light [START_REF] Liscum | Mutations of Arabidopsis in potential transduction and response components of the phototropic signaling pathway[END_REF][START_REF] Harper | The NPH4 locus encodes the auxin response factor ARF7, a conditional regulator of differential growth in aerial Arabidopsis tissue[END_REF] and impaired gravitropic response in hypocotyl [START_REF] Watahiki | The massugu1 mutation of Arabidopsis identified with failure of auxin-induced growth curvature of hypocotyl confers auxin insensitivity to hypocotyl and leaf[END_REF]. In addition, the mutant has epinastic rosette leaves [START_REF] Watahiki | The massugu1 mutation of Arabidopsis identified with failure of auxin-induced growth curvature of hypocotyl confers auxin insensitivity to hypocotyl and leaf[END_REF] and slightly shorter length of the inflorescence stems [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. The arf7 mutant produces fewer lateral roots than the wildtype [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF].

arf19 single mutant is auxin-resistant and has ethylene-insensitive roots [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]Li et al. 2006a). Unlike arf7 mutant, arf19 mutant shows normal phototropic and gravitropic responses of hypocotyl as well as normal growth of the leaves and the shoot [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. The number of lateral roots is the same as in the wild-type [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF].

However, the double mutant arf7 arf19 has drastic phenotype with severely defective gravitropic response and lateral root formation, thus suggesting an important redundancy between these two ARFs (Fig. In-11C) [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF], Li et al. 2006a). The individual phenotype of arf7 mutant including impaired phototropic response and epinastic leaves are also found in the double mutant [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. Additionally, the arf7 arf19 mutant has a reduced number of inflorescence stems [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. Nevertheless, the flowers of the double mutant appear normal [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. ARF7 expression was not detected at the earliest stages of the embryo but appeared later at the heart-stage embryo in the presumptive root meristem [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF]. Later ARF7 expression in the root tip is limited to the few cells above the quiescent center corresponding to the vasculature initials (Fig. In-12B) [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF] and the vasculature in the older root (de Rybel et al. 2010). ARF7 is expressed throughout the shoot apex (Fig. In-12A) [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. ARF19 is not expressed during embryonic development. Later ARF19 expression is detected in the columella, epidermis and mature vasculature of the root (Fig. In-12B) [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF]). In the shoot ARF19 expression appears to be broad but with a higher expression in lateral organs (Fig. In-12A) [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF].

It was established that both ARF7 and ARF19 play the key role in lateral root formation by direct activation of LBD (LATERAL ORGAN BOUNDARIES-DOMAIN) genes. LBD genes initiate asymmetric divisions in lateral root founder cells during ~ 45 ~ lateral root primordia initiation [START_REF] Goh | The establishment of asymmetry in Arabidopsis lateral root founder cells is regulated by LBD16/ASL18 and related LBD/ASL proteins[END_REF][START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF]). In the shoot the role of these ARFs remains to be fully established.

The plant hormone cytokinin

Cytokinin signalling pathway

Cytokinin is another plant hormone which together with auxin regulates plant development and acts notably in the regulation of meristem activity as seen before.

Cytokinin is involved in growth at the shoot and the root apical meristems, formation of lateral roots, leaf senescence, apical dominance, biotic and abiotic stress, and other developmental processes [START_REF] Argueso | Environmental perception avenues: the interaction of cytokinin and environmental response pathways[END_REF], Hwang et al. 2012).

Naturally occurring cytokinins are adenine derivates with a side chain attached at N6 ~ 46 ~ position which is either isoprene-derived or aromatic. The most abundant natural cytokinin is trans-zeatin (Fig. In-13A) [START_REF] Kieber | Cytokinins[END_REF].

Cytokinin is thought to be biosynthesized from AMP and dimethylallyl pyrophosphate (DMAPP) (Kieber andSchaller 2014, Frebort et al. 2011). The first biosynthesis step is catalyzed by the enzyme isopentenyltransferase (IPT). The subsequent enzymatic reactions are catalyzed by a cytochrome P450 enzyme (CYP735A in Arabidopsis thaliana) and LONELY GUY (LOG) family of enzymes (Fig. In-13B). Cytokinins can be produced in various parts of the plant and then transported shootwards in xylem in form of tZ-riboside or rootwards in phloem as iP type cytokinins [START_REF] Hirose | Regulation of cytokinin biosynthesis, compartmentalization and translocation[END_REF][START_REF] Kudo | Metabolism and long-distance translocation of cytokinins[END_REF][START_REF] Sakakibara | Cytokinins: activity, biosynthesis, and translocation[END_REF]). The active cytokinins can be reduced to inactive forms by either irreversible cleavage by the cytokinin oxidase/dehydrogenase enzymes (CKX) or reversible conjugation to glucose by cytokinin glycosyltransferases (Fig. In-13B) (Kieber andSchaller 2014, Frebort et al. 2011).

Cytokinin signalling is similar to the bacterial two-component phosphorelay system [START_REF] Kieber | Cytokinins[END_REF]. Signalling is initiated by active cytokinins binding to histidine kinase receptors (AHKs) which then undergo autophosphorylation. In turn, the autophosphorylated AHKs can pass the phosphate group to the phosphotransfer proteins (AHPs) thus activating them. AHPs are mobile proteins that shuttle between the nucleus and the cytoplasm. Inside the nucleus, an activated AHP protein phosphorylates B-type response regulators (B-type ARRs). These B-type transcription factors propagate the cytokinin response by direct regulation of numerous cytokinin-responsive genes. This signalling cascade is negatively regulated by A-type ARRs and AHP6 (Fig. In-13C) [START_REF] Kieber | Cytokinins[END_REF][START_REF] Hwang | Cytokinin signaling networks[END_REF][START_REF] To | Cytokinin signaling: two-components and more[END_REF]. AHP6 is a non-functional phosphotransfer protein which lacks the phosphorylation site and acts as an inhibitor of cytokinin signalling in the root vasculature and in the SAM [START_REF] Besnard | Cytokinin signalling inhibitory fields provide robustness to phyllotaxis[END_REF][START_REF] Bishopp | A mutually inhibitory interaction between auxin and cytokinin specifies vascular pattern in roots[END_REF], Mahonen et al. 2006).

Cytokinin signalling can be visualized in planta using a TCS synthetic reporter which consists of B-type ARR binding motif concatemers constitutively driving a reporter gene such as GFP (Muller andSheen 2008, Zurcher et al. 2013) (Fig. In-3C, 7B).

Cytokinin Response Factors (CRFs)

The well-described cytokinin signalling pathway is based on a phosphorelay system which involves membrane-bound AHK cytokinin receptors, mobile AHP proteins and the B-type ARR transcription factors. Together these three components mediate cytokinin response in various tissues. Nevertheless it was shown recently that the expression of a subset of cytokinin-induced genes is directly regulated by Cytokinin Response Factors (CRFs).

CRFs are a gene family of transcription factors belonging to a subset of AP2/ERF family of transcription factors and consisting of 12 members in Arabidopsis thaliana (Fig. In-14A). They are characterised by a presence of conserved CRF domain at the N-terminus and by a single AP2 domain in the middle region of the protein (Fig. In-14B). The AP2 domain is a well-studied DNA-binding domain; it is present not only in CRF genes but generally in members of the AP2/ERF superfamily of transcription factors [START_REF] Licausi | APETALA2/Ethylene Responsive Factor (AP2/ERF) transcription factors: mediators of stress responses and developmental programs[END_REF]. The CRF domain is specific for the CRF gene family; it was shown to be involved in protein-protein interactions [START_REF] Cutcliffe | CRFs form protein-protein interactions with each other and with members of the cytokinin signalling pathway in Arabidopsis via the CRF domain[END_REF]. 
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Though their CRF domains CRF proteins are able to build homo-and heterodimers as well as directly interact with AHP proteins [START_REF] Cutcliffe | CRFs form protein-protein interactions with each other and with members of the cytokinin signalling pathway in Arabidopsis via the CRF domain[END_REF]). In addition, many of the CRF genes contain a putative MAP kinase phosphorylation site in the Cterminus. CRF gene homologues are found in all groups of land plants [START_REF] Rashotte | The CRF domain defines cytokinin response factor proteins in plants[END_REF].

The name of this gene family, the Cytokinin Response Factors, implies that these genes show response to cytokinin treatment. Indeed, several members of the CRF family, including CRF2, CRF5 and CRF6, are upregulated by cytokinin and this cytokinin-induced upregulation is dependent on B-type ARRs [START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF].

The CRF family members regulate a subset of genes that partially overlaps with Btype ARR targets [START_REF] Raines | The cytokinin response factors modulate root and shoot growth and promote leaf senescence in Arabidopsis[END_REF][START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF]. All this suggests the involvement of CRF genes in cytokinin signalling pathway. CRFs seem to act downstream of AHPs and possibly in parallel with B-type ARRs.

Earlier investigations implied that CRF proteins are localized in cytoplasm and are able to translocate to nucleus in response to cytokinin treatment [START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF]. In contrast, this observation was not confirmed in alternative studies where CRF1 and CRF5 remained mostly nuclear-localized in both presence and absence of cytokinin [START_REF] Raines | The cytokinin response factors modulate root and shoot growth and promote leaf senescence in Arabidopsis[END_REF].

CRFs were also shown to be involved in the regulation of auxin response. In particular, CRF2 and CRF6 directly control expression of PIN7 and PIN1 in the root (Simaskova et al. 2015).

The members of the family studied so far in detail are CRF1 to CRF6; their single and multiple mutants display a number of developmental phenotypes such as embryonic lethality in crf5 crf6 double mutant, defects in cotyledon development caused by reduced cell expansion in crf1 crf2 crf3 crf5 crf6 single and multiple mutants [START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF]. The crf2 and crf3 show reduced root length, root meristem size and lateral root initiation whereas crf6 mutant displays opposite effects [START_REF] Jeon | CYTOKININ RESPONSE FACTOR2 (CRF2) and CRF3 regulate lateral root development in response to cold stress in Arabidopsis[END_REF], Simaskova et al. 2015). Many CRFs including CRF1, CRF3 and CRF5 promote leaf senescence [START_REF] Raines | The cytokinin response factors modulate root and shoot growth and promote leaf senescence in Arabidopsis[END_REF]. On the other hand, CRF6 negatively regulates leaf senescence (Zwack et al. 2013).

Overall, the involvement of CRF genes in cytokinin signalling pathway is still incompletely understood.
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Aims of the thesis

The goal of this thesis is to study transcriptional regulation of Auxin Response Factors (ARFs). The project focuses on the five Class II ARF activators from Arabidopsis thaliana: ARF5, 6, 7, 8 and 19. These five ARFs are thought to mediate auxin response through mostly transcriptional activation of auxin-responsive genes.

In the first chapter, the expression of ARF activators in the root and the shoot was studied using transcriptional reporter lines. These reporter lines contain long regions upstream of the start codon as well as downstream sequences including the first big introns which are argued to be potential binding sites for transcriptional regulators.

Indeed, the study shows importance of the downstream sequences for the transcriptional regulation of ARFs. In addition, the post-transcriptional regulation of ARFs was accessed using translational reporter lines. These results indicate that some of the ARFs undergo protein movement or degradation that affects their spatiotemporal distribution.

In the second chapter, the transcriptional regulators of ARF activators were identified. This was done using a high-throughput yeast one-hybrid screen in collaboration with Siobhan Brady's lab, University of Davis [START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]. The promoter sequences of the ARFs fused to reporter genes were screened against the rootspecific library of transcription factor available at the University of Davis. In addition, during this project 87 additional mostly shoot-specific transcription factors were cloned and added to the collection. In this assay, regulators of ARF transcription acting both in the RAM and the SAM were identified. The resulting gene regulatory network was validated in planta and the nature of the interactions (repression or activation) was elucidated using a transient protoplast assay. The interactions were further confirmed by monitoring the expression of ARF activators in mutants of the regulatory transcription factors. Additionally, publically available information such as DAP-seq and microarray datasets provided information on the potential developmental significance of interactions in planta. Finally, the mutants of the regulatory transcription factors were investigated for developmental phenotypes in the root and the shoot.

Introduction

The plant hormone auxin is an important intracellular signal which induces developmental changes enabling the plants to rapidly adapt their growth to varying environmental conditions. The auxin-induced growth and development is based on rapid reprogramming of cells and tissues which is mediated by the Auxin Response Factor transcription factors (ARFs). In Arabidopsis thaliana, the auxin-induced growth response is mostly mediated by the five ARF activators: ARF5, 6, 7, 8 and 19. These five ARFs activate expression of different target genes [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF], Schlereth et al. 2010, Okushima et al. 2005) and this contributes to the diversity of auxin responses. The specificity of auxin responses comes in part from expressing ARF activators in precise tissues [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF] or following a certain environmental stimulus such as transferring the plants from dark to light [START_REF] Gutierrez | Phenotypic plasticity of adventitious rooting in Arabidopsis is controlled by complex regulation of AUXIN RESPONSE FACTOR transcripts and microRNA abundance[END_REF]. Thus the expression of ARF activators must undergo tight transcriptional regulation to ensure that the auxin response is triggered only when and where required.

In eukaryotes gene expression is controlled by transcription factors which bind regulatory DNA sequences and facilitate or hinder initiation of gene transcription.

Transcription factors generally bind regulatory sites in the gene locus. Traditionally, promoter regions were considered to be enriched in these regulatory sites. Recent results indicate that in Arabidopsis thaliana the transcription factor binding sites are mostly localized between -1000 bp to +200 bp with a peak at 50 bp upstream of the transcription start site [START_REF] Yu | Positional distribution of transcription factor binding sites in Arabidopsis ~ 250 ~ thaliana[END_REF].

In addition to the promoter region, the introns and especially the first intron can contain transcription factor binding sites [START_REF] Chorev | The function of introns[END_REF]. It was shown that introns can contain regulatory elements such as enhancers [START_REF] Beaulieu | Identification of a novel cell type-specific intronic enhancer of macrophage migration inhibitory factor (MIF) and its regulation by mithramycin[END_REF][START_REF] Bianchi | A potent enhancer element in the 5'-UTR intron is crucial for transcriptional regulation of the human ubiquitin C gene[END_REF][START_REF] Scohy | Identification of an enhancer and an alternative promoter in the first intron of the alpha-fetoprotein gene[END_REF][START_REF] Tourmente | Enhancer and silencer elements within the first intron mediate the transcriptional regulation of the beta 3 tubulin gene by 20-~ 247 ~ hydroxyecdysone in Drosophila Kc cells[END_REF], silencers [START_REF] Gaunitz | A silencer element in the first intron of the glutamine synthetase gene represses induction by glucocorticoids[END_REF][START_REF] Gaunitz | An intronic silencer element is responsible for specific zonal expression of glutamine synthetase in the rat liver[END_REF][START_REF] Tourmente | Enhancer and silencer elements within the first intron mediate the transcriptional regulation of the beta 3 tubulin gene by 20-~ 247 ~ hydroxyecdysone in Drosophila Kc cells[END_REF] or other regulators ~ 52 ~ [START_REF] Bornstein | Interactions between the promoter ~ 230 ~ and first intron are involved in transcriptional control of alpha 1(I) collagen gene expression[END_REF][START_REF] Zhang | The vesicular glutamate transporter-1 upstream promoter and first intron each support glutamatergic-specific expression in rat postrhinal cortex[END_REF]; these regulatory elements were found in most cases in the first big intron (the closest intron to the ATG initiation codon) [START_REF] Beaulieu | Identification of a novel cell type-specific intronic enhancer of macrophage migration inhibitory factor (MIF) and its regulation by mithramycin[END_REF][START_REF] Bornstein | Interactions between the promoter ~ 230 ~ and first intron are involved in transcriptional control of alpha 1(I) collagen gene expression[END_REF][START_REF] Gaunitz | A silencer element in the first intron of the glutamine synthetase gene represses induction by glucocorticoids[END_REF][START_REF] Rose | Promoter-proximal introns in Arabidopsis thaliana are enriched in dispersed signals that elevate gene expression[END_REF][START_REF] Scohy | Identification of an enhancer and an alternative promoter in the first intron of the alpha-fetoprotein gene[END_REF][START_REF] Zhang | The vesicular glutamate transporter-1 upstream promoter and first intron each support glutamatergic-specific expression in rat postrhinal cortex[END_REF]. [START_REF] Bradnam | Longer first introns are a general property of eukaryotic gene structure[END_REF] identified that the first introns in most eukaryotes including Arabidopsis thaliana, Caenorhabditis elegans, and Drosophila melanogaster are significantly longer than all downstream introns within a gene and that they contain a higher number of intron mediated enhancement (IME) motifs within their sequence. IME is the name given to this observed introninduced increase in mRNA accumulation [START_REF] Laxa | Intron-mediated enhancement: a tool for heterologous gene expression in plants?[END_REF]. The first big intron was shown to be required for the correct expression or for enhancing expression in mice [START_REF] Palmiter | Heterologous introns can enhance expression of transgenes in mice[END_REF], human [START_REF] Jonsson | Intron requirement for expression of the human purine nucleoside phosphorylase gene[END_REF], C. elegans [START_REF] Ho | Postembryonic expression of Caenorhabditis elegans mab-21 and its requirement in sensory ray differentiation[END_REF], Arabidopsis thaliana [START_REF] Rose | Introns act post-transcriptionally to increase expression of the Arabidopsis thaliana tryptophan pathway gene PAT1[END_REF], maize [START_REF] Vasil | Increased gene expression by the first intron of maize shrunken-1 locus in grass species[END_REF], rice [START_REF] Jeon | Tissue-preferential expression of a rice alpha-tubulin gene, OsTubA1, mediated by the first intron[END_REF][START_REF] Morello | A long leader intron of the Ostub16 rice beta-tubulin gene is required for high-level gene expression and can autonomously promote transcription both in vivo and in vitro[END_REF] and petunia [START_REF] Jeong | An upstream region in the first intron of petunia actin-depolymerizing factor 1 affects tissue-specific expression in transgenic Arabidopsis (Arabidopsis thaliana)[END_REF]. The importance of the first big intron is further supported by the fact that this intron is more evolutionally conserved than other introns and enriched for regulatory epigenetic signals (Park et al. 2014). The mechanism by which introns control gene expression remains in most cases unknown but it was shown that introns can affect different steps in mRNA maturation such as transcription initiation, elongation, termination, nuclear export and mRNA stability [START_REF] Chorev | The function of introns[END_REF].

In this part of the thesis specificity of auxin response was analyzed by studying expression of ARF activators in various tissues. The expression patterns are remarkably different for each ARF activator both in the root and the shoot tissues.

ARF expression was shown to be dependant not only on the regulation in the DNA region upstream of the start codon but also on the downstream region which includes the first intron. Furthermore, activity of some of the ARF activators is regulated posttranscriptionally through putative protein movement or degradation. ARF activators share a similar genomic structure: the gene coding sequence is interrupted by 11-14 introns (Suppl. Fig 1-1). In particular, in case of ARF5, 7 and 19 the first intron is 2-3 times bigger compared to the following smaller introns. The upstream intergenic regions between the ARF activator coding sequence and the preceding gene coding sequence vary in size between ca. 13 kb for ARF5 and ca. 3 kb for ARF7 (Suppl. Fig 1-1). For these reason I constructed transcriptional reporter lines which harbor long fragments of DNA upstream of the transcription start site (between 5,5 kb for ARF5 and 2,9 kb for ARF7) followed by the downstream sequences which include the first big intron (Suppl. Fig. 1-2A). The design was to include all potential sites of transcriptional regulation so that the reporter lines will accurately report in planta regulation. In case of ARF5, the length of the upstream sequences should be at least 4,1 kb because the genomic ARF5 DNA fragment driven by promoter of this size was able to complement arf5 mutant phenotype ~ 55 ~ [START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF]. As for the other four ARF activators, the minimum required promoter length could only be speculated based on the length of the upstream region and the presence of the first big intron.

Results

ARF

Each ARF activators displayed a unique expression pattern in the root tip (Fig. 1-1).

The expression patterns showed robustness and didn't change when grown in different light regimes (12h light/12h dark, 16h light/8h dark or 24h light conditions).

In the root ARF5 is strongly expressed in most tissues of the meristematic zone except cortex and endodermis (Fig. 1-1A). Interestingly, ARF5 is expressed in the shared cortex/endodermis initial cell but absent in the subsequent cortex daughter cells and present in only a few subsequent endodermis cells (Fig. 1-2A). Following the transition from maturation to the elongation zones the expression is rapidly restricted to the xylem pole of the vasculature and disappears from other tissues (Fig. 1-2B). In the older root the expression is found around the xylem cells with occasional strong expression in a few epidermal cells (Fig. 1-2C). ARF5 is also expressed in the lateral root primordia of all stages (Fig. 1-2D).

ARF6 is expressed throughout the root meristematic zone but it is absent or reduced in the lowest tier of columella (Fig. 1-1B, Fig 1 -3A). At the end of the meristematic zone the expression is rapidly reduced and disappears completely in the elongation zone (Fig. 1-3B). In the older root the expression is either completely absent or a ~ 57 ~ weak expression in the vasculature can be seen (Fig. 1-3C). ARF6 is also weakly expressed in the lateral root primordia detectable from stage III onwards (Fig. 1-3D).

In the root, ARF7 is expressed in multiple tissues but the expression is nevertheless not ubiquitous. ARF7 seems to be strongly expressed in and around the stem cell niche with highest expression levels are in the QC, vasculature initials and the cortex/endodermis initials (Fig. 1-1C and Fig. 1-4A). On the contrary, the expression is absent in the columella stem cells and columella proper (Fig. 1-4A). From the elongation zone upwards ARF7 expression is present in most of the cell (Fig. 1-4B) ~ 58 ~ but becomes confined to the vasculature in the upper parts of the root (Fig. 1-4C).

ARF7 is also expressed in the lateral root primordia at all stages (Fig. 1-4D).

The expression of ARF8 is very restricted. In the root tip ARF8 is expressed in the epidermis and lateral root cap cells of the maturation zone (Fig. 1-1D, Fig. 1-5A).

ARF8 is also expressed in the shared epidermis/lateral rot cap initial cell (Fig. 1-5A).

Occasionally a weak expression in early vasculature can be detected. At the start of the elongation zone the expression completely disappears (Fig. 1-5B). ARF8 is not expressed in the older root at all (Fig. 1-5C). In the lateral root primordia ARF8 is expressed only in the epidermal layer of the primordia from stage VI onwards (Fig. 1-5D). 6A, 1-6B). The protoxylem expression continues upwards along the lower part of the maturation zone and then disappears. In addition, ARF19 is also expressed in the epidermis, lateral root cap and the lower tier of columella of the primary root tip (Fig. 1-1E). Starting from the elongation zone upwards ARF19 seems to be expressed in every tissue (Fig. 1-6C). ARF19 is additionally expressed in the lateral root primordia of various stages (Fig. 1-6D).

The RAM expression patterns can be compared to the published data which were obtained using lines with ca. 2000 bp promoters driving a GFP reporter (Fig. In-12) [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF]. Thus the difference between these published lines and my constructs lies in the length of the promoter region (with my constructs having much longer promoters) and the presence of the first intron in my constructs. In case of ARF5 and 6 the patterns are similar. On the other hand, ARF8 vasculature expression is stronger in the GFP reporter line compared to my lines. ARF7 expression in the GFP lines is limited to a few cells above QC whereas my lines show a broad pattern. Finally, ARF19 published line doesn't appear to have the protoxylem expression domain which is present in my lines. Overall my longer promoter lines substantially differ in expression patterns compared to the Rademacher et al. lines with a shorter promoter.

All five ARF activators are expressed in the shoot apical meristem. In my transcriptional reporter lines ARF5 is found in the peripheral zone and the lateral organ primordia but completely absent from the central zone and the under-lying organizing center (Fig. 1-7A, F). ARF6 is specifically enrichment in the boundary domain which separate older primordia from the dome structure in the SAM (Fig. 1-7B, G). ARF7 expression is ubiquitous in all zones and all layers except L1 where it is reduced or absent (Fig. 1-7C, H). On the other hand, ARF8 is strictly expressed only in the L1 epidermal layer (Fig. 1-7D, I). ARF19 expression in the shoot apical meristem is enriched in the organ primordia but detected weakly also in most cells of L1 and L2 layers (Fig. 1-7E, J).

The expression patterns in the SAM can also be compared to the results obtained using pARF-GFP reporter lines which use 2000 bp shorter promoter (Rademacher et al. 2011) (Suppl. Fig. 1-4; this experiment was done by Géraldine Brunoud, ENS de ~ 61 ~ Lyon). In case of ARF5, 7, and 8 the patterns are similar. ARF6 is expressed ubiquitously and lacks the specific enrichment in the boundaries domain observed with my reporter lines. ARF19 expression appears broader as well.

The shoot expression patterns can be additionally compared to in situ hybridization results [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. In case of ARF5 and ARF7 the reporter line expression matches with the in situ patterns (Fig. In-12A). ARF6, ARF8 and ARF19 in situ images have lower expression and stronger background which hampers analysis.

Nevertheless, ARF6 seems to have stronger staining around boundaries domain compared to the background which corresponds to my transcriptional reporter lines.

ARF8 shows more an ARF5-type of expression pattern with stronger staining at the periphery and weaker in the center of the SAM; the L1-enrichment observed with the reporter lines is not detected here. ARF19 displays a higher staining in internal parts of organ primordia and flowers; this corresponds well to my transcriptional reporter lines. Overall, in situ hybridization can confirm the expression of ARF5, 6, 7 and ARF19 but not ARF8.

ARF7 expression in the RAM is regulated at the first intron

The transcriptional reporter lines described above contained both long upstream sequences and incorporated the downstream sequences including the first big intron which presence is characteristic for ARF activators. To investigate the importance of the first intron for the expression of ARFs, alternative transcriptional reporter lines were generated. These lines contained identical sequence upstream of the start codon as the lines described above but lacked any downstream sequences including the first introns. These promoter fragments were also fused to the nuclear-localized mVenus fluorescent reporter (Suppl. Fig. 12).

The expression of these shorter transcriptional reporter lines was visualized in the root and the shoot (Fig. 1-8 and Fig. 123456789). For ARF5, 6, 8 and 19 no difference was detected in expression patterns between the two different transcriptional reporter constructs both in the root (Fig. 1-1 and 1-8) and the shoot (Fig. 1-7 and1-9).

On the other hand, a striking difference was obtained for ARF7 which showed no expression in the meristematic zone of the primary root (Fig. 1-1C and 1-8C) when using a shorter construct lacking the downstream sequences. Nevertheless the expression pattern in the older root was similar to the reporter lines with the full-~ 62 ~ length promoter (Suppl. Fig. 123). This lack of expression in the RAM is very similar to the results obtained by Rademacher et al. 2011 using a short 2000 bp promoter.

On the other hand, the SAM expression was not affected by the lack of the downstream sequences. This indicates that the sequences downstream of the ATG initiation codon are involved in the root-specific transcriptional regulation of ARF7. 

ARF activator distribution can be post-transcriptionally regulated

Studying expression patterns of ARFs provides information on where ARF mRNA is transcribed and, subsequently, where the ARF protein could be produced and function. Nevertheless, once expressed, a gene can undergo various posttranscriptional regulation steps which could render the resulting protein inactive or result in protein degradation. Oppositely, a protein might move to surrounding tissues mediating the auxin response non-cell-autonomously. To explore these possibilities, protein localization of the ARF activators was studied using reporter lines which incorporated simultaneously transcriptional and translational reporters (Suppl. Fig. 1-2C).

These constructs include a genomic sequence of the ARF activators starting from the promoter region and up to the stop codon at the end of ARF coding sequence. The genomic DNA is followed by the mVenus which doesn't contain any localization signal; this results in expression of the fused ARF-mVenus protein. mVenus is followed by a 2A peptide and a nuclear-localized mTurquoise2 (mTQ2) reporter gene. The 2A peptide is originated from the foot and mouth disease virus; it enables co-translational cleavage between the upstream and the downstream genes which leads to expression of multiple none-fused genes from a single promoter (Kim et al. 2011a;[START_REF] Trichas | Use of the viral 2A peptide for bicistronic expression in transgenic mice[END_REF]. Thus the mTQ2 is cleaved off at the 2A peptide to render a separate nuclear-localized protein. Hence the native ARF promoter is driving a production of two independent proteins: ARF-mVenus fusions protein and mTQ2-NLS protein. In this construct, the ARF-mVenus protein recapitulates the distribution of the ARF protein in native conditions including such events as protein degradation or protein movement. On the other hand, mTQ2 is relocated to the nucleus in every cell where the promoter is active thus acting as a transcriptional reporter.

Among ARF activators, ARF5 showed particular striking difference between the gene expression and protein localization in the vasculature of the root tip. Here ARF5 gene is expressed in all tissues of the stele in the meristematic zone of the primary root (Fig. 1-1A and1-2A). On the other hand, the protein is concentrated in what appears to be xylem axis of the early vasculature and reduced or absent in the other tissues of the vasculature (Fig. 1-10 A to C). Similarly, the expression domain of ARF5 in the lateral root primordia include majority of the cells whereas the protein seems to be predominantly found at the tip of the primordia and it is absent or reduced in the basal cell layers (Fig. 1-10 D to F). Contrary to ARF5, ARF6 showed no difference in expression pattern between the transcriptional and the translational reporters in the RAM (Fig. 1234567891011). The results indicate that ARF5 protein moves to specific tissues whereas ARF6 protein is found in the same tissues where it is expressed. Thus it appears that different ARF activators can be both affected or unaffected by post-transcriptional protein movement. ~ 67 ~ ARF7 and ARF19 transcriptional reporter lines which have a C-terminal fusion of the ARF protein with the mVenus reporter lines were either silenced with a complete absence of fluorescence or showed a similar tendency: the expression pattern of mTQ2 recapitulates the expression previously observed in transcriptional reporter lines (Fig. 1-1) but the mVenus protein appears as speckles located in an unknown cellular compartment outside of the nucleus (Fig. 1 -13). This result can be interpreted that a C-terminal fusion renders the ARF7 and ARF19 protein dysfunctional. To address this issue, the ARF7 and ARF19 N-terminal reporter fusions to mTQ2 reporter were created (Suppl. Fig. 1-2D). Surprisingly, for both ARF7 and ARF19 the N-terminal fusions also lead to speckles in non-nuclear compartments identically to the C-terminal fusions (Suppl. Fig. 12345). Thus the localization of the fluorescent reporter tag does not affect the protein localization of ARF7 and ARF19. 
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Discussion

In this chapter the expression and protein localization of ARF activators (ARF5,6,7,8 and 19) in the root and the shoot was studied using transcriptional and translational reporter lines. The transcriptional reporter lines accurately and informatively reported ARF expression in planta due to longer ARF promoters in these lines which contain important regulatory elements both upstream and downstream of the initiation codon.

In particular, the downstream sequence containing the first intron was shown to be important for expression of ARF7 in the RAM. In addition, translational reporter lines provided evidence for post-transcriptional protein movement in case of ARF5.

Tissue-specific expression of ARF activators provides insights into specificity and redundancy of their functions in plant development

Plant development relies heavily on hormonal signals. Among them auxin is particularly important because it is involved in a myriad of various developmental processes associated with cellular growth, organ initiation and development, responses to biotic and abiotic stresses. The auxin-induced changes in plant body structure are precise, timely and correspond well to plant's environment. It is astonishing that a great scope of different developmental changes can be regulated by a single basic molecule such as IAA. This raises the question of how the precision and specificity of auxin response is achieved.

The answer could be explained by considering the abundance and diversity of molecules which mediate auxin response. Alone, the presence of 23 ARFs in Arabidopsis thaliana can indicate that these ARFs could be involved in specific independent or redundant auxin responses. Indeed, from 5 ARF activators described in this study each of them shows involvement in both overlapping and independent auxin responses as indicated by single and double mutant phenotypes [START_REF] Berleth | The role of the monopteros gene in organising the basal body region of the Arabidopsis embryo[END_REF], Nagpal et al. 2005, Okushima et al. 2005, Przemek et al. 1996).

Additionally, the ARF activators were shown to control different sets of downstream target genes [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF], Okushima et al. 2005, Schlereth et al. 2010).

The functional diversity and specificity could be in part explained by tissue-specific expression of these ARFs. Accordingly, this study explored the diversity of ARF 
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Interestingly, this leads to the question how different ARFs co-expressed in the same tissue interact with each other. It is possible that each ARF activates its targets genes independently from the other ARFs expressed in the same tissue. The other possibility would be that together different ARFs can act as a team to co-activate a set of genes which they might not be able to activate individually. This potential cooperation could be achieved by building oligomer complexes consisting of different numbers and types of ARFs. The latter hypothesis is more supported by biological evidence because the ability of ARFs to oligomerize was recently shown [START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014).

The ability of ARF activators to cooperatively co-regulate specific subsets of target genes could be further investigated with additional experiments. One can imagine that, for example, by making double mutants between non-homologous ARFs (such as between ARF7 and ARF6) additional functions of these ARFs could be discovered. In part this was explored before with the arf5 arf7 double mutant showing stronger defects in vasculature of cotyledons compared to the single arf5 mutant [START_REF] Hardtke | Overlapping and non-redundant functions of the Arabidopsis auxin response factors MONOPTEROS and NONPHOTOTROPIC HYPOCOTYL 4[END_REF]. Similarly, expressing an ARF activator under a promoter of a different ARF activator (for example, expression of ARF5 under promoter of ARF6) could further lead to developmental phenotypes and this then could provide a clue on possible modular co-operation between individual ARFs.

Auxin response mediated by ARF activators can only be switched on in presence of auxin. Auxin is distributed unevenly in the RAM and the SAM (Fig. In-3 andIn-7). In the RAM the auxin maxima includes QC, columella initials and columella stem cells as visualized by DR5 and DII reporters (Brunoud et al. 2012) (Fig. In-3). On the other hand, ARF activators can be found in all tissues of the RAM (Fig. 1234567891011121314). The question arises, how can the ARF activators propagate auxin response in the auxin-deprived tissues such as cortex and endodermis? Perhaps low levels of auxin could be sufficient to induce a subtle auxin response which would be different from the response induced in presence of high auxin? One can imagine a doze-dependant effect of auxin affecting differently gene regulation and, subsequently, the cellular responses. But if the auxin response is not switched on in the tissues with low auxin levels, then why some ARF activators are still expressed in these tissues? Perhaps constitutive expression in the normally auxin-deprived tissues can prime these ~ 71 ~ tissues for the rapid auxin response in case of a sudden increase in auxin content; such an increase in auxin could happen, for example, during a stress response.

Expression patterns of ARF activators fits their well-studied functions and suggests new potential functions

The tissue-specific expression patterns confirm already well-studied ARF-mediated auxin responses. One of these processes is the regulation of lateral root development which was argued to include all five ARF activators. In particular, all five ARF activators were speculated to be important for lateral root founder cell specification in the basal meristem, later on ARF7 and ARF19 control asymmetric cell divisions during lateral root initiation, and finally ARF5, 7, and 19 together were argued to regulate further development of the lateral root primordia (De Rybel et al. 2010[START_REF] De Smet | Bimodular auxin response controls organogenesis in Arabidopsis[END_REF][START_REF] Fukaki | Tissue-specific expression of stabilized SOLITARY-ROOT/IAA14 alters lateral root development in Arabidopsis[END_REF], Okushima et al. 2005). In this thesis ARF5, 7, and 19 were expressed at very early stages in lateral root primordia development. The role of ARF7 and ARF19 in lateral root initiation and formation is confirmed by mutant phenotypes with the single arf7 mutant displaying reduced number of lateral roots while the double arf7 arf19 mutant lacking lateral roots completely [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. Similarly, the role of ARF5 in lateral root development is confirmed by the phenotype of a weak arf5 mutant (mp S319 ) which has increased pericycle cell divisions and the ARF5 overexpression line which shows abnormally positioned primordia [START_REF] De Smet | Bimodular auxin response controls organogenesis in Arabidopsis[END_REF]).

On the contrary, ARF8 first appears later at stage VI in the epidermal layer of an older primordia. ARF8 could be involved in lateral root development because the arf8 mutant has a slight but significant increase in lateral roots whereas the ARF8 overexpression line produced slightly but significantly less lateral roots [START_REF] Tian | Disruption and overexpression of Auxin Response Factor 8 gene of Arabidopsis affect hypocotyl elongation and root growth habit, indicating its possible involvement in auxin homeostasis in light condition[END_REF]. A different study found no significant differences in lateral root number or length in ARF8 mutant and overexpression lines [START_REF] Gutierrez | Phenotypic plasticity of adventitious rooting in Arabidopsis is controlled by complex regulation of AUXIN RESPONSE FACTOR transcripts and microRNA abundance[END_REF]).

Nevertheless, the expression of ARF8 at the later stages of primordia development might indicate that ARF8 could be involved in development or emergence of the more mature primordia. The involvement of ARF8 in priming of lateral root founder cells appears quite speculative because ARF8 was not expressed in xylem pericycle cells.

A more thorough analysis on ARF8 mutant and overexpression lines is needed to search for any defects in lateral root development.
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Similarly to ARF8, ARF6 mutants and overexpression lines showed no significant lateral root development phenotypes [START_REF] Gutierrez | Phenotypic plasticity of adventitious rooting in Arabidopsis is controlled by complex regulation of AUXIN RESPONSE FACTOR transcripts and microRNA abundance[END_REF]. Thus the significance of the ARF6 expression at later stages of primordia formation remains unclear. It would be interesting to see if the arf6 arf8 double mutant has any defects in lateral root development at the later stages or during emergence.

The expression patterns can provide interesting clues to yet undiscovered functions of ARF activators in plant development. As such, ARF19 expression pattern in the RAM is particularly interesting. ARF19 is specifically expressed in QC and protoxylem but an ARF19-associated function in the control of the root stem cell niche or in xylem development has never been considered. In particular both QC and the xylem are domains of high auxin content. Interestingly, ARF19 expression can be induced by auxin [START_REF] Wilmoth | NPH4/ARF7 and ARF19 promote leaf expansion and auxin-induced lateral root formation[END_REF]). Thus we could expect auxin to induce expression of ARF19 in QC and protoxylem which then should lead to activation of ARF19 target genes in these tissues and result in a certain cellular reprogramming.

To investigate this hypothesis, an inducible overexpression of ARF19 in QC could lead to a transient increase in ARF19-mediated signaling in this tissue resulting in changes in gene expression which can be detected by RNA-seq or possibly resulting in a phenotype after a prolonged exposure to the inducer.

Further interesting new discoveries can be deduced from the expression patterns of ARFs. Thought-provoking is the expression of ARF8 specifically in meristematic tissues and only in the epidermal layers of both the RAM and the SAM. Could this mean that ARF8 is adapted to react to external clues which are perceived at the epidermis and mediate auxin response in accordance to the environmental conditions? The role of ARF8 in the response to environment has never been considered before.

ARF expression patterns in the SAM possibly illustrate their specific step-by-step involvement in lateral organ formation and development. ARF5, 7 and ARF19 might act the earliest during lateral organ initiation due to their enrichment in the forming primordia. ARF6 expression in the boundaries domain in the SAM stimulates to consider that this ARF might be important for organ separation at the later stages of lateral organ primordia development. Finally, ARF8 could serve as a mediator of environmental clue to coordinate organ development.
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Which elements are important to correctly recapitulate expression patterns of genes?

Fluorescent and non-fluorescent reporter genes such as GFP or GUS have been used extensively to study expression of various genes in planta. The accuracy of the expression patterns reported by them depends on length and content of DNA sequences which drive these reporters. Numerous studies have included promoters as short as only 1000 bp in transcriptional reporter constructs. However it appears clearer and clearer that such short promoter fragments are often insufficient to recapitulate the correct expression pattern for many eukaryotic genes. functions as indicated by ARF mutant phenotypes. For example, ARF7 is not expressed in the meristematic zone of the RAM in the shorter promoter constructs but present in my longer promoter construct; this corresponds to the well-described function of ARF7 in root gravitropism [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF][START_REF] Sato | New insights into root gravitropic signalling[END_REF]. Thus choosing a longer promoter generally leads to more accurate representation of the transcriptional regulation and allows more accurate predictions of gene function.

Often, DNA regions upstream of the gene start codon are considered to be sufficient to recapitulate the actual expression patterns of genes. This view has been challenged extensively in the recent years and the importance of the downstream sequences as sites of transcriptional regulation is becoming more evident. Multiple genes were shown to contain enhancer elements within the gene itself particularly in the introns. For example, the expression of the floral homeotic gene AGAMOUS (AG)
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is regulated in the second intron where it's transcriptional regulators WUS and LEAFY bind [START_REF] Busch | Activation of a floral homeotic gene in Arabidopsis[END_REF][START_REF] Lohmann | A molecular link between stem cell regulation and floral patterning in Arabidopsis[END_REF]. The expression of PAT1 gene which encodes a tryptophan biosynthesis enzyme is regulated at the first and the second introns [START_REF] Rose | Introns act post-transcriptionally to increase expression of the Arabidopsis thaliana tryptophan pathway gene PAT1[END_REF]. The first intron in the maize gene Sh1 gene enhances gene expression levels [START_REF] Vasil | Increased gene expression by the first intron of maize shrunken-1 locus in grass species[END_REF] while the first intron of the petunia ADF1 gene controls pattern of expression (Jeon et al. 2007).

Indeed, in this study ARF7 expression in the root is dependent on the presence of an upstream sequence including the first intron. This might indicate that there is a rootspecific transcriptional regulator that binds specifically in the first intron or, less likely, in the first exon. Thus the first explanation would be that the downstream sequences within ARF7 genomic DNA act as a part of the promoter. A few experiments could be proposed to confirm this hypothesis. One can try to drive the expression of a reporter gene using only the first intron as a promoter in planta to see if this region is sufficient to enable expression in the RAM. Another way is to make a construct with first intron inserted in a reverse orientation and to see if the reversed intron could still act as an enhancer of ARF7 expression in the RAM.

Alternatively, a different mechanism could be proposed: introns can increase mRNA levels without containing enhancers or promoters. This mechanism termed intronmediated enhancement is proposed to be based on the intron affecting processivity of the transcriptional machinery which leads to more stable mRNA being produced [START_REF] Rose | Intron-Mediated Regulation of Gene Expression[END_REF]. For the intron-mediated enhancement, the introns must be arranged in a proper orientation; therefore a construct with first intron inserted in a reverse orientation would not enhance the gene expression anymore. Thus a few experiments could enable to distinguish a mechanism by which the first intron of ARF7 could be controlling gene expression.

Besides the introns, the downstream sequences located in the 3-prime region or the terminator could also be important for transcriptional regulation of the relevant gene.

For example, WUS regulates the expression of CLV3 by binding regulatory elements both in the upstream and the downstream regions, the latter are located in the 3' region of CLV3 [START_REF] Perales | Thresholddependent transcriptional discrimination underlies stem cell homeostasis[END_REF]. Consequently, including these regions in the transcriptional reporter constructs might be required to recapitulate the correct expression patterns in certain situations.
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Overall, it seems that multiple components are required to accurately recapitulate the expression patterns with reporter gene constructs. The accuracy of the pattern has to be verified in each individual case with alternative methods that shows mRNA accumulation in planta such as in situ hybridization. Nevertheless, in situ hybridization method has its limitations; in particularly the genes with low expression levels are difficult to visualize owning to the high background staining, and the cellular resolution can be insufficient to attribute expression to specific tissues [START_REF] Rozier | Analysis of 3D gene expression patterns in plants using whole-mount RNA in situ hybridization[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF].

Post-transcriptional movement or degradation of ARF proteins provides another level of control in the auxin signaling pathway

Often it is presumed that the tissues where the gene is expressed and the tissues where the gene acts are identical. In many papers the expression of a gene is sufficient to justify the tissue-specific function of this gene. Post-transcriptional modifications are often neglected. Similarly, for the majority of the ARFs posttranscriptional regulation has not been studied in details.

In embryos, ARF5 protein does not move but remains in the same tissues where it is expressed and acting non-cell-autonomously through a secondary signal, the mobile transcription factor TMO7 [START_REF] Schlereth | MONOPTEROS controls embryonic root initiation by regulating a mobile transcription factor[END_REF][START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF]). On the contrary, the presence of ARF5 protein in the central zone of the SAM where its not expressed is published in [START_REF] Zhao | Hormonal control of the shoot stem-cell niche[END_REF]; nevertheless the potential protein movement is not considered in this paper. In this thesis the cell movement of ARF5 protein in the SAM is confirmed. Further, in the RAM, ARF5 protein is shown to either move towards the xylem or to be degraded in the surrounding vasculature tissues.

Thus the function of ARF5 in the xylem development might be reinforced by the accumulation of its protein specifically in this tissue. ARF6 and ARF8 were never been shown to be involved in non-cell-autonomous cell signaling which could require a protein movement. Indeed, in my study I could not detect any protein movement or degradation for ARF6 in the RAM or the SAM. It was shown that ARF6 and ARF8 undergo a different type of post-transcriptional regulation: their mRNA can be degraded by microRNA167 affecting expression pattern specifically in flowers [START_REF] Wu | Arabidopsis microRNA167 controls patterns of ARF6 and ARF8 expression, and regulates both female and male reproduction[END_REF]. This type of regulation would also be reflected in the differences between the transcriptional and the translational reporters.

Since I see no difference in case of ARF6, I conclude that in the RAM and the SAM ~ 76 ~ microRNA-mediated degradation of ARF6 mRNA cannot be detected under my growth conditions. ARF7 and ARF19 proteins provide puzzling results: both N-terminal and C-terminal protein fusions result in relocation of their proteins in non-nuclear compartments. It appears that the proteins aggregate. Could this aggregation be due to addition of a fluorescent protein tag and the subsequent misfolding of the proteins? Although this explanation cannot be formally discarded, the fact that aggregation persists despite changing the terminus of the fusion speaks against it. Is it possible that ARF7 and ARF19 proteins are intrinsically unstable and undergo constant degradation unless stabilized by an unknown factor? Interestingly, both ARF7 and ARF19 show broad expression patterns in many tissues such as in the older root upwards from the meristematic zone (Fig. 1-4 and1-6) and to some extend in the SAM (Fig. 1234567).

Could their excessive expression be compensated by constant protein degradation rendering ARF7-and ARF19-mediated auxin response inactive by default? In that case which triggers could lead to stabilization and activate normal function of these proteins? Currently no answers can be provided to these questions.
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Material and methods

Cloning and generation of ARF reporter lines

The various transcriptional and translational reporter lines generated in this study are schematically illustrated in Suppl. (containing the stop codon followed by a octopine synthase (OCS) terminator) and pK7m34GW (the destination vector containing kanamycin resistance gene for in planta selection) to produce pARF-3xmVenusN7 constructs. For ARF7, the fragment was cloned into a pCR8/GW/TOPO and recombined with a nuclear-localized mVenusN7, 35S terminator and pK7m34GW to produce pARF7-mVenusN7 construct (Suppl. Fig. 1-2A).

Similarly, the shorter transcriptional reporter lines were amplified by PCR with sequences as indicated: : pARF5 -5418 bp to -1 bp, pARF6 -3255 to -1 bp, pARF7 -2973 bp to -1 bp, pARF8 -5091 to -1 bp, -4906 to -1 bp. Identical to the reporter constructs described above, the fragments were inserted into pDONR P4-P1R and recombined with 3x mVenus-N7 pDONR211, OCS terminator pDONR P2R-P3 and pK7m34GW destination vector to yield pARF-3xmVenusN7 shorter transcriptional reporter lines (Suppl. Fig. 1-2B).
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The translational reporter lines were generated by amplifying genomic DNA fragments containing long upstream regions and downstream regions up to but not including the stop codon. The sizes of the upstream regions were identical to the once used for the transcriptional reporter lines (for example, for ARF5 the amplified fragment started from -5418 bp and ended at the stop codon). The resulting genomic DNA fragments were inserted into pDONR P4-P1R and recombined with mVenus pDONR211 (none-nuclear localized), 2A-mTQ2 pDONR P2R-P3 (2A peptide followed by a nuclear-localized mTurquoise2) and pK7m34GW destination vector to yield pARF:ARF-mVenus-2A-mTQ2-NLS reporter lines. This reporter lines combined both translational reporter (ARF-mVenus fusion protein) and a transcriptional reporter (mTQ2-NLS) expressed under endogenous ARF promoter (Suppl. Fig. 1-2C).

The additional translational reporter lines for ARF7 and ARF19 consisting of the Nterminal fusion between ARF7 or ARF19 protein and the mTQ2 were constructed. To achieve that ARF7 and ARF19 coding sequence was amplified from genomic DNA which included the complete sequence starting after (but not including) the start codon and finishing with the stop codon. The ARF7 and ARF19 genomic coding sequence was then inserted into the pDONR P2R-P3 plasmid. Separately, mTQ2 coding sequence containing the start codon but not including the stop codon was amplified by PCR and inserted into pDONR211 plasmid. Finally, the promoter of ARF7 and ARF19 (upstream region up to but not including the start codon) cloned previously into pDONR P4-P1R during the construction of the transcriptional reporter lines was recombined together with mTQ2 pDONR211, ARF7 or ARF19 pDONR P4-P1R and the destination vector pK7m34GW to yield pARF7-mTQ2-ARF7 and pARF19-mTQ2-ARF19 constructs (Suppl. Fig. 1-2D).

Root microscopy

For root microscopy plants were grown on half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 1% agar. The seedlings were grown in either 24h light, 12h light/12h dark or 16h light/8h dark conditions and imaged at 5 or 6 days in light. Plant cell membranes were visualized by staining with 15 µg/ml propidium iodide solution. The roots were examined in the TCS-SP5 confocal microscope (Leica) with excitation at 514 nm and emission at 526-560 nm for mVenus and 605-745 nm for propidium iodide.
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Shoot microscopy

For the shoot microscopy plants were grown in 8h light/16h dark conditions for 6 weeks and then transformed to 16h light/8h dark conditions for 2 weeks to induce bolting. The bolted shoots were dissected under a stereomicroscope and planted into an Apex Culture Medium (half-strength MS medium supplemented with 1% sucrose, 0.8% agarose, 1x vitamin solution (myo-Inositol 100 mg/L, nicotinic acid 1 mg/L, pyridoxine hydrochloride 1 mg/L, thiamine hydrochloride 10 mg/L, glycine 2 mg/L)), for overnight incubation at 16h light/8h dark conditions. Before microscopy cell membranes were visualized by staining the shoot apexes with 100 µg/ml propidium iodide solution. The shoot apexes were examined in the TCS-SP5 confocal microscope (Leica) with excitation at 514 nm and emission at 526-560 nm for mVenus and 605-745 nm for propidium iodide.

The shoot microscopy of the pARF-GFP lines from [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF] was performed by Geraldine Brunoud, ENS de Lyon (Suppl. Fig. 1234).

Introduction

The plant hormone auxin is known for its involvement in a myriad of developmental processes including the control of root and shoot growth, development of flowers and seeds, responses to biotic and abiotic stresses. Such diversity of auxin responses is possible due to specialization and divergent functions of each of the five ARF activators: ARF5, 6, 7, 8 and 19. As shown in the previous chapter, these ARF activators are expressed in specific tissues in the RAM and the SAM where they mediate auxin signaling through direct activation of auxin target genes. But how are these specific expression domains of each ARF activator established? One possible explanation would be that the expression of ARF activators is regulated during transcription by specific transcriptional regulators which either activate or repress the expression of each ARF in precise tissues. In this study, the potential regulators of ARF transcription were identified using a yeast one-hybrid method.

The yeast one-hybrid (Y1H) assay enables detection of sequence-specific physical interactions between a promoter and a transcription factor (TF). The yeast one-hybrid assay consists of two components. The first component is the screened promoter of interest which is fused to a reporter gene; this construct is called the "bait". On the other hand, the coding sequence of the transcription factor of interest is fused to a yeast transcription activation domain (AD); this construct is termed the "prey". Both constructs are introduced into a yeast strain. If the prey transcription factor binds to the bait promoter, the physical interaction leads to transcriptional activation though AD domain. As a result, the reporter gene fused to the bait is expressed and the interaction can be easily detected (Reece-Hoyes and Walhout 2012) (Fig. 2-1A). In this thesis, the yeast one-hybrid method from Siobhan Brady lab is applied which yields reliable results with a low number of false positive interactions [START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]. The prey collection originally consisted of the transcription factors enriched in the root stele but I expanded this library with shoot-specific transcription factors ~ 85 ~ during this thesis and it now contains approximately half of all existing transcription factors in A. thaliana. Thus although the number of identified interactions will be limited by the incomplete prey collection, this method can still be used to identify a substantial number of interactions which may play important role in the root and the shoot development.

The main advantage of the yeast one-hybrid method is the ability to find potential regulators of the promoter of interest. It is possible to do a high-throughput screen of multiple promoters against a library of transcription factors which leads to the construction of gene regulatory networks. Gene regulatory networks are a type of graphical models that describe interactions and regulations between individual components of this network taking place in a given biological system. Such networks can include protein-protein or transcription factor-promoter interactions. Several transcription factor-promoter gene regulatory network generated with yeast onehybrid method have been described before in Arabidopsis thaliana (Brady et al. [START_REF] Deplancke | A gene-centered C. elegans protein-DNA interaction network[END_REF][START_REF] Vermeirssen | Transcription factor modularity in a gene-centered C. elegans core neuronal protein-DNA interaction network[END_REF]). The networks represent theoretical interactions because it is not known in which tissues of the organism and at what stages of development this interaction could be important in vivo. Nevertheless, the data from the gene regulatory networks provides insight into the complexity of gene interactions and serves as a base to find new biologically significant regulations.

The elementary brick of a gene regulatory network is the simple interaction between the transcription factor and the promoter of the target gene (Fig. 2-2A). Furthermore, transcriptional regulation networks often contain additional elements that add complexity to the apparently straightforward transcription factortarget gene promoter interactions. These elements can include feedback loops, feed-forward loops, negative or positive autoregulation [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF][START_REF] Lee | Transcriptional regulatory networks in Saccharomyces cerevisiae[END_REF][START_REF] Shen-Orr | Network motifs in the transcriptional regulation network of Escherichia coli[END_REF][START_REF] Yeger-Lotem | Network motifs in integrated cellular networks of transcription-regulation and protein-protein interaction[END_REF]). Each of these network motifs has specific properties that affect dynamics of the network. For example, during auto-regulation, the transcription factor can influence its own expression by binding its own promoter and repressing (negative autoregulation) or activating (positive autoregulation) its own transcription (Fig. 2-2B andC). Negative autoregulation is often associated with genes that are able to produce rapidly large amounts of protein due to strong expression of their promoters (Fig. 2-2I); the negative autoregulation allow a rapid decrease in the production of its own protein when the protein concentration reaches a particular threshold. Thus this control mechanism is often associated with a need for a rapid response that has to be just as rapidly attenuated. In addition, negative autoregulation can reduce fluctuations in production of the gene: when amounts of protein produced are too high, the excess proteins bind and repress their own expression which then leads to a reduction of protein levels; but when the protein production is low, the repression doesn't occur and the protein levels can freely increase. An example of such system is the bacterial master regulator LexA which controls expression of genes involved in response to DNA damage; LexA negatively autoregulates its own transcription. It was experimentally shown that the autoregulatory ability of LexA increases stability of the response system allowing the bacteria to adapt their cellular response in proportion to DNA damage and prevents false activation of the response caused by transient fluctuations in the triggering signal [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF][START_REF] Camas | Autogenous and nonautogenous control of response in a genetic network[END_REF].
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The positive autoregulation means that the gene is able to increase production of its own protein (Fig. 2-2C). This type of control is associated with systems that respond slowly to the stimulus; this could be due to low activity of the promoter and thus low levels of protein are produced. The response of such system to the stimulus is slower than in a simple system lacking autoregulation (Fig. 2-2I) [START_REF] Maeda | Regulatory dynamics of synthetic gene networks with positive feedback[END_REF].

The positive autoregulation increases variations in protein concentration between different cells: some cells will accumulate more protein because the gene will amplify its own production whereas other cells will end up with less protein. Such variable distribution of a single protein within the tissue appears to have advantages in specific situations such as helping cell populations to adapt better to stochastic environments [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF]. 
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In the feed-forward loop, the transcription factor regulates expression of a second transcription factor which then alone or together with the first transcription factor regulates the target gene expression. There are multiple variations of this motif because each step in this network can be either an activation or a repression (Fig. 2-2D and E). The most frequently occurring types of the feed-forward loop are the coherent type 1 (Fig. 2-2D) and incoherent type 1 (Fig. 2-2E) (Ma et al. 2004, Mangan and[START_REF] Mangan | The coherent feedforward loop serves as a sign-sensitive delay element in transcription networks[END_REF]. The coherent type1 loop allows delay of the system reaction after stimulus because the final activation of the cellular response only occur when both first and second transcription factors accumulate in large enough amounts to affect in tandem the expression of their final common target. Such system would only activate after a long-term induction because a short-term signal would soon terminate, and so the production of the second transcription factor would never reach required concentrations to affect the final target. Such a sophisticated system is adapted to mediate only persistent stimuli and to be stitched off rapidly when needed [START_REF] Mangan | The coherent feedforward loop serves as a sign-sensitive delay element in transcription networks[END_REF]. On the other hand, the incoherent type 1 loop (Fig. 2-2E) has two transcription factors that act oppositely on the same promoter: one represses and another activates it. Because the production of the second transcription factor is delayed, the first TF is able induce expression of the final target both transiently and rapidly before the second transcription factor is produced in sufficient amount to attenuate expression of the final target. This results in a transient pulse-like activation of gene expression [START_REF] Basu | Spatiotemporal control of gene expression with pulse-generating networks[END_REF].

Often a group of several genes can be co-regulated together in a synchronized manner. This network motif called the regulon often consists of genes involved in the same pathway. For example, the bacteria Pho regulon consists of at least 47 genes involved in phosphate homeostasis [START_REF] Lamarche | The phosphate regulon and bacterial virulence: a regulatory network connecting phosphate homeostasis and pathogenesis[END_REF]. In yeast the expression of genes encoding the subunits of the 26S proteasome are co-regulated by the transcription factor Rpn4 [START_REF] Mannhaupt | Rpn4p acts as a transcription factor by binding to PACE, a nonamer box found upstream of 26S proteasomal and other genes in yeast[END_REF][START_REF] Shirozu | Identification of minimum Rpn4-responsive elements in genes related to proteasome functions[END_REF][START_REF] Xie | RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome: a negative feedback circuit[END_REF]. The dense overlapping regulon is one variation of this gene network motif (Fig. 2-2F). In this motif a number of transcription factors control in combination expression of multiple genes [START_REF] Lee | Transcriptional regulatory networks in Saccharomyces cerevisiae[END_REF][START_REF] Shen-Orr | Network motifs in the transcriptional regulation network of Escherichia coli[END_REF].

The negative and positive autoregulation, feed-forward loops and dense overlapping regulons are examples of network motifs included in sensory responses: such networks are designed to respond rapidly to stimulus and also make reversible decisions. In a developmental context, the signal often requires to trigger an ~ 89 ~ irreversible cell-fate decision. Developmental networks include all the above mentioned motifs but also a few other motifs such as double-positive and doublenegative feedback loops. These loops are made of two transcription factors that regulate each other (Fig. 2-2G, H). In the double-positive feedback loop two transcriptional activators activate each other (Fig. 2-2G). Such as arrangements means that following the initial stimulus, both transcription factors remain active irreversibly and activate each other even after the stimulus is gone. In the doublenegative loop two repressors repress each other (Fig. 2-2H). Following the stimulus, one transcription factor irreversibly switches off expression of the other. In both double-positive and the double-negative feedback loops a transient signal acts as a switch and locks the system into the permanent steady-state. In addition to transcription factors, these loops were also observed for miRNA regulation and posttranscriptional interactions such as phosphorylation [START_REF] Cai | Functional characteristics of a double negative feedback loop mediated by microRNAs[END_REF][START_REF] Johnston | MicroRNAs acting in a doublenegative feedback loop to control a neuronal cell fate decision[END_REF][START_REF] Xiong | A positive-feedback-based bistable "memory module" that governs a cell fate decision[END_REF]. In summary, gene regulatory networks include multiple motifs that add complexity and specificity for each interaction in the network.

The gene regulatory networks are based on the ability of transcription factors to regulate expression of specific genes. The transcriptional regulators are identified due to their ability to bind regulatory cis-elements within the gene locus which can be located in the region upstream from the initiation codon, within the downstream region including the introns and sometimes even in the terminator regions.

Transcription factors are recruited to specific short DNA sequences called binding sites which are on average 10 nucleotides in length but can range between 5 and 30 nucleotides in both eukaryotes and prokaryotes [START_REF] Stewart | Why transcription factor binding sites are ten nucleotides long[END_REF]. Several potential binding sites can be identified in the gene locus but only a small portion of them might be associated with the potential regulator in vivo in a given condition. For example, in human cells the number of unbound motif sites is on average 430 times higher than the number of transcription factor-bound sites as determined by ChIP-seq [START_REF] Wang | Sequence features and chromatin structure around the genomic regions bound by 119 human ~ 248 ~ transcription factors[END_REF], suggesting that the mechanism of TF binding is more complex than a simple recognition of the relevant sequence. Transcription factors occupy their regulatory binding sites either continuously or only at specific stages of development and under certain conditions even though they may be expressed and available in the relevant tissues [START_REF] Jakobsen | Temporal ChIP-on-chip reveals Biniou as a universal regulator of the visceral muscle transcriptional network[END_REF], Sandmann et al. 2007). Non-occupation of binding site can be explained by a lack of specific interacting partners; this again reinforces the importance of combinatorial binding in regulation of gene expression. Overall, it is clear that the timing and spatial distribution of the transcription factor expression does not fully determine its transcriptional activity and that the occupancy of the binding sites must be considered when predicting how individual transcription factors might influence expression of target genes.

The combinatorial binding described above appears to often require direct proteinprotein interactions between transcription factors bound to closely located sites. Such clusters of transcriptional regulators can act together as a genetic switch that induces specific developmental response only when all components are present in the required concentrations. For example, the D. melanogaster Twist and Dorsal transcription factors cooperate to regulate target genes in specific parts of the embryo when present at low concentrations [START_REF] Szymanski | Multiple modes of dorsal-bHLH transcriptional synergy in the Drosophila embryo[END_REF]Levine 1995, Zinzen et al. 2006). Similarly, in A. thaliana ARF6, the brassinosteroid-signaling TF BZR1 and the light-response TF PIF4 interact with each other and cooperatively regulate expression of common targets genes involved in hypocotyl development (Oh et al. 2014a).

An alternative mechanism of transcription factor cooperativity is based on indirect interactions between individual TFs which could be facilitated through binding a common co-activator or a co-repressor. An example of a common co-repressor is the A. thaliana transcription factor TOPLESS (TPL) which can interact with different transcription factors. The partners of TPL are often identified as transcriptional repressors and contain repressor domains such as EAR domain [START_REF] Causier | The TOPLESS interactome: a framework for gene repression in Arabidopsis[END_REF], Oh et al. 2014b[START_REF] Pauwels | NINJA connects the co-repressor TOPLESS to jasmonate signalling[END_REF], Wang et al. 2013[START_REF] Zhu | Arabidopsis resistance protein SNC1 activates immune responses through association with a transcriptional corepressor[END_REF]. Overall, TPL was shown to interact with transcription factors from at least 17 different gene ~ 91 ~ families through their repressor domains [START_REF] Causier | The TOPLESS interactome: a framework for gene repression in Arabidopsis[END_REF]. The number and diversity of interactions would allow construction of variable repressor complexes consisting of tissue-specific partners of TPL.

The relative positioning of the TF binding sites including their orientation, the spacing relative to each other and order has a profound influence on the ability of the transcription factors to interact and to cooperatively regulate gene expression. For example, the 55 base pair enhancer motif of the human interferon gene is occupied by 8 proteins with overlapping binding sites. Small changes in the enhancer motif affected function of all eight proteins indicating the importance of the co-operative binding (Panne et al. 2007, Thanos and[START_REF] Thanos | Virus induction of human IFN beta gene expression requires the assembly of an enhanceosome[END_REF].

In this chapter part of the gene regulatory network that controls expression of ARF activators was identified. In planta confirmation experiments led to the surprising discovery that the majority of the transcriptional regulators repress expression of ARFs. Analysis of the publically available DAP-seq and microarray gene expression datasets further validated these interactions and allowed to identify additional regulatory motifs within the network. Mutants of the transcriptional regulators were used to determine biological processes in which these regulations are important and provided clues on how specificity of ARF expression patterns is achieved.
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Results

Yeast one-hybrid assay revealed an elaborate network of transcription factors controlling expression of ARF activators

The transcriptional regulators of ARF activator expression were identified using a yeast one-hybrid assay (Fig. 2-1A). The ARF promoter fragments (bait) were fused to the lacZ or HIS3 reporter genes and screened against a library of transcription factors fused to a Gal4 activation domain (preys) in yeast. The physical interaction between the bait and the prey resulted in expression of these reporter genes which then enabled the selection of successful interactions through an X-gal assay (in case of lacZ) or by growing the yeast on a medium deficient in histidine amino acid (in case of HIS reporter gene) (Fig. 2-1B andC). An interaction was considered as positive when either one of the assays (or both) showed positive result.

An important point was to decide on the size of the DNA fragments from the ARF locus to use as a bait in this approach. Ideally these fragments should contain all binding sites for the regulatory transcription factors. The ARF activators all share a similar structure: within their coding sequence they contain 11-14 introns (Suppl. Fig. 1-1). In particular, for ARF5, 7 and 19 the first intron is 2-3 times larger than the other introns. Because this first intron was suspected to be important for the transcriptional ~ 93 ~ regulation, the sequences screened in the yeast one-hybrid included both upstream promoter region and a small part of the downstream region containing this first intron.

Overall, large promoter regions were screened with ca. 5000 bp promoters for ARF5, 8 and 19 and ca. 3000 bp promoters for ARF6 and ARF7. The length and the content of the bait fragments gives confidence that a majority of the regulatory interactions would be identified even though there is a chance that some interactions might still be missed. Due to the limitations of the assay, the larger promoters of ARF5, 8 and 19 were screened in two separate fragments (Fig. 23). The promoter size and ~ 94 ~ sequence corresponds precisely to the promoters used in the construction of the transcriptional reporter lines described in chapter I. In this regard, the transcriptional reporter lines reveal the expression patterns generated, in part, by the transcriptional regulators identified in this study. In the chapter the reporter lines were shown to have a generally good consistency between the observed expression pattern in the SAM and the published in situ hybridization results; this shows that the fragments used for the bait constructs contain most of the regulatory sequences required to recapitulate in planta expression patterns.

The yeast one-hybrid screen for promoters of ARF5, 6, 7, 8, and 19 was conducted in collaboration with Siobhan Brady's lab at the UC Davis. The Siobhan Brady's lab possesses a library of ca. 800 root-specific stele enriched transcription factors used in the yeast one-hybrid screen. In addition to that, I cloned 87 more transcription factors that I added to this collection in this study (see Suppl. Table 23 2014; [START_REF] Song | The bHLH subgroup IIId factors negatively regulate jasmonate-mediated plant defense and development[END_REF]. This particular regulation indicates a cross-talk between the jasmonate and the auxin signaling. A link between ARF7 and the JA signaling is a new surprising result. On the other hand, ARF8 regulates jasmonic acid homeostasis and this regulation plays a distinct role during flower maturation [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF] and adventitious root development [START_REF] Gutierrez | Auxin controls Arabidopsis adventitious root initiation by regulating jasmonic acid homeostasis[END_REF]; thus the ARF8 expression appears to be subjected to the feedback control through JAM2. LBD3, a LOB domain transcription factors, simultaneously regulates ARF19 and ARF5 transcription. Interestingly, LBD3 was shown to be the only member of the LOB gene family which is upregulated by cytokinin in leaves and together with its close homologue LBD4 in the root [START_REF] Naito | A link between cytokinin and ASL9 (ASYMMETRIC LEAVES 2 LIKE 9) that belongs to the AS2/LOB (LATERAL ORGAN BOUNDARIES) family genes in Arabidopsis thaliana[END_REF]. This result indicates a new link between the cytokinin and the auxin pathways. The role of LBD3 in plant development hasn't been studied yet, but other members of the LBD family were shown to play important roles in lateral organ development. For example, LBD16 and LBD29 are involved in lateral root development [START_REF] Feng | Effects of three auxin-inducible LBD members on lateral root formation in Arabidopsis thaliana[END_REF][START_REF] Goh | The establishment of asymmetry in Arabidopsis lateral root founder cells is regulated by LBD16/ASL18 and related LBD/ASL proteins[END_REF] whereas LOB and LBD6 play a role in shot apical meristem maintenance and lateral organ specification [START_REF] Byrne | ASYMMETRIC LEAVES1 reveals knox gene redundancy in Arabidopsis[END_REF].
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The final common transcription factor is NFYB13 (NUCLEAR FACTOR Y, SUBUNIT B13) which hasn't been studied yet. [START_REF] Kang | Comparative proteome analysis of differentially expressed proteins induced by K+ deficiency in Arabidopsis thaliana[END_REF] identified this gene as a homolog of human TATA-BP-associated phosphoprotein Dr1. The human Dr1 protein is known to repress RNA polymerase II transcription by precluding the entry of TFIIA and TFIIB into the pre-initiation complex to prevent the formation of an active transcription complex [START_REF] Inostroza | Dr1, a TATA-binding proteinassociated phosphoprotein and inhibitor of class II gene transcription[END_REF].

The majority of transcription factors which regulate ARFs are not common to multiple ARFs and could specifically control a single ARF activator. The regulator of ARF5, SMZ was shown to be a repressor of flowering by direct repression of the gene FT.

SMZ also directly represses other flowering regulators including itself, its paralog SNZ, AP2 and TOE3 [START_REF] Mathieu | Repression of flowering by the miR172 target SMZ[END_REF]. Another regulator of ARF5, At1g64620 (Dof1.8) is a Dof-type zinc finger DNA-binding protein. Although not much information is available on this particular gene, interestingly, the Dof1.8 is specifically expressed in the central and the rib zones of the shoot apical meristem, in shoot phloem and shoot xylem [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Yadav | A high-resolution gene expression map of the Arabidopsis shoot meristem stem cell niche[END_REF]). Thus Dof1.8 could be involved in regulation of ARF5 at the shoot apical meristem.

ARF19 promoter is regulated by NLP5, an NLP family protein which binds to the nitrate-responsive cis-element in promoters and activate nitrate-responsive transcription [START_REF] Konishi | Arabidopsis NIN-like transcription factors have a central role in nitrate signalling[END_REF]. Therefore ARF19 could be involved in the auxin-mediated nitrate signaling. Another regulator of ARF19, MYB65, controls anther development [START_REF] Millar | The Arabidopsis GAMYB-like genes, MYB33 and MYB65, are microRNAregulated genes that redundantly facilitate anther development[END_REF].

Among the ARF7 regulators WRKY38 acts as negative regulator of plant basal defense against plant pathogens [START_REF] Kim | Arabidopsis WRKY38 and WRKY62 transcription factors interact with histone deacetylase 19 in basal defense[END_REF]. This prominent link between auxin signaling and the biotic stress is also characteristic for ARF8 which is regulated by several WRKY transcription factors. One of them is WRKY4 which is induced by SA and has a positive role in plant resistance to necrotrophic Botrytis infection and a negative effect on plant resistance to biotrophic Pseudomonas syringae [START_REF] Lai | Roles of Arabidopsis WRKY3 and WRKY4 transcription factors in plant responses to pathogens[END_REF]. WRKY11 and WRKY17 are negative regulators of basal defense against Pseudomonas syringae [START_REF] Journot-Catalino | The transcription factors WRKY11 and WRKY17 act as negative regulators of basal resistance in Arabidopsis thaliana[END_REF]. WRKY33 was shown to negatively regulate SA pathway and positively JA pathway; it was shown to be required for resistance against the necrotrophs A. brassicicola and B. cinerea [START_REF] Birkenbihl | Arabidopsis WRKY33 is a key transcriptional regulator of hormonal and metabolic responses toward Botrytis cinerea infection[END_REF][START_REF] Zheng | Arabidopsis WRKY33 transcription factor is required for resistance to necrotrophic fungal pathogens[END_REF]). Altogether, it appears that ARF7 and ~ 97 ~ ARF8 could be involved in the JA and SA hormone pathway homeostasis in response to biotic stress.

One of the interesting regulators of ARF8 promoter is HFR1. HFR1 is a positive regulator of photoreceptor phytochrome B dependent seed germination. HFR1 forms a heterodimer with PIF1, the negative regulator of seed germination, and this prevents PIF1 from binding its target DNA. The HFR1-PIF1 module regulates the expression of various genes involved in cell division, cell wall modification and hormone pathways to promote seed germination [START_REF] Shi | HFR1 sequesters PIF1 to govern the transcriptional network underlying light-initiated seed germination in Arabidopsis[END_REF]. Interestingly, hfr mutants show longer hypocotyls under continuous far-red light which is similar to the phenotype of arf8 mutant [START_REF] Tian | Disruption and overexpression of Auxin Response Factor 8 gene of Arabidopsis affect hypocotyl elongation and root growth habit, indicating its possible involvement in auxin homeostasis in light condition[END_REF]).

ARF8 promoter also interacts with WUS and KNU. WUS is a well-studied protein which plays a central role in maintenance of the shoot apical meristem [START_REF] Brand | Dependence of stem cell fate in Arabidopsis on a feedback loop regulated by CLV3 activity[END_REF][START_REF] Lenhard | Stem cell homeostasis in the Arabidopsis shoot meristem is regulated by intercellular movement of CLAVATA3 and its sequestration by CLAVATA1[END_REF][START_REF] Mayer | Role of WUSCHEL in regulating stem cell fate in the Arabidopsis shoot meristem[END_REF][START_REF] Schoof | The stem cell population of Arabidopsis shoot meristems in maintained by a regulatory loop between the CLAVATA and WUSCHEL genes[END_REF][START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF]. KNU was shown to be a repressor of WUS [START_REF] Sun | A timing mechanism for stem cell maintenance and differentiation in the Arabidopsis floral meristem[END_REF]. KNU represses WUS only at the flower stage 6 when the stem cell maintenance is no longer required and the shoot apex undergoes the final transformation into a flower [START_REF] Sun | A timing mechanism for stem cell maintenance and differentiation in the Arabidopsis floral meristem[END_REF]).

The control of ARF8 expression by WUS and KNU might be linked to the role of ARF8 in flower development or indicate a role of ARF8 in shoot apical meristem maintenance.

A number of ARF8 regulators play a prominent role in abiotic stress. One of them is NTL4 (Anac053), a membrane bound transcription factor. Under drought-stress conditions it is protealytically cleaved off from the membrane, translocates to the nucleus, binds to the promoter of Atrboh gene which encodes an NADPH oxidase involved in ROS production, and this leads to ROS accumulation and triggers leaf senescence [START_REF] Lee | A NAC transcription factor NTL4 promotes reactive oxygen species production during drought-induced leaf senescence in Arabidopsis[END_REF]. NTL4 is also involved in other stresses including cold, H 2 O 2 treatment, MMS treatment, ABA treatments [START_REF] Kim | Exploring membraneassociated NAC transcription factors in Arabidopsis: implications for membrane biology in genome regulation[END_REF], heat, air-drying and salt stresses [START_REF] Lee | A NAC transcription factor NTL4 promotes reactive oxygen species production during drought-induced leaf senescence in Arabidopsis[END_REF]. Another transcriptional regulator of ARF8, DREB2A is also involved in drought-stress response; it specifically interacts with cisacting dehydration-responsive element/C-repeat (DRE/CRT) and regulates genes involved in drought stress such as RD29A [START_REF] Sakuma | Functional analysis of an Arabidopsis transcription factor, DREB2A, involved in drought-responsive gene expression[END_REF]. On the other hand, DREB26 is involved in heat and cold stresses [START_REF] Krishnaswamy | Functional characterization of four APETALA2-family genes (RAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis[END_REF]). The transcriptional regulator DDF1 was shown to be involved in cold, salt, drought and heat stresses in a GA-dependant manner [START_REF] Kang | Overexpression of FTL1/DDF1, an AP2 transcription factor, enhances tolerance to cold, drought, and heat stresses in Arabidopsis thaliana[END_REF]. Finally, ABF4 is ~ 98 ~ involved in ABA signaling in response to water stress and is induced by ABA, high salinity or water stress [START_REF] Yoshida | AREB1, AREB2, and ABF3 are master transcription factors that cooperatively regulate ABRE-dependent ABA signaling involved in drought stress tolerance and require ABA for full activation[END_REF]. Overall, the involvement of ARF8 in abiotic stress responses is a new unexpected result.

Several additional ARF8 transcriptional regulators are involved in developmental processes. For instance, SPL2 plays a role in lateral organ formation in the shoot during the reproductive phase [START_REF] Shikata | Arabidopsis SBP-box genes SPL10, SPL11 and SPL2 control morphological change in association with shoot maturation in the reproductive phase[END_REF]). SPL13 controls the switch from the cotyledon stage to the vegetative-leaf stage [START_REF] Martin | Regulation of post-germinative transition from the cotyledon-to vegetative-leaf stages by microRNA-targeted SQUAMOSA PROMOTER-BINDING PROTEIN LIKE13 in Arabidopsis[END_REF]. ZFP5 is a key regulator of root hair initiation and development (An et al. 2012). ZFP6 controls trichome initiation through GA and cytokinin signaling and by regulating the expression of ZFP5 [START_REF] Zhou | Zinc Finger Protein 6 (ZFP6) regulates trichome initiation by integrating gibberellin and cytokinin signaling in Arabidopsis thaliana[END_REF]. ZFP6 and ZFP7 are involved in light and ABA responses during germination and early seedling development [START_REF] Joseph | The Arabidopsis ZINC FINGER PROTEIN3 interferes with abscisic acid and light signaling in seed germination and plant development[END_REF].

. ~ 99 ~

The majority of the ARF activator transcriptional regulators act as repressors

The promoter-TF interaction network discovered in the yeast one-hybrid screen provides information on factors binding to ARFs in a heterologous organism.

Nevertheless, it's important to consider that these interactions might function in yeast but not in Arabidopsis thaliana. Additionally, it remains unclear if the discovered TFs are repressors or activators of ARF transcription in planta. These questions were addressed in a transient expression analysis using Arabidopsis thaliana leaf protoplasts.

Leaf mesophyll cells were co-transformed with a reporter plasmid and an effector plasmids (Fig. 2-5A). The reporter plasmid contained the promoter of the respective ARF driving expression of the nuclear-localized mVenus reporter gene. The promoter length was the same as used in yeast one-hybrid screen. The same reporter plasmid contained a constitutively expressed nuclear-localized TagBFP which was used as the marker to confirm successful transformation. In the effector plasmid the constitutive promoter pRPS5a drove expression of the relevant TF and simultaneously the nuclear-localized mCherry which served as the marker for the successful transformation of the protoplasts with this plasmid. The transcription factor coding sequence and the mCherry were separated by the 2A peptide which enables co-translational cleavage; thus the TF protein and the mCherry were produced as separate proteins despite being driven by a shared promoter (Kim et al. 2011a[START_REF] Trichas | Use of the viral 2A peptide for bicistronic expression in transgenic mice[END_REF]. Following plasmid transformation into protoplasts, the fluorescence levels of the mVenus reporter gene were measured using a confocal microscope. This was done by taking z-stack images of protoplasts; for each individual protoplast an image corresponding to the center of the nucleus was selected from the z-stack and the fluorescence intensity in the nucleus was measured (Fig. 2-5B andC).

It is expected that in some cases this experiment would be unable to confirm interactions as the mVenus levels might remain unchanged. In this case a TF may bind, but be insufficient to regulate expression, for example, it may be missing an essential co-factor. To address this I also developed a second alternative effector plasmid containing the herpes simplex virus protein VP16-domain fused to the Cterminus of a TF coding sequence (Fig. 2-5A). This alternative TF-VP16 fusion ~ 100 ~ protein could potentially acts as an activator of ARF transcription because the VP16domain acts as a transactivation domain [START_REF] Hirai | Structure and functions of powerful transactivators: VP16, MyoD and FoxA[END_REF].

In addition, an alternative reporter plasmid was also constructed. The only difference to the standard reporter is the sequence of the ARF promoter: whereas the standard ARF promoter contained both upstream sequences and small downstream sequences including the first intron, the alternative promoter contained only upstream sequences up to the start codon (Fig. 2-5A). This shorter promoter lacking downstream elements could be used to identify which of the regulatory transcription factors are binding the ARF promoters in the downstream region.

For ARF5, 6 and 7 five independent experiments whereas for ARF8 and ARF19 four independent experiments were conducted. The first type of experiment included the reporter plasmid against the effector plasmid (Fig. 2-5A); this experiment was repeated two times for ARF5, 6, 7 and 8, and one time for ARF19. Second type of experiment included an alternative reporter plasmid containing a shorter promoter (lacking downstream regions) against the effector plasmid; it was done once for Interestingly, in the case of ARF5, 6, 7 and 19 the reporter plasmid alone was able to produce a basal level of mVenus fluorescence in protoplasts, possibly due to presence of TFs in the leaf mesophyll cells that activate the promoter. This allowed detection of both activation and repression. On the contrary, ARF8 promoter was not producing any basal level of mVenus fluorescence. To overcome this problem, a small part of the 35S promoter was inserted into the ARF8 promoter before the transcription start site which boosted the basal expression level.

The results are shown using ARF5 as an example because ARF5 is regulated only by four different transcription factors in yeast: At1g64620 (Dof 1.8), KNAT1, LBD3 and SMZ. The protoplast assay using full-length ARF5 promoter showed that LBD3 and SMZ act as repressors (Fig. 2-6A). The same results were obtained using alternative shorter promoter (Fig. 2-6B) indicating that the binding sites of these transcription factors lie upstream of the start codon. When an alternative effector plasmid with VP16 domain fusion was utilized LBD3 still acted as a strong repressor of ARF5 whereas SMZ-induced repression was almost completely lifted (Fig. 2-6C).

This result suggests that the LBD3 is a stronger repressor of ARF5 transcription compared to SMZ. Interestingly, Dof1.8 had no effect on the ARF5 expression Scoring interactions between the promoter ARF5 and the regulatory transcription factors based on protoplast assay results. "+" indicated increase, "-" reduction and "0" no change of mVenus reporter gene levels compared to control (p ≤ 0.1). The score was given between 0 and 4: 4 when the interaction was confirmed in at least 4 independent experiments and 0 when the interaction wasn't confirmed even in a single experiment. "normal" indicates using standard effector plasmid; "VP16" indicated using an alternative effector plasmid with TF-VP16 domain fusion.

~ 102 ~ levels by itself (Fig. 2-6A andB) but when fused to the VP16 domain it was acting as a strong activator of ARF5 expression (Fig. 2-6C). This suggests that there is an interaction between the ARF5 promoter DNA and the Dof1.8 protein. Finally, KNAT1 could not change the expression level of ARF5 promoter in any of the experiments (Fig. 2-6 A, B andC).

The interactions were given scores between 0 and 4: if they were confirmed in at 
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As described above, two different reporter plasmids were used in the protoplast assay: the plasmid containing a longer promoter that included also downstream sequences such as the first intron and an alternative promoter which lacked downstream sequences. This method allowed me to differentiate transcription factors that bind downstream sequences in the ARF promoters. Indeed, in case of ARF6 the transcription factor NFYB13 induced expression of the mVenus reporter only in the longer promoter but not in the shorter promoter which lacked downstream sequences (Fig. 2345678). This shows that NFYB13 is likely to bind the ARF6 promoter in the downstream region. This example illustrates the importance of using both upstream and downstream sequences in the bait construct to optimize the amount of detected interactions.

Publically available databases can be used to further validate and explore the interactions

The transient protoplast assay utilizes cells extracted from a specific tissue (leaves) which are not pluripotent cells but instead retain the intrinsic programming of the leaf mesophyll cells [START_REF] Faraco | One protoplast is not the other![END_REF]. It is conceivable that some interactions might require specific cellular components not present in the leaf tissue and this could result in false negative results. Therefore, the capacity to confirm interactions is limited by the chosen system and other methods should be applied as well. For example, the regulator of ARF5 transcription Dof1.8 (At1g64620) belongs to the Dof gene family protein, members of this family have been shown to bind target DNA at the consensus sequence T/AAAAG [START_REF] Yanagisawa | Diversity and similarity among recognition sequences of Dof transcription factors[END_REF]. Indeed, the DAP-seq identified AAAG (or CTTT on the opposite strand) as the binding site of Dof1.8 (Fig. 2-9C). Promoter analysis of ARF5 confirms the presence of CTTT site at ~ 105 ~ -981 bp and AAAG site at +203 which corresponds to the summit of the two peaks detected in DAP-seq (Fig. 2-9A).

Similarly, the WRKY33, a regulator of ARF8 expression, belongs to the family of WRKY transcription factors that bind a W-box with a consensus sequence (C/T)TGAC(T/C) (Pandey andSomssich 2009, Zheng et al. 2006). This is identical to the sequence identified in the DAP-seq (TTGACT) (Fig. 2-9D). The ARF8 promoter contains two W-boxes at positions -799 bp and -786 bp which correspond to the peak in the DAP-seq analysis (Fig. 2-9B). Interestingly, the interaction between WRKY33 and the promoter ARF8 could not be confirmed in protoplasts but was supported with the in silico analysis.

On the other hand, WUS displays no peak in the promoter of ARF8 in DAP-seq analysis but acts as a strong repressor of ARF8 transcription in the protoplast assay. WUS was shown to bind a sequence TCATATAATCCATT of the CLV3 promoter in [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF] with the middle four nucleotides TAAT being essential for the binding ability. The promoter ARF8 has two similar sequences in the promoter region:

TACATTAATTCATT and TACTATAATTCATT sites located at -4820 bp and -870 bp upstream of the transcription start site. Thus even through this interaction could not be supported by the DAP-seq analysis the putative binding sites can be predicted using the available published information.

Complete results for the binding site analysis is presented in Supplementary Table 2-2. Overall, the DAP-seq database contains information on only 17 out of 42 of the regulatory transcription factors identified in this study. From the 17 transcription factors available, 53% show very specific peaks with distinguishable putative binding sites, 23% display multiple peaks with high noise background which hinders analysis and 24% shows no peak in the promoter region (but specific peaks elsewhere in the genome) (Fig. 2-9E, Suppl. Table 2-2). Among TFs with specific binding in the DAPseq are MYB65, WRKY17, WRKY20 and WRKY33; these four interactions were not confirmed previously using the transient protoplast assay but could be confirmed with this method. Thus the binding specificity of the transcription factors to the ARF promoters was additionally validated in many cases. The repression of ARF expression by the regulatory transcription factors suggests that these transcription factors should be expressed in tissues opposite to where their target ARF activators are found. The expression pattern of ARF activators has been described in the root and the shoot apical meristem in chapter I. On the other hand, the information on the expression of the regulatory transcription factors can be found using root and shoot gene expression maps (Brady et al. 2007;[START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Yadav | A high-resolution gene expression map of the Arabidopsis shoot meristem stem cell niche[END_REF]. In these works the fluorescence-activated cell sorting of protoplasts coupled with microarray was used to generate expression profiles in the root and the shoot apical meristems with a tissue-specific resolution.

As an example, the ARF5 expression map recapitulates the expression pattern provided by the transcriptional reporter line well (Fig. 1-1A and1-2). The ARF5 regulators LBD3, SMZ and Dof1.8 are also expressed in specific tissues of the RAM whereas KNAT1 is not expressed in the root at all (Fig. 2345678910). Interestingly, the expression of ARF5 is predominantly limited to the xylem in the root above the early meristematic zone (Fig. 1-1A and 1-2). LBD3, a strong repressor of ARF5, is expressed in procambium cells of the root but absent from the xylem. Another repressor of ARF5, SMZ, is enriched in phloem and phloem-pole pericycle. Thus the repressors of ARF5 show a complementary expression pattern in the root. This could indicate that LBD3 and SMZ are repressors which block ARF5 expression from the high cytokinin signaling domains (procambium and phloem) and limit its expression to the high auxin signaling domain (xylem).

On the other hand, Dof1.8 is strongly expressed in xylem, pericycle and weaker in phloem. Nevertheless, Dof1.8 was not shown to be a repressor of ARF5 but in fact only acted as a transcriptional activator when fused to a VP16 domain in the protoplast assay (Fig. 23456). Therefore Dof1.8 might represent an activator of ARF5 transcription acting in xylem cells of the root.

Similarly, the shoot gene expression map can be used to localize expression of ARFs and their regulators. Unfortunately, among ARF activators only ARF19 shows a tissue-specific expression profile whereas ARF5, 6, 7, and 8 are expressed almost ubiquitously in the SAM (Suppl. Fig. 2-1). This doesn't correspond to the transcriptional reporter expression patterns (Fig. 1234567) or the published in situ hybridization results [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. The authors of the shoot gene expression map used apetala1-1;cauliflower1-1 double mutant shoot apexes which has a highly ~ 108 ~ disorganized inflorescence to generate their data [START_REF] Han | Regulation of inflorescence architecture by cytokinins[END_REF]. Therefore it appears that the shoot expression map data cannot be applied with the confidence required for this study. 
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Overall, the root expression maps support the antagonistic expression patterns of repressors in case of ARF6 and ARF19 (Fig. 1-1, Fig. 2-11A andB). ARF7 shows a wide expression pattern in multiple tissue types of the RAM which contradicts with the specific expression patterns for some of the repressor (Fig. 1-1, Fig. 2-11C). This could mean that repressors act in a highly specific way to reduce ARF7 expression at certain times or only act to tune the level of expression. ARF8 expression is very limited in the RAM and this corresponds well with the expression of repressors in various tissues (Fig. 1-1, Fig. 2-11D). 
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Mutants of the regulatory transcription factors indicate coregulation of multiple ARF activators

The regulation of ARFs by the identified transcription factors might play a role directing the specificity of auxin response in one of the multitude of developmental processes regulated by auxin. A more detailed in-depth analysis is required to narrow down in which processes these interactions could be important. For this purpose T-DNA insertion mutants of 25 regulatory transcription factors were utilized (Fig. 23456789101112) (Suppl. . I first verified that these mutants are homozygous using PCR.

Then I measured the quantity of mRNA compared with the wild-type to determine whether these represented knock-outs. The majority of the mutants are knock-down or knock-out lines (Suppl. Fig. 2-2). However, a small number of the T-DNA insertions (wrky38, abs2 and at1g26610) cause overexpression of the mRNA. In this case the T-DNA insertion is predicted to result in a large hybrid mRNA containing a fusion of the gene RNA and the T-DNA sequence which is unlikely to be successfully transcribed into a functional protein. Overall, this collection of mutants represents regulators of all five ARF activators (Fig. 2

-12).

A number of experiments can be conducted using this collection of mutant. Mutating the regulatory transcription factors is expected to induce changes in expression of their target ARFs; this could lead to defects in growth and development caused by destabilized levels of auxin signaling. The resulting growth-related phenotypes of the mutants might provide clues to the processes regulated through each particular TF-ARF interaction.

To start with, the expression levels of ARF activators in the mutant background can be quantified using qRT-PCR method. One can measure not only the expression of the ARF activator which is regulated by the particular transcription factor, but also other ARF activators. This would allow detection of co-regulation of multiple ARF activators by a single regulatory transcription factor. Alternatively, if the target ARF regulates expression of other ARF activators, such cross-regulation could also result in changes of expression level in non-target ARFs.

The expression of ARF activators in mutants of the 25 transcription factors was first investigated both in the root and the shoot of 7-days old seedlings. As an example, the lbd3 mutant contains a T-DNA insertion in the intron region which results in a complete knock-out of the gene expression (Fig. 2-13A andB). In the protoplast ~ 111 ~ assay LBD3 was shown to be a strong repressor of ARF5 and ARF19 transcription. Indeed, ARF5 expression in upregulated significantly in the shoot but not in the root of the lbd3 mutant (Fig. 2-13C). Similarly, ARF19 expression is increased in the root but not the shoot of the lbd3 mutant (Fig. 2-13C). This could indicate that the LBD3-pARF5 interaction is more important in the shoot development whereas the LBD3-pARF19 interaction is more essential for the root development. Additionally, ARF6 is also upregulated in the lbd3 mutant which could mean that LBD3 directly or indirectly affects expression of other ARFs. 
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Overall, out of the 25 mutants examined, 10 mutants (40% of the mutants) showed significant changes in the expression of the target ARF activators. In all cases, the changes in the target ARF expression were accompanied by significant changes in expression of at least one or multiple non-target ARF activators. This shows that the changes in expression levels of one ARF activator affects expression levels of other ARF activators hinting at a cross-regulation of ARF expression. This may not be direct as few TFs were shown to bind multiple ARFs but could represent modulation in auxin response feeding back on ARF expression. In the remaining 15 mutants (60% of the mutants) the target ARF expression didn't change significantly but expression of other non-target ARFs was significantly affected. It should be noticed that it is possible these 60% maybe be bona fide interactions, but the interaction only ~ 113 ~ occurs under specific conditions or in specific tissues. To be successfully detected some interactions might require sampling of more specific tissues, for example only lateral root primordia, instead of whole root and whole shoot tissues examined here.

The overall results of this experiment are summarized in Table 2-2. This experiment was done with the help of Stéphanie Lainé, ENS de Lyon.

There are a few common trends which point at co-regulation of multiple ARF activators. In the mutants of several ARF7 transcriptional regulators (crf10, wrky38, al7) the expression of ARF5 in the shoot is downregulated. On the contrary, the expression of ARF5 in the shoot is upregulated in the mutants that target ARF19 in Y1H assay (myb65, nlp5, lbd3). 
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Interestingly, in mutants of the TFs which target ARF8 in Y1H the expression of ARF8 is either downregulated or, more often, not significantly affected (wrky4, wrky11, wrky17, wrky20, wrky21, at1g26610, abf4) whereas ARF5, 6, and 19 expression is frequently upregulated. One can question why the expression of their target ARF8 is often not significantly affected. This could be explained by the ability of ARF8 to regulate its own expression levels. Indeed, in the arf8-2 mutant ARF8 expression is upregulated in the shoot indicating that ARF8 is able to negatively regulate its own expression (Fig. 2-14).

To analyze further how mutation of a regulatory transcription factor can affect the expression of its target ARF, several crosses between the full length pARF-mVenus transcriptional reporter lines (described in chapter I) and the TF mutants were generated. A few of these crosses were analyzed in the root. One of the interactions ~ 115 ~ confirmed in the protoplast assay is repression of ARF6 and ARF7 expression by NFYB13 transcription factor. Indeed, ARF7 expression was significantly increased in the nfyb13 background compared to the control in the root apical meristem when looking at the crosses between the mutant and the pARF7-mVenus transcriptional reporter (Fig. 23456789101112131415). The analysis of the ARF activator expression with qRT-PCR showed that ARF7 expression is higher in the root of the mutant seedling even through this upregulation was not statistically significant due to large variability between replicates (Fig. 2-15D). The qRT-PCR analysis shows results for the whole root whereas the confocal microscopy on the pARF7-mVenus cross reports upregulation in the root apical meristem. Thus the reporter line analysis can confirm interactions on more tissue-specific level.

Expression of the several transcription factors is regulated by auxin

The transcriptional regulators identified in this study were shown to influence expression levels of multiple ARFs thus partially affecting auxin signaling output. An ability to influence the auxin signaling pathway so strongly means that the expression of the transcriptional regulators themselves are likely to be precisely controlled. One possible mechanism could be direct activation or repression of the transcription factor by auxin which would provide an efficient feedback control. This possibility was investigated using publically available microarray datasets that provide information on auxin inducibility of genes.

One such dataset was obtained by Shimada lab and published in the Arabidopsis eFP Browser [START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF][START_REF] Goda | The AtGenExpress hormone and chemical treatment data set: experimental design, data evaluation, model data analysis and data access[END_REF]. In this dataset 7 days old seedlings were treated with 1 µM IAA for 30 min, 1h and 3h. Rapid change in gene expression in response to auxin can be observed in 3 transcription factors with upregulation after 30 min treatment for WRKY33 and IAA30 and downregulation for ZFP6. In addition to that, 3 more transcription factors were downregulated after 1h treatment: At2g26940, LBD3 and TGA1 whereas SPL13b was upregulated after 1h treatment. Finally, KNAT1 was downregulated after 3h treatment (Table 23 
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Mutants of the regulatory transcription factors show auxin-related defects in root and shoot development

The previous results confirmed that the ARF activators often show abnormal expression in the mutants of their transcriptional regulators. This disrupted expression is likely to lead to changes in expression of auxin-inducible genes which are directly regulated by ARF activators and this, in turn, could interfere with normal growth and development. To test this possibility, the mutant plants were analyzed for defects in the root and the shoot development which have been previously shown to be regulated by auxin signaling.

For the shoot phenotype analysis, the plants were grown in short day conditions (8h light/16h dark) for 43 days during which period the number of leaves and the rosette diameter was measured. After 43 days, the plants were transferred to the long-day conditions (16h light/8h dark) to induce bolting and after 3 and 4 weeks of further growth the following parameters were measured: the length of the main stem, number of cauline branches (growing from the main stem) and number of axillary branches (growing from the rosette).

Overall, 64% of the mutants (16 out of 25 mutants) showed defects in shoot development whereas 36% of the mutants were unaffected (9 out of 25 mutants). 
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The results are summarized in Several of the mutants have increased number of leaves and increased rosette size during the vegetative phase; these include mostly the regulators of ARF8 wrky4, wrky11, wrky17, wrky20, abf4, zfp6, the regulator of ARF19 nlp5 and the regulators of multiple ARFs nfyb13 and at2g26940 (Fig. 2-17A, Table 234). On the contrary, only two mutants have reduced number of leaves during the vegetative phase including crf10 (regulator of ARF7) and dof1.8 (regulator of ARF5). Thus the majority of the mutants show faster development during the vegetative phase.

dof1.8 mutant is additionally affected in shoot development in reproductive phase with reduced shoot length and reduced number of axillary branches (Fig. 2-17, Table 234). Two other mutants, al3 (regulator of ARF7) and asil1 (regulator of ARF8), also have reduced shoot length in the reproductive phase indicating stunted development. Auxin transport or signaling perturbations in pin1 and arf5 mutants lead to production of defective "pin"-like inflorescences (Galweiler et al. 1998[START_REF] Przemeck | Studies on the role of the Arabidopsis gene MONOPTEROS in vascular development and plant cell axialization[END_REF].

The growth of the "pin"-like inflorescences can be induced even in the wild-type plants if they grow on the medium containing the auxin transport inhibitor NPA [START_REF] Reinhardt | Auxin regulates the initiation and radial position of plant lateral organs[END_REF]. One can speculate that this growth reaction to NPA can be altered in the mutants of the regulatory transcription factors which control expression of ARF5 [START_REF] Przemeck | Studies on the role of the Arabidopsis gene MONOPTEROS in vascular development and plant cell axialization[END_REF]. For these reason, the two mutants, lbd3 and dof1.8, were grown on medium supplemented with NPA for 25 days until they produced inflorescences. Each plant produced a defective inflorescence but the severity of the phenotype could vary. The strongest phenotype was a single pin inflorescence lacking any organs, followed by a pin with 1-3 poorly developed flowers and, rarely, relatively normal shoot lacking pin (Fig. 2-18). The percentage of plants with these phenotypes was counted in the mutants and the wild-type plants. Neither mutant showed any difference compared to the wild-type (Fig. 2-18) indicating that both mutants are unable to overcome this NPA-induced defect in shoot development. ~ 120 ~

The root phenotype analysis was done by Jingyi Han using a robot (University of Nottingham, Anthony Bishopp's group). She measured the length of the main root when grown on medium with or without IAA. Results for the root growth on medium without IAA are not completed by the time of writing this thesis. Results for the root growth on medium with IAA indicate that 13 out of 25 mutants are significantly affected (Table 2-4, Suppl. Fig. 234). The root growth is increased in the presence of auxin in 7 mutants and reduced in 5 mutants compared to the wild-type. The al3 mutant shows reduced growth at 5 days but increased growth at 15 days.

In addition, Jingyi Han measured auxin-dependant gravitropic response in the roots of the mutants. In this assay, the 5 days old seedlings were turned at a 90° angle to induce downwards growth of the root and the root growth kinetics were analyzed every hour for the subsequent 12h. Among the mutants, wrky38 and nlp5 showed faster gravitropic response at most of the time points measured whereas zfp6

showed slower gravitropic response (Table 2-4, Suppl. Fig. 2345). Myb65, wrky11, at2g44730 and al3 have significantly faster gravitropic response at the later time points (Suppl. Fig. 2345). Interestingly, WRKY38 and AL3 regulate expression of ARF7 whereas NLP5 and MYB65 regulate expression of ARF19 in my yeast one-hybrid screen. Both ARF7 and ARF19 were shown to be the main ARFs involved in root gravitropic response (Li et al. 2006a, Okushima et al. 2005).

Taking the shoot and the root phenotyping data together, 22 out of 25 mutants have significant deviation in growth (Table 234). Only lbd3, ntl4 and abs2 showed normal root and shoot growth in all experiments. Interestingly, 8 mutants have growth phenotypes in both the root and the shoot whereas the other 14 mutants are affected only in either root or the shoot development. In summary, the mutant phenotyping experiments showed that mutation of ARF transcriptional regulators can substantially affect development leading to growth defects.
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Discussion

In this chapter I identified transcriptional regulators that control expression of ARF activators in Arabidopsis thaliana. The protoplast assay, DAP-seq screen and the analysis of the molecular and physiological mutant phenotypes confirmed that the majority of the interactions are functional in planta and that the majority of the TFs are repressors of ARFs. DAP-seq and the literature review allowed me to identify promoter binding sites for several interactions. The differential expression of ARFs and the mutant phenotypes illustrate that these interactions might be important for the auxin signaling output and are involved in regulation of plant development.

Does the yeast one-hybrid gene regulatory network reflect in planta gene interactions?

Nevertheless, there are a few questions which arise from the yeast one-hybrid screen. One question would be, how representative are the interactions obtained from Y1H assay? Does the screen succeeded in capturing all potential interactions?

Are some of the identified interactions false positive?

It is obvious that not all interactions can be detected even using high-throughput screen as the one used in this thesis. The first limitation is the size of the prey collection: only about half of the predicted transcription factors are present which means that there is a possibility to detect only half of the potential interactions.

Another reason lies within the chosen system: using yeast as a heterologous organism might perturb some of the interactions leading to false negative results.

One can imagine that if a particular interaction needs a plant-specific co-repressor or a co-activator not present in the yeast, such an interaction will not work in the assay.

One can conclude that the present network represents a smaller part of the complex gene network in Arabidopsis thaliana. This network would therefore be a result of a random sampling of a larger and more complex pool.

Additionally, other biases could have been introduced by the chosen method and could have influenced the outcome of the assay. Besides the reduced TF pool size and potential inability to detect some interactions in yeast, the importance of choosing sufficient promoter construct must be evaluated. Did the chosen promoter fragments allowed to catch all potential interactions? In the literature it was shown that 86% of the transcription factor binding sites in Arabidopsis thaliana are localized ~ 122 ~ between -1000 bp and +200 bp with a peak at 50 bp upstream of the transcription start site [START_REF] Yu | Positional distribution of transcription factor binding sites in Arabidopsis ~ 250 ~ thaliana[END_REF]. They demonstrate that the probability of having a transcription factor binding site upstream of -2000 bp is only 0.0004 [START_REF] Yu | Positional distribution of transcription factor binding sites in Arabidopsis ~ 250 ~ thaliana[END_REF].

Indeed, in the yeast one-hybrid screen, longer promoters of ARF5, 8 and 19 were assayed in two separate fragments which together spanned approximately 5,5 kb sequence (Fig. 23). Interestingly, all detected interactions with one exception were detected in the 3 kb fragment closest to the transcription start site. This means that in general, using approximately 3 kb upstream region would be sufficient to catch all the potential interactions. Including downstream regions in the bait fragment appears to be important as well. Among the interesting results, NFYB13 was shown to bind promoter of ARF6 in the downstream region because this transcription factor was unable to interact with the promoter construct lacking downstream regions (Fig. 2345678).

Indeed, the importance of introns in transcriptional regulation has been discussed in 

ARF activator expression is predominantly regulated by transcriptional repressors

Auxin controls growth either during development or in response to environmental stimuli. In order for the correct auxin response to be established, whole tissues have to be reprogrammed in a relatively rapid manner. For example, the root architecture can adapt relatively fast to phosphorus availability by arresting primary root growth and initiating lateral root development [START_REF] Niu | Responses of root architecture development to low phosphorus availability: a review[END_REF][START_REF] Svistoonoff | Root tip contact with low-phosphate media reprograms plant root architecture[END_REF]). Such large amount of resources and therefore, it should only be done when necessary. In addition, the timing of organ initiation is tightly regulated both in the root and the shoot. An untimely auxin response could cause co-initiation of multiple organs and result in developmental perturbations. Thus it is highly important to have timely and regulated developmental events which would require a precise control of auxin signaling. One can imagine a system in which ARF activators are expressed from a strong promoter that guarantees swift production of ARFs and fast auxin response.

On the other hand, this system would be kept in an OFF state by transcriptional repressors; such repression could be then removed when needed to render the system in the ON state. A large number of repressors might be required so that removing one repressor will switch on the auxin signaling only in very specific tissue.

The gene regulation by repression could be a sophisticated regulatory mechanism to enable swift auxin response limited to a specific time frame and a specific location.

Repression of gene expression is a mechanism utilized frequently in developmental context. This mechanism limits expression of key regulatory proteins to specific tissues or specific time point and prevents inappropriate responses. For example, the transcription factor AGAMOUS is an important regulator of flower development in A.

thaliana; its expression is regulated by the repressor complex consisting of two proteins, LUG and SEU, and this prevents ectopic and untimely expression of AG [START_REF] Franks | SEUSS, a member of a novel family of plant regulatory proteins, represses floral homeotic gene expression with LEUNIG[END_REF][START_REF] Liu | LEUNIG regulates AGAMOUS expression in Arabidopsis flowers[END_REF][START_REF] Sridhar | Transcriptional repression of target genes by LEUNIG and SEUSS, two interacting regulatory proteins for Arabidopsis flower development[END_REF]. A few small gene regulatory networks that include gene repression have been described before. As such, the specification of cortical neurons in mammals during embryonic development is established by a gene network based on gene repression and derepression interactions [START_REF] Srinivasan | A network of genetic repression and derepression specifies projection fates in the developing neocortex[END_REF]. In Drosophila melanogaster the key transcription factor Bicoid establishes the body plant along the anterior posterior axis during embryonic development by activating expression of different target genes and this leads to positioning of boundaries between individual body segments.

However, the Bicoid-dependant activation is limited by a set of repressors that suppress expression of the Bicoid-target genes and this repression sets correctly the body structure of the embryo [START_REF] Chen | A system of repressor gradients spatially organizes the boundaries of "morphogen-dependent" target genes[END_REF]). It appears that gene repression can play an important role in developmental processes both in plants and in animals.
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Regulation of ARF8 by multiple transcription factors might indicate its special significance in auxin signaling

In the yeast one-hybrid screen ARF8 had significantly more interactions than other ARFs (31 interactions for ARF8 compared to 2-6 interactions for other ARFs). The average number of transcriptional regulators identified in Y1H assay using S. Brady protocol is 3.36 transcription factors pro promoter [START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]. A completely different study came to a surprisingly similar result: the amount of transcription factor binding sites was calculated as 5.4 on average per gene in Arabidopsis thaliana [START_REF] Yu | Positional distribution of transcription factor binding sites in Arabidopsis ~ 250 ~ thaliana[END_REF]. S. Brady reports a few promoters that had a large amount of interactions in yeast on-hybrid assay such as PHB promoter with 30

TFs and REV promoter with 37 TFs. They found a significant correlation between the genes regulated by a large number of TFs and their developmental importance [START_REF] Brady | A stele-enriched gene regulatory network in the Arabidopsis root[END_REF][START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]). This developmental importance was calculated as a positive correlation between having a morphological root phenotype and a number of TF regulators identified [START_REF] Brady | A stele-enriched gene regulatory network in the Arabidopsis root[END_REF]. This leads to speculation that ARF8 must have an important function in development.

Nevertheless, other ARF activators such as ARF5 control key developmental promoters used in yeast one-hybrid assay yielded 37,4% similarity. On the other hand, aligning promoters of non-homologous genes ARF5 and ARF8 shows that there is 43,2% similarity. Therefore the individual differences between promoter sequences are equally significant between homologous and non-homologous genes.

It remains unclear if individual sequence specificity of ARF promoters can affect transcription of LacZ and HIS reporter genes in yeast and lead to biased results in the number of regulators identified. In conclusion, it is more probably that the number of interactions reflects different regulation in planta.

The number of interactions identified in ARF8 could be justified by the need for multiple regulators in planta. In fact, the expression of ARF8 in the root and the shoot is the most restricted of all ARFs; it is found only in the L1 layer of the SAM and the epidermis layer of the RAM (Fig. 1-1 and Fig. 1234567). For example, ARF8 expression is completely absent from the root above the elongation zone (Fig. 12345) whereas other

ARFs are expressed at least to some extend in the older root tissues. The protoplast assay also showed that ARF8, unlike other ARF activators, is not expressed in the leaf tissue. Such a restricted expression pattern could indeed require a combined action of multiple transcriptional repressors. In this study ARF8 is also shown to be able to negatively autoregulate its own expression (Fig. 234567891011121314). Indeed, negative autoregulation is a mechanism which allows a rapid decrease in production of the protein when the protein levels reach a particular threshold (Fig. 2-2B, I). This mechanism is often associated with strong promoters [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF][START_REF] Camas | Autogenous and nonautogenous control of response in a genetic network[END_REF][START_REF] Rosenfeld | Negative autoregulation speeds the response times of transcription networks[END_REF]. Thus such mechanism could allow for a rapid response due to the strong promoter and rapid attenuation of this response in dependence on the protein concentration. In addition, negative autoregulation reduces variations in protein concentrations: by high protein concentrations ARF8 would reduce protein production by repressing its own expression whereas at low protein concentrations the protein production rate will be increased [START_REF] Becskei | Engineering stability in gene networks by autoregulation[END_REF]. The need for a rapid response is consistent with the putative role of ARF8 as a mediator of environmental responses because the ever-changing environmental conditions might require rapid growth and developmental adaptations. In this case, ARF8 must remain at constant low expression levels under normal conditions so that the rapid and strong increase in its ~ 128 ~ protein would work as a sensor switch. In addition, such an environmental sensor must be returned to low protein levels just as rapidly to be ready for the next stimulus.

Interestingly, the expression levels of ARF8 in the mutants of its regulatory TFs are in most of the cases either normal or reduced compared to wild-type (Table 2-2). This is an unexpected result because an upregulation of ARF8 would be more logical particularly because most of these TFs are repressors of ARFs. Could it be that due to negative autoregulation ARF8 normalizes or even reduces its own expression? Does this mean that high levels of ARF8 are disadvantageous and damaging for the plant? The results of this study suggest that keeping ARF8 at constant low protein levels is necessary for the plant to respond effectively to the environment. Further experiments are required to shed more light on this regulation. These experiments could include, for example, misexpression of ARF8 in specific tissues using an inducible system; contrary to the described constitutive overexpression of ARF8 [START_REF] Tian | Disruption and overexpression of Auxin Response Factor 8 gene of Arabidopsis affect hypocotyl elongation and root growth habit, indicating its possible involvement in auxin homeostasis in light condition[END_REF] an inducible system would allow to overcome the decrease in ARF8 expression caused by the negative autoregulation.

Gene regulatory network motifs describe regulations that could be important during development

The gene regulatory network identified in this study contains not only simple regulations between the transcription factor and its target promoter but also more complicated motifs. The negative autoregulation was identified for ARF8 as discussed before; in addition, studying expression of the relative regulatory transcription factor in the mutant background of this TF with primers binding before the insertion site provided evidence for additional autoregulatory loops (Suppl. Fig. 2-2). In addition, several double-negative and double-positive feedback loops were identified based on the auxin signaling output controlling expression of the TFs (Fig.

2-16

). The complex set of regulations identified in this study is illustrated in Fig. 2345678910111213141516171819. The genes LBD3, ZFP6, At2g26940 and TGA1 identified as repressors of ARFs are negatively regulated by auxin. This means that ARFs mediate auxin response by directly or indirectly repressing expression of their own repressors. Such system is an example of a double-negative feedback loop which consists of two mutually repressing components. In addition to transcriptional gene regulatory networks, such loops were identified between miRNA and its target TFs and in post-transcriptional interactions such as phosphorylation [START_REF] Cai | Functional characteristics of a double negative feedback loop mediated by microRNAs[END_REF][START_REF] Johnston | MicroRNAs acting in a doublenegative feedback loop to control a neuronal cell fate decision[END_REF][START_REF] Xiong | A positive-feedback-based bistable "memory module" that governs a cell fate decision[END_REF]. This type of loop is usually associated with developmental networks and it is used to initiate irreversible cell fate decisions [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF]. Cell fate decisions separated by a double-negative feedback loop have been described before. For example, such loops are responsible for the transition from epithelial to mesenchymal cell types during cancer formation [START_REF] Diepenbruck | miR-1199-5p and Zeb1 function in a double-negative feedback loop potentially coordinating EMT and tumour metastasis[END_REF][START_REF] Siemens | miR-34 and SNAIL form a double-negative feedback loop to regulate epithelial-mesenchymal transitions[END_REF][START_REF] Yang | A double-negative feedback loop between Wnt-β-catenin signaling and HNF4α regulates epithelialmesenchymal transition in hepatocellular carcinoma[END_REF].

Interestingly, double-negative feedback regulation between LBD3 and its target ARF5 could be responsible for the pattern formation in the root vasculature. This hypothesis is based on the mutually exclusive expression patterns in the root stele:

LBD3 is expressed in the procambium domain (Fig. 2-10) whereas ARF5 is confined predominantly to the xylem starting from the upper meristematic zone (Fig. 2-10, Fig. 12). Similarly, the other target of LBD3, ARF19, is expressed in protoxylem only in the meristematic zone (Fig. 123456). Could it be that LBD3 restricts ARF5 and ARF19 expression in procambium through direct repression and, at the same time, ARF5 and ARF19 repress expression of LBD3 in the xylem (Fig. 2-20)? If this is the case, the double-negative feedback loop would create two zones of separate cell fates:

xylem and procambium. It seems that this feedback loop might be driving pattern formation in the root vasculature. Nevertheless, so far no root-related phenotype was detected for the lbd3 mutant (Table 234); further examinations are required to detect any alternations in vasculature development in this mutant.

On the other hand, the ARF activator SPL13b is positively regulated by auxin and provides an example of a double-positive feedback loop. This element is also specific for developmental gene networks and functions to amplify an initial transient activating signal [START_REF] Alon | Network motifs: theory and experimental approaches[END_REF]. In this loop, a signal would initiate a permanent activation loop where two genes would simultaneously activate each other expression. SPL13 controls the switch in leaf development from cotyledons to vegetative leaves [START_REF] Martin | Regulation of post-germinative transition from the cotyledon-to vegetative-leaf stages by microRNA-targeted SQUAMOSA PROMOTER-BINDING PROTEIN LIKE13 in Arabidopsis[END_REF]. SPL13 is also expressed in developing anthers and could therefore be involved in flower development [START_REF] Xing | miR156-targeted and nontargeted SBP-box transcription factors act in concert to secure male fertility in Arabidopsis[END_REF]. The role of ARF8, the target of SPL13, in flower development is well-described (Nagpal et al. 2006). It is feasible that the positive interaction between these genes could regulate a 

Expression of ARF activators is co-regulated in planta

Studying changes in expression levels of ARF activators in the mutants of the regulatory transcription factors provided additional level of confirmation for the interactions and allowed to speculate in which tissue (root or shoot) the interaction could have a biologically important role. Surprisingly, in most cases the levels of ARFs other than those identified as targets in Y1H assay were also affected and often, ARFs appear to be co-regulated in modules. Indeed, ARF5, 6 and 19 are often upregulated together whereas ARF7 and ARF8 could be downregulated together.

A few questions arise when looking at these results. Could it be that this modular coexpression is a mechanism to generate equilibrium and achieve homeostasis of auxin signaling output because in the mutants a part of the auxin signaling pathway is compromised? If so then one can assume that differentially regulated ARF modules act antagonistically to each other in certain processes. This would mean that misexpression of one ARF activator can be compensated by an antagonistic misexpression of another ARF activator. A similar situation is observed for PIN auxin efflux carriers with an auxin-dependant cross-regulation of pin expression; if one PIN protein is lost, the other PIN proteins compensate by ectopic expression [START_REF] Vieten | Functional redundancy of PIN proteins is accompanied by auxin-dependent cross-regulation of PIN expression[END_REF].
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Material and methods

Plant material

25 mutants of transcription factors and the arf8-1 mutant were obtained from NASC.

T-DNA accession numbers are listed in Supplementary Table 234. T-DNA insertions were analyzed by genotyping using primers listed in Appendix.

Y1H assay

The yeast on-hybrid assay was conducted according to [START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF] containing a GAL4 activation domain [START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]. The vectors were transformed into the yeast strain Yλ1867.

The yeast one-hybrid screen was conducted as described in detail in Gaudinier et al.

2011 using a BioRad VersArray robot to replicate the yeast. Briefly, yeast plates containing transcription factor libraries (the prey) were propagated from glycerol stocks on the tryptophan dropout selective medium. The yeast strains containing the promoters of ARFs (the bait) were propagated on the histidine and uracil dropout medium. The prey and the bait plates were mated on yeast peptone dextrose (YPD) medium plates for 2 days at 30°C. To select for diploids which contain both the bait and the prey constructs, the yeast was transformed from YPD plates into a histidine, uracil and tryptophan dropout selective medium for 2 days at 30°C. The yeast interaction was checked by growing diploid yeast on 3-AT plates and on YPD plates containing nitrocellulose filter (for X-gal assay). 3-AT plates were left growing by RT in the dark for 10 days and then photographs were taken. X-gal plates were left growing for 2 days at RT and then X-gal staining was performed at 37°C with photographs taken at 30 min, 1h, 2, 3, 4, 8h and 24h. Positives were scored from both assays separately and considered positive interactions if they were scored in at least one of the assays (Fig. 2-1B andC).

Transient expression in Arabidopsis thaliana protoplasts

For the transient protoplast assay the reporter and the effector plasmids were constructed as shown in Fig. 2-5A.

For the reporter plasmid, the promoter fragment of the respective ARF was amplified by PCR and cloned into pDONR P4-P1R plasmid; the promoter sequence is the same as used in Y1H assay. Note that just like in the Y1H assay the standard promoter constructs contained both upstream sequence and also included short sequences downstream of ATG including the first big intron. In addition, for ARF5, 6, 
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A Zeiss 710 LSM confocal microscope was used for imaging the protoplasts (Fig. 2-5B). The sequential scanning was performed with mVenus (excitation at 514, emission at 520-559), TagBFP (excitation at 405 and emission at 423-491), mCherry (excitation at 561, emission at 598-636) and bright-field channels. Z-stacks of several protoplasts were taken. The data was analyzed using ImageJ software. The image with the best focus for each protoplast was selected from the z-stack. The nucleus was selected and the mean fluorescence was measured as illustrated in Fig. 2345. For the statistical analysis an unpaired t-test was conducted with p ˂ 0.1 considered as statistically significant. The number of replicates was 40 protoplasts.

For each ARF-TF interaction 4 or 5 independent experiments were performed. The first type of experiment included the reporter plasmid against the effector plasmid (Fig. 2-5A) (repeated two times for ARF5, 6, 7 and 8, and one time for ARF19).

Second type of experiment included an alternative reporter plasmid containing a shorter promoter (lacking downstream regions) against the effector plasmid (repeated once for ARF5, 6, 7 and 19). Third type of experiment included the reporter plasmid against an alternative effector plasmid containing TF-VP16 domain fusion (repeated two times for all ARFs) (Suppl. Table . 2-1).

Expression analysis with qRT-PCR

Wild-type and mutant seedlings were grown in 24h light conditions on 1/2 MS plates containing 1% sucrose and 1% agar for 7 days. The whole root and the whole shoot parts of the seedlings were collected separately. For one root sample, roots from 30 seedlings grown on the same plate were pooled together. For one shoot sample, 8 shoots from seedlings grown on the same plate were pooled together. Per genotype 3 independent replicates were collected.

RNA was extracted using Spectrum Plant Total RNA kit (Sigma-Aldrich). The DNA was removed using TURBO DNA-free kit (Invitrogen). The cDNA was produced using SuperScript VILO cDNA Synthesis kit (Thermo Fischer) with 500 ng RNA. The cDNA was diluted 1:100 before use. The qRT-PCR was performed using Applied Biosystems Fast SYBR Green Master Mix. Expression of TUB4 gene was used as standard. All primers are listed in Appendix. The statistical analysis was performed with Mann-Whitney test using R.

This experiment was done with the help of Stéphanie Lainé, ENS de Lyon.

~ 137 ~

Expression analysis of crosses between ARF transcriptional reporter lines and T-DNA mutants

Several mutants of the regulatory transcription factors were crossed with pARF-mVenus transcriptional reporter lines described in Chapter I. The crosses were genotyped and selected for the presence of homozygous pARF-mVenus reporter construct. For the microscopy, the following plants from F3 generation were compared: wild-type for the mutant gene containing homozygous pARF-mVenus construct versus homozygous for the mutant gene containing homozygous pARF-mVenus construct.

For the root microscopy, plants were grown for 6 days at 16h light/8h dark conditions on 1/2 MS medium supplemented with 1% sucrose and 1% agar. Plant cell membranes were visualized by staining with 15 µg/ml propidium iodide solution. The roots were examined in the TCS-SP5 confocal microscope (Leica) with excitation at 514 nm and emission at 526-560 nm for mVenus and 605-745 nm for propidium iodide. Images were taken with identical settings for the control and the mutant plants. The mVenus fluorescence intensity was measured using ImageJ software.

Shoot phenotype analysis of the TF mutants

25 T-DNA insertion mutants and the wild-type Col-0 were grown in 8h light/16h dark conditions on soil for 43 days. Leaf number was counted every 3 days starting from day 24. Rosette diameter was measured at 43 days. After 43 days of growth in the above conditions, the plants were transferred to 16h light/8h dark conditions to induce bolting. The following parameters were measured at 21 and 27 days in the 16h light/8h dark conditions: length of the main stem, number of cauline branches growing from the main stem, number of axillary branches growing from rosette (the main stem not included).

The number of replicates per genotype was 12 plants. For the statistical analysis an unpaired t-test was conducted with p ≤ 0.05 considered as statistically significant. 

Root phenotype analysis of the TF mutants

LMI1 At3g61250 At3g61250.1 LMI2 At1g68640 At1g68640.1 PAN, PERIANTHIA At1g68480 At1g68480.1 JAG, JAGGED At1g76420 At1g76420.1 CUC3 At3g15170 At3g15170.1 CUC1 At5g53950 At5g53950.1 CUC2 At4g18960 At4g18960.1 AG, AGAMOUS At5g15800 At5g15800.1 SEP1, SEPALLATA At4g08150 At4g08150.1 BP, KNAT1 At1g70510 AT1G70510.1 KNAT2 At5g25220 AT5G25220.1 KNAT3 At5g11060 Unknown KNAT4 At4g00220 AT4G00220.1 JLO At5g63090 AT5G63090.2 LOB At4g28190 AT4G28190.1 ULT, ULTRAPETALA At4g35900 AT4G35900.1 FD At3g23130 AT3G23130.1 FLO10, SUP ~ 151 ~ At5g57390 AT5G57390.1 PLT5 At5g65510 AT5G65510.1 PLT7 At1g51190 AT1G51190.1 PLT2 At2g31070 AT2G31070.1 TCP10 At5g14010 AT5G14010.1 KNU At1g55580 AT1G55580.1 LAS AT1G53160 AT1G53160.2 SPL4 AT1G24260 AT1G24260.1 SEP3
TFs important in auxin signaling:

At5g60450 AT5G60450.1 ARF4 At2g46530 AT2G46530.3 ARF11 At1g34170 Unknown ARF13 At1g35540 AT1G35540.1 ARF14 At1g77850 AT1G77850.1 ARF17 At1g35240 AT1G35240.1 ARF20 At1g34390 AT1G34390.1 ARF22 At1g43950 AT1G43950.1 ARF23
TFs important in cytokinin signaling:

At3g16857 AT3G16857.2 ARR1 At4g31920 AT4G31920.1 ARR10 At1g67710 AT1G67710.1 ARR11 At2g25180 Unknown ARR12 At2g01760 AT2G01760.1 ARR14 At5g58080 AT5G58080.1 ARR18 At3g62670 AT3G62670.1 ARR20 At5g61380 AT5G61380.1 TOC1 At4g18020 AT4G18020.1 PRR2 At4g00760 Unknown PRR8 At4g27950 AT4G27950.1 CRF4 At1g68550 AT1G68550.1 CRF10 At3g25890 AT3G25890.1 CRF11 At1g25470 Unknown CRF12
TFs important in GA signaling:

At1g66350 AT1G66350.1 RGL1 At5g66350 AT5G66350.1 SHI At2g33810 AT2G33810.1 SPL3 At5g67110 AT5G67110.1 ALC, ALCATRAZ At5g06100 AT5G06100.2 MYB33 At2g20180 Unknown PIF1 AT2G43010.1 PIF4 80 At3g59060 AT3G59060.4 PIF5
TFs important in ethylene signaling: Response Factor gene family acting in cytokinin signaling pathway. In my screen CRF10 was identified as a repressor of ARF7 transcription. In this chapter I will examine phenotypes of the crf10 mutant and attempt to link them with the regulation of ARF7 expression.

81 At5g21120 AT5G21120.1 EIL2
The CRF10-ARF7 interaction is particularly interesting because it represents a potential case of cross-talk between auxin and cytokinin signaling pathways. The plant hormones auxin and cytokinin regulate various aspects of plant development in sometimes synergetic but more often in an antagonistic way. For some developmental processes the precise involvement of each hormone is not well understood which prevents correct interpretation of the cytokinin-auxin interaction.

One of such poorly described processes is senescence of leaves. Leaf senescence is a deterioration process which is tightly regulated and involves multiple changes on the molecular, cellular and tissue levels [START_REF] Lim | Leaf senescence[END_REF]. Leaf senescence can be triggered by the leaf developmental age or induced by external clues including environmental stress such as drought, nutrient or light deprivation, or pathogen attack [START_REF] Gan | Making sense of senescence (molecular genetic regulation and manipulation of leaf senescence)[END_REF][START_REF] Hensel | Developmental and age-related processes that influence the longevity and senescence of photosynthetic tissues in Arabidopsis[END_REF][START_REF] Jiang | Photosynthesis, rubisco activity and amount, and their regulation by transcription in senescing soybean leaves[END_REF][START_REF] Rousseaux | Far-red enrichment and photosynthetically active radiation level influence leaf senescence in field-grown sunflower[END_REF]. The process of senescence is accompanied by extensive changes in metabolism; the first visible signs of senescence are the changes in the leaf color caused by the breakdown of the chlorophyll [START_REF] Woolhouse | The biochemistry and regulation of senescence in chloroplasts[END_REF]. The leaves cease active anabolism and start catabolic activity; the cellular macromolecules including proteins, lipids and RNA are broken down into smaller components and transported to the growing parts of the plant such as the young leaves (Bate et al. 1991, Gan and ~ 155 ~ Amasino 1997, [START_REF] Li | Intergrative metabolomic and transcriptomic analyses unveil nutrient remobilization events in leaf senescence of tobacco[END_REF][START_REF] Woolhouse | The biochemistry and regulation of senescence in chloroplasts[END_REF]. At the end of the process, the senescent leaves undergo programmed cell death; this process is different in many aspects from other programmed cell death responses of plants such as the pathogen-induced hypersensitive response [START_REF] Cao | Time-course of programmed cell death during leaf senescence in Eucommia ulmoides[END_REF][START_REF] Van Doorn | Senescence and programmed cell death: substance or semantics?[END_REF][START_REF] Lim | Leaf senescence[END_REF]). The molecular and genetic features of the leaf senescence have been studied in detail using global transcriptomics and metabolics approaches [START_REF] Breeze | High-resolution temporal profiling of transcripts during Arabidopsis leaf senescence reveals a distinct chronology of processes and regulation[END_REF][START_REF] Buchanan-Wollaston | Comparative transcriptome analysis reveals significant differences in gene expression and signalling pathways between developmental and dark/starvation-induced senescence in Arabidopsis[END_REF][START_REF] De Michele | Transcriptome analysis of Medicago truncatula leaf senescence: similarities and differences in metabolic and transcriptional regulations as compared with Arabidopsis, nodule senescence and nitric oxide signalling[END_REF][START_REF] Desclos | A combined 15N tracing/proteomics study in Brassica napus reveals the chronology of proteomics events associated with N remobilisation during leaf senescence induced by nitrate limitation or starvation[END_REF][START_REF] Gepstein | Large-scale identification of leaf senescence-associated genes[END_REF][START_REF] Guo | Transcriptome of Arabidopsis leaf senescence[END_REF][START_REF] Li | Intergrative metabolomic and transcriptomic analyses unveil nutrient remobilization events in leaf senescence of tobacco[END_REF], Lin et al. 2015) and examining the mutants with early or delayed leaf senescence phenotypes [START_REF] Besseau | WRKY54 and WRKY70 co-operate as negative regulators of leaf senescence in Arabidopsis thaliana[END_REF][START_REF] Woo | ORE9, an F-box protein that regulates leaf senescence in Arabidopsis[END_REF], Xie et al. 2014[START_REF] Xiong | AtATG18a is required for the formation of autophagosomes during nutrient stress and senescence in Arabidopsis thaliana[END_REF][START_REF] Yoshida | Identification of a novel gene HYS1/CPR5 that has a repressive role in the induction of leaf senescence and pathogen-defence responses in Arabidopsis thaliana[END_REF].

Nevertheless, many questions regarding this process remain opened. As such, it is unclear how the leaf age is recognized to induce the senescence program at the correct time.

There are clear data demonstrating involvement of plant hormones in the regulation of leaf senescence at all stages [START_REF] Lim | Leaf senescence[END_REF]). Cytokinin was identified as one of the key hormones involved in this process. The cytokinin levels are reduced in the senescing leaves (Gan andAmasino 1996, Singh et al. 1992), and the cytokinin biosynthesis genes are downregulated whereas the genes involved in cytokinin degradation, the cytokinin oxydases, are upregulated in senescing leaves [START_REF] Buchanan-Wollaston | Comparative transcriptome analysis reveals significant differences in gene expression and signalling pathways between developmental and dark/starvation-induced senescence in Arabidopsis[END_REF]. The exogenous application of cytokinin [START_REF] Dyer | Leaf nucleic acids:II. metabolism during senescence and the effect of kinetin[END_REF][START_REF] Gan | Cytokinins in plant senescence: From spray and pray to clone and play[END_REF], Nooden et al. 1979[START_REF] Richmond | Effect of kinetin on protein content and survival of detached Xanthium leaves[END_REF] or an endogenous increase in cytokinin through genetical manipulations leads to the delayed leaf senescence [START_REF] Gan | Inhibition of leaf senescence by autoregulated production of cytokinin[END_REF][START_REF] Mccabe | Effects of P(SAG12)-IPT gene expression on development and senescence in transgenic lettuce[END_REF][START_REF] Ori | Leaf senescence is delayed in tobacco plants expressing the maize homeobox gene knotted1 under the control of a senescenceactivated promoter[END_REF]. Cytokinin signaling during leaf senescence is transmitted through the cytokinin receptor AHK3 [START_REF] Kim | Cytokinin-mediated control of leaf longevity by AHK3 through phosphorylation of ARR2 in Arabidopsis[END_REF], the type-B response regulator ARR2 [START_REF] Kim | Cytokinin-mediated control of leaf longevity by AHK3 through phosphorylation of ARR2 in Arabidopsis[END_REF][START_REF] Kim | Cytokinin-facilitated proteolysis of ARABIDOPSIS RESPONSE REGULATOR 2 attenuates signaling output in two-component circuitry[END_REF]) and the members of the Cytokinin Response Factors gene family [START_REF] Raines | The cytokinin response factors modulate root and shoot growth and promote leaf senescence in Arabidopsis[END_REF], Zwack et al. 2013). Among them, CRF1, CRF3 and CRF5 promote leaf senescence whereas CRF6 negatively regulates leaf senescence. Overall it is clear that cytokinin negatively regulates leaf senescence.

The precise details behind the involvement of cytokinin in this process remain incompletely understood through it is speculated that the cytokinin is associated with the control of the sink/source regulation (Zwack and Rashotte 2013).

~ 156 ~

The role of auxin in leaf senescence is less well characterized. Auxin levels are reduced in the older leaves, and the leaf senescence is induced when the auxin levels in the leaf decline sufficiently to match the auxin levels in the stalk [START_REF] Shoji | Auxin in relation to leaf blade abscission[END_REF]. The evolvement of auxin in this process can be traced through the phenotypes of some of the auxin biosynthesis and signalling pathway components.

The YUCCA proteins catalyze important step in IAA biosynthesis; an overexpression of YUCCA6 results in increased levels of IAA and causes delay of senescence [START_REF] Cha | A novel thiol-reductase activity of Arabidopsis YUC6 confers drought tolerance independently of auxin biosynthesis[END_REF], Kim et al. 2011b). Auxin response Factor 2 (ARF2) is a repressor of auxin signalling and the loss-of-function mutants of arf2 show delay in leaf senescence [START_REF] Ellis | AUXIN RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR2 regulate senescence and floral organ abscission in Arabidopsis thaliana[END_REF][START_REF] Lim | Auxin response factor 2 (ARF2) plays a major role in regulating auxin-mediated leaf longevity[END_REF], indicating that ARF2 is a positive regulator of leaf senescence. The activators of auxin signalling ARF7 and ARF19 are induced in senescing leaves and the triple mutant arf2 arf7 arf19 showed an enhanced delay of the senescence compared to arf2 single mutant [START_REF] Ellis | AUXIN RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR2 regulate senescence and floral organ abscission in Arabidopsis thaliana[END_REF]. Based on the delay-of-senescence effect of auxin, it could be speculated that auxin, similarly to cytokinin, is a negative regulator of leaf senescence.

Another aspect of plant development controlled by auxin is the phototropic response.

Plants are able to sense and differentiate between different light conditions and orient their growth accordingly. In particular, seedlings are able to display positive phototropism towards blue light in hypocotyl [START_REF] Sakai | Molecular genetic analysis of phototropism in Arabidopsis[END_REF]. This reaction is mediated by the blue light photoreceptors phototropins. Phototropins are serine/threonine kinases which bind a blue-light absorbing chromophore; they undergo autophosphorylation in response to blue light and initiate a signal transduction cascade that results in a phototropic response [START_REF] Christie | Plant flavoprotein photoreceptors[END_REF].

Ultimately, this signalling pathway causes auxin redistribution in hypocotyl leading to increased auxin accumulation on the shaded side [START_REF] Esmon | A gradient of auxin and ~ 233 ~ auxin-dependent transcription precedes tropic growth responses[END_REF][START_REF] Hohm | Plasma membrane H + -ATPase regulation is required for auxin gradient formation preceding phototropic growth[END_REF]. The accumulated auxin stimulates increased hypocotyl elongation on the shaded side compared to the lighted side and induces directional hypocotyl bending response. This auxin-induced reorganisation of the hypocotyl growth is thought to be mediated by ARF7 because of the disrupted phototropic response in the arf7 mutant [START_REF] Harper | The NPH4 locus encodes the auxin response factor ARF7, a conditional regulator of differential growth in aerial Arabidopsis tissue[END_REF][START_REF] Liscum | Mutations of Arabidopsis in potential transduction and response components of the phototropic signaling pathway[END_REF]. ARF7 is able to differentially induce a small subset of target genes at opposing hypocotyl flanks including the members of expansin family (EXPA1 and EXPA8) which regulate cell wall extension [START_REF] Esmon | A gradient of auxin and ~ 233 ~ auxin-dependent transcription precedes tropic growth responses[END_REF]. The involvement of auxin in phototropic response towards blue light is well-~ 157 ~ studied. Contrary to auxin, cytokinin has not been described as an important hormone in phototropic responses.

In this chapter, the potential antagonistic or synergetic interactions between auxin and cytokinin signalling pathways are investigated in various aspects of plant development including leaf senescence, phototropic response of hypocotyl and the maintenance of the root apical meristem, and the role of the transcriptional regulation of ARF7 by CRF10 in these processes is evaluated. The investigation is based on the developmental phenotypes of the crf10 mutant which include early senescence of leaves, reduced response to blue light in hypocotyl and disorganized structure of the RAM.
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Results

Genetic characterization of the crf10 mutant

The second chapter of this thesis described identification of transcription factors which control expression of ARF activators. One of the regulatory transcription factors, the Cytokinin Response Factor 10 (CRF10), was identified as a transcriptional regulator of ARF7. The subsequent protoplast assay showed that CRF10 acts as a repressor of ARF7 transcription in the leaf mesophyll protoplasts (Fig. 2 contains only a truncated version of this site (SPV followed by VPV) suggesting that this site is not functional. In addition, a comparison of CRF10 protein structures across multiple Arabidopsis thaliana ecotypes was conducted in this thesis. This comparison helped to identify strongly conserved amino acids. An additional conserved region was found in the CRF10 gene: the C-terminal conserved region (defined as CCR in this thesis) between amino acids 285 and 324 (Fig. 3-1A).

A T-DNA insertion mutant for CRF10 was isolated from public mutant libraries showed normal levels of CRF10 mRNA whereas the primer pair spanning the insertion site showed absence of CRF10 mRNA (Fig. 3-1A). Overall this genetic analysis showed that a truncated CRF10 mRNA is still produced. This may include the 5-prime region of the CRF10 mRNA, the coding sequence of CRF10 up to the T-DNA insertion site and some the T-DNA sequences. From the sequences it can be predicted that the resulting mRNA could be transcribed into a chimeric protein (Table 3-1). Genotyping confirmed homozygous insertions for two of these T-DNA: in the CRF10 and the intergenetic region between At1g55950 and At1g55960. The third T-DNA insertion in the coding region of At1g26190 was not detected at all. These results don't exclude the possibility that there could be other as yet undetected T-DNA insertions within the genome. In summary, the phenotypic results for the crf10-1 mutant are still preliminary and should be taken with caution. The phenotypes clear single peak is visible (Suppl. Fig. 3-1A); thus this interaction cannot be confirmed using DAP-seq. The consensus binding site suggested by the DAP-seq for CRF10 is GGCGG (Suppl. Fig. 3-1B). Such a sequence is found in ARF7 promoter at position -217 bp before the start codon. One can conclude that the direct binding of CRF10 to ARF7 promoter should be confirmed in future experiments for example by using ChiP assay.

The expression of ARF activators in the crf10-1 mutant background was studied using qRT-PCR in the whole root and the whole shoot tissues of 7 days old seedling (Fig. 3-1C). The expression of ARF7 was not significantly affected under these growth conditions at this whole-tissue level. However, ARF5 expression was reduced in the mutant background (Fig. 3-1C).

CRF10 is expressed in various tissues

CRF10 gene is strongly expressed in multiple tissues (Suppl. Fig. 3-2). In the root the expression is limited mostly to the meristematic zone as indicated with the publically available microarray datasets (Suppl. Fig. 3-2).

In order to access CRF10 expression on a more cell-specific level, transcriptional reporter line was generated harboring 4000 bp promoter regions fused to the ~ 165 ~ Shimada lab). To confirm these results roots of 5 days old seedlings harboring pCRF10-mVenus transcriptional reporter were treated with 5 µM BAP for 30 min or 2h. Neither the expression intensity nor the expression pattern changed in response to the treatment (Suppl. Fig. 3-3). These results confirm that CRF10 expression is not induced by cytokinin in the RAM.

crf10 mutant has an ARF7-dependant early senescence phenotype

The crf10-1 mutant was analyzed for defects in shoot growth and development. The mutant displayed small but statistically significant reduction in the number of rosette leaves produced when growing in short-day conditions (8h light/16h dark) (Fig. 345).

Other growth parameters were not significantly different from wild-type including length of the main stem, number of cauline branches, number of axillary branches ~ 166 ~ (Fig. 345). The most prominent phenotype displayed by the mutant was early senescence of leaves; by 45 days in the short-day growth conditions the mutant contained numerous yellow leaves whereas the wild-type plants had no senescing leaves (Fig. 3456).

As the CRF10 transcription factor was identified as a regulator of ARF7 expression in the yeast one-hybrid and the protoplast assays, I also investigated the role for ARF7 in this process. The arf7-1 mutant displays a leaf-related phenotype: the mutant plants have epinastic leaves with elongated petioles and smaller rosette size (Fig. 3 ~ 167 ~ 1 shows phenotype similar to the arf7-1 single mutant but with a stronger reduction of the rosette size (Fig. 3-7A andC).

To identify the potential cross-talk between CRF10 and ARF7 during leaf development, double mutants crf10-1 arf7-1, crf10-1 arf19-1, and the triple mutant crf10-1 arf7-1 arf19-1 were created (Fig. 34567). The early senescence phenotype of the crf10 single mutant was retained in the crf10 arf19 double mutant (Fig. 3-7B). On the contrary, the double mutant crf10 arf7 lacked early senescence phenotype and displayed the epinastic leaf phenotype of the arf7 single mutant (Fig. 3-7A andB).

The triple mutant crf10 arf7 arf19 showed phenotype similar to arf7 arf19 double mutant with epinastic leaves, reduced rosette size and lack of early senescence (Fig. 34567). These results imply that the crf10 early senescence phenotype is dependent on the presence of a functional ARF7 gene but independent from ARF19 gene. 
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To confirm that the observed yellowing of the leaves corresponds to senescence, the chlorophyll content was measured in the leaf 3 (counting from the oldest) of the wildtype, crf10, arf7 and the crf10 arf7 mutants at 40, 45 and 50 days of growth. The chosen time points correspond to the time before (40 days) and after (45 and 50 days) the leaf 3 is displaying visible yellowing in the crf10 mutant background. On the other hand, the wild-type plants display yellowing of the leaf 3 only at 50 days.

The arf7 and crf10 arf7 mutants retained green color in leaf 3 even at 50 days old. In accordance with the observations, the yellowing was accompanied by decrease in chlorophyll a and chlorophyll b content in the crf10 mutant at 45 days whereas in the wild-type plants the chlorophyll a content was reduced later at 50 days (Fig. 345678), thus confirming a difference in senescence timing. The arf7 and crf10 arf7 mutants displayed delay in chlorophyll a degradation compared to wild-type (Fig. 345678). 
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In summary, the crf10-1 mutant shows early senescence of leaves accompanied by chlorophyll degradation; this phenotype is dependent on the presence of a functional ARF7 gene but independent from ARF19.

The closest homologues of CRF10 gene are CRF11 and CRF12. crf11 and crf12

mutants were analyzed for early senescence phenotypes. Neither crf11 nor crf12 single mutants displayed early senescence of leaves (Suppl. Fig. 34). Nevertheless, the crf12 mutant showed other leaf-related phenotype: the leaves are flatter, even slightly curling upwards and the rosette size is reduced (Suppl. Fig. 3-4A). The double mutants crf10 crf11 and crf10 crf12 were made but were not yet analyzed at the time of writing this thesis.

crf10 mutant shows perturbation in hypocotyl response to blue light

The ARF7 gene was originally identified as a regulator of plant growth due to its disrupted phototropic response [START_REF] Liscum | Mutations of Arabidopsis in potential transduction and response components of the phototropic signaling pathway[END_REF]. Dark-grown arf7 mutants are unable to bend their hypocotyls towards the blue light [START_REF] Harper | The NPH4 locus encodes the auxin response factor ARF7, a conditional regulator of differential growth in aerial Arabidopsis tissue[END_REF] (Fig. 3-9A and B).

In order to analyze genetic interaction between ARF7 and CRF10 in this process, the crf10-1 mutant was examined for defects in hypocotyl response towards the blue light. The crf10-1 mutant showed a reduced response compared to the wild-type even through it was not as strong as in the arf7-1 mutant (Fig. 3-9A and B). The double mutant crf10-1 arf7-1 showed slightly weaker defects in hypocotyl orientation compared to the arf7-1 single mutant (Fig. 3-9A and B).

In addition, crf10 has a significantly shorter hypocotyl length (Fig. 3-9C). The hypocotyl length of the arf7-1 mutant was reduced compared to the wild-type but longer than in the crf10 mutant. The double mutant had an intermediate phenotype between the two single mutants (Fig. 3-9C).

To investigate if CRF10 could influence expression of ARF7 in this response, the expression of ARF7 was investigated using pARF7-mVenus transcriptional reporter line. The seedlings were grown for 4 days in the dark before being induced by the blue light for 7h. Images were taken at the site of the hypocotyl bending (Fig. 3-10).

The results are preliminary because this experiment was done only once. ARF7 was expressed only in a few epidermal cells both at the lighted and the shaded side
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showing no apparent preferential expression for either side (Fig. 3-10A). In the crf10-1 mutant this expression pattern was unchanged (Fig. 3-10B).

In summary, both ARF7 and CRF10 appear to be involved in the hypocotyl reorientation response towards blue light. How CRF10 and ARF7 interact in this response remains incompletely understood and requires further experiments.

crf10 mutant has a defect in root apical meristem morphology

Several members of the Cytokinin Response Factor gene family including CRF2, CRF3 and CRF6 show root-related developmental phenotypes in the mutants [START_REF] Jeon | CYTOKININ RESPONSE FACTOR2 (CRF2) and CRF3 regulate lateral root development in response to cold stress in Arabidopsis[END_REF], Simaskova et al. 2015). In order to unravel a potential role of CRF10 in the root development, the crf10-1 mutant was examined for root growth and development defects (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11]. The primary root length was only slightly different to the wild-type (Fig. 3-11B). The length of the meristematic zone of the root (Fig. 3-11D) containing actively dividing cells was measured and the number of the cortex cells in this zone was counted (Fig. 3-11E and F); crf10-1 mutant appears to have a slightly more cortex cells in the meristematic zone even through the length of the zone was similar to the wild-type. Overall, these results indicate that the growth of the primary root is not strongly affected in the crf10-1 mutant under normal growth conditions. Surprisingly, when grown on medium supplemented with auxin, crf10-1 mutant has significantly reduced length of the primary root after 15 days of growth (Table 2-4 and Suppl. Fig. 234) indicating increased sensitivity to auxin. The mutant showed normal gravitropic response (Suppl. Fig. 2345).

Lateral root emergence was also analyzed by counting the number of lateral roots (Fig. 3-11C), and I did not find statistically significant differences. The timing of lateral root development was then studied with a bending assay. In this assay, 3-days old this position (Fig. 3-12E). Morphologically, it looked like the crf10-1 mutant might contain a double QC layer and a single CSC layer, or, alternatively, a single QC layers followed by a double CSC layer (Fig. 3-12E). This phenotype was visible after 6 days growth in 24h light or after 7 days in 16h light/8h dark growth conditions.

The above-described phenotype of disorganization in the QC and CSC layers was strong in Nottingham in 24h light or 16h light/8h dark growth conditions. On the other hand, when grown in the laboratory in Lyon under 16h light/8h dark conditions the phenotype was much weaker with some crf10-1 mutant plants showing normal RAM architecture. This raised questions about reproducibility of the phenotype. It is important to note that the experiment presented in Fig. 3-12 was conducted in Nottingham at 24h light conditions; all the other experiments in Fig. 3-13 to 3-17 were conducted in Lyon at 16h light/8h dark conditions. Currently, double mutants crf10 crf11 and crf10 crf12 were made but not analyzed yet; potentially these mutants might increase the strength of the crf10 single mutant phenotype.

The disorganized proximal meristem observed in the crf10-1 mutant raised a question if this growth defect could affect the function of the columella cells. The mature columella cells contain starch granules which can be detected with a Lugol's staining. The presence of the starch granules was analyzed in the crf10-1 mutant (Suppl. Fig. 345). In the mutant as well as in the wild-type mature columella cell layers contain starch granules indicating completed differentiation and normal functionality.

No apparent agravitropic response associated with the lack of starch granules was ~ 174 ~ observed in the crf10-1 mutant (Suppl. Fig. 2345). In summary, the mature columella cells do not display obvious developmental defects.

The additional cell layer observed in the mutant could be a second QC layer containing undifferentiated stem cells or a layer with CSC identity. To differentiate between these possibilities, the pWOX5-GFP marker was introduced in the crf10-1 mutant. WOX5 was shown to be expressed specifically in the QC cell [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]. Indeed, in the young seedlings the pWOX5-GFP expression is limited to QC cells, but in the 8 days old seedlings examined in this study the expression was also strong in the vasculature and cortex/endodermis initials (Fig. 3-13A). Despite that, the pWOX5-GFP expression pattern and signal intensity were identical in the wild-type and the crf10-1 plants (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11][12][START_REF]Identifying off-target T-DNA insertion in crf10 mutant Primers: 537-540 14[END_REF]. The additional layer at the QC/CSC position was not marked by pWOX5-GFP indicating that this layer may not be a second QC layer (Fig. 3-13C and D). The second additional layer at the QC position might be then a Likewise, TCS-GFP showed similar pattern and expression levels in both wild-type and the crf10 mutant plants (Fig. 3-14 D-F). This suggests that the auxin and cytokinin signaling are not significantly disrupted in the root apical meristem of the crf10 mutant.

ARF7 is described as a regulator lateral root development [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF].

On the other hand, the role of ARF7 in the development or maintenance of the root apical meristem has not been considered before. However I have shown that ARF7 is expressed in the root apical meristem with strongest expression at the QC position but its expression is absent in the columella stem cells and columella proper (Fig. 1-4A). CRF10 is expressed broadly in the root apical meristem but absent in the QC and columella stem cells (Fig. 3-2A). Thus ARF7 and CRF10 show opposite expression patterns at the QC position but both are absent in the CSC. The compatible expression patterns allow me to speculate that both ARF7 and CRF10 could be involved in RAM development.
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To investigate a potential role of ARF7 in the RAM, ARF7 was misexpressed in columella cells using pSMB:ARF7 construct in which ARF7 coding sequence is driven by a columella-specific promoter SMB [START_REF] Willemsen | The NAC domain transcription factors FEZ and SOMBRERO control the orientation of cell division plane in Arabidopsis root stem cells[END_REF]. The control pSMB-mVenus construct containing identical promoter fragment of SMB as the one used in pSMB:ARF7 construct fused to the mVenus fluorescent reporter confirms that this promoter drives expression in the columella and lateral root cap cells but not in CSC and QC (Fig. 3-15A). As described before, ARF7 is normally not expressed in columella cells thus this experiment shows results of an ectopic expression in proximal meristem. The columella-specific expression of ARF7 resulted in plants that often contained disorganized cellular structure in the QC, CSC and columella region (Fig. 3-15B and C). Nevertheless, not all pSMB:ARF7 plants were affected: 42% of the transgenic plants contained disorganized RAM compared to 13% in the wild-type plants (Fig. 3-15D). In addition, many transgenic pSMB:ARF7 plants displayed abnormal extra periclinal divisions in endodermis layer (Fig. 3-15C). In summary, these results show that misexpression of ARF7 in columella and lateral root cap layers could lead to morphological disorganization in proximal and even distal RAM.

To further investigate the potential interaction between ARF7 and CRF10 in the RAM, the expression of ARF7 was measured using pARF7-mVenus full-length transcriptional reporter line inserted into the crf10-1 mutant. Preliminary results

showed that the fluorescence intensity is approximately 1.4 fold higher in the RAM of the crf10-1 mutant compared to the wild-type (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11][12][START_REF]Identifying off-target T-DNA insertion in crf10 mutant Primers: 537-540 14[END_REF][14][START_REF]Cloning pSMB-mVenus and pSMB:ARF7 constructs Primers[END_REF][16]. This experiment was done only once and should be repeated. This result is compatible with the role of CRF10 as a repressor of ARF transcription.

To further investigate the involvement of ARF7 in the control of the RAM morphology, the RAM structure of the arf7-1 single and crf10-1 arf7-1 double mutants was examined (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11][12][START_REF]Identifying off-target T-DNA insertion in crf10 mutant Primers: 537-540 14[END_REF][14][START_REF]Cloning pSMB-mVenus and pSMB:ARF7 constructs Primers[END_REF][16][17]. Preliminary results (experiment repeated only once) showed no ~ 179 ~ abnormally shaped cells in the RAM of the arf7-1 single mutant and crf10-1 arf7-1 double mutants. The number of putative columella stem cell layers located at the CSC position below the QC was counted in the 8 days old plants (Fig. 3-17E).

Surprisingly, the wild-type had high number of double putative columella stem cell layers in this experiment. Despite that, both crf10-1 single mutant and the crf10-1 arf7-1 double mutant have increased number of plants with an additional putative CSC layer but the difference is not statistically significant in this experiment. In the arf7-1 mutant the number of cell layers is close to the wild-type. These preliminary results need to be confirmed and the plants need to be analyzed also in the 10 days old plants which normally have stronger difference in cell layers between the wildtype and the crf10-1 mutant (Fig. 3-13F). 
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In summary, both CRF10 and ARF7 appear to be involved in control of the RAM meristem morphology. In particular, this control involves cell division and cell differentiation processes in the columella stem cell layer. However, a few of the experiments presented here are needed to be repeated independently to strengthen these conclusions.
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Discussion

In this chapter I investigated the regulatory interaction between CRF10 and ARF7.

CRF10, a potential repressor of ARF transcription, was shown to control specific developmental processes including senescence of leaves, phototropic response to blue light and the RAM architecture maintenance. Results of this chapter suggest that CRF10 and ARF7 act in the same signaling pathway in some of these processes, and that CRF10 controls these processes through transcriptional regulation of ARF7 expression.

Is crf10-1 a loss-of-function mutant?

In this chapter I investigated the phenotypes of the single mutant crf10-1. For this reason, it is important to understand the molecular nature of this mutant. The T-DNA insertion mutants can be dominant, semi-dominant or loss-of-function mutants. Lossof-function mutants are the most frequently obtained types of mutants. Often the T-DNA insertion is located close to the 5-prime region of the mRNA within the coding sequence of the gene. This type of insertion hinders production of a stable full-length mRNA and, as a result, the functional protein is not produced (knock-out mutants) or produced to a lesser level (knock-down mutants). These mutations are usually recessive meaning that the phenotype induced by this mutation cannot be observed in heterozygous plants which contain both a functional wild-type allele and a dysfunctional mutant allele of the relevant gene [START_REF] Slack | Essential Developmental Biology[END_REF]. Examples of such mutants are met1-1 and met1-2 encoding a gene involved in Photosystem II complex formation and repair in A. thaliana; these mutants show complete loss of mRNA and protein production [START_REF] Bhuiyan | MET1 is a thylakoid-associated TPR protein involved in photosystem II supercomplex formation and repair in Arabidopsis[END_REF].

On the contrary, gain-of-function mutants often have a dominant phenotype which can be observed even in heterozygous plants. Sometimes an abnormal protein is produced in these mutants, this protein being active constitutively and being resistant to regulations [START_REF] Slack | Essential Developmental Biology[END_REF]. Examples of these include gain-of-function mutants of AUX/IAA genes with mutations in domain II that renders the mutated protein insensitive to the auxin-induced degradation and allows for a constitutive repression of auxin signaling [START_REF] Hamann | The Arabidopsis BODENLOS gene encodes an auxin response protein inhibiting MONOPTEROS-mediated embryo patterning[END_REF][START_REF] Nagpal | AXR2 encodes a member of the Aux/IAA protein family[END_REF][START_REF] Tian | Control of auxin-regulated root development by the Arabidopsis thaliana SHY2/IAA3 gene[END_REF].

Semi-dominant mutants show phenotype in the heterozygous plants but the severity of this phenotype is reduced compared to the one detected in homozygous plants.
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For example, heterozygous phs1-1 mutant encoding the A. thaliana PHS1 phosphotase shows phenotypes indicative of compromised cortical microtubule functions which are intermediate in severity between the wild-type and the homozygous mutant [START_REF] Naoi | A semidominant mutation in an Arabidopsis mitogen-activated protein kinase phosphatase-like gene compromises cortical microtubule organization[END_REF].

What type of mutant is the crf10-1 mutant? The T-DNA insertion in this mutant lies within the C-terminal conserved region. A recent publication identified the C-terminal region within CRF5 gene as a trans-activation domain [START_REF] Striberny | Cytokinin Response Factor 5 has transcriptional activity governed by its C-terminal domain[END_REF]. One can imagine that the C-terminal region of CRF10 could be important for the activation or repression of its target genes. The T-DNA insertion doesn't prevent production of a truncated mRNA (Fig. 3-1B). Could this lead to production of a truncated CRF10 protein lacking C-terminal conserved region? If functional, such a truncated protein would still be able to bind its target DNA through the AP2 domain and interact with AHP and other CRF proteins through the CRF domain, but it might not be able to activate or repress its target genes due to lack of the C-terminal domain. One can imagine that this truncated CRF10 protein might interfere with the cytokinin signaling machinery by engaging the AHP proteins into direct interactions but this would not result in differential expression of the CRF10 target genes. In this case, the crf10-1 mutant might be a dominant or a semi-dominant mutant that can block normal cytokinin response.

An alternative scenario would be that the crf10-1 mutant does not produce a functional protein. In that case, this would be a loss-of-function mutant.

The alternative CRISPR mutants generated in this study should be analyzed and will

give a straightforward answer to the question. These mutants contain a small deletion at the start of the gene coding sequence (two CRISPR lines with 59 bp and 58 bp deletions respectively) which is expected to produce complete knock-out mutants due 

Does CRF10 act in cytokinin signaling?

The members of the CRF gene family are acting in the cytokinin signaling pathway.

CRF1 to CRF8 directly interact with histidine phosphotransfer proteins (AHPs) and regulate a subset of genes that partially overlaps with the B-type ARR targets [START_REF] Cutcliffe | CRFs form protein-protein interactions with each other and with members of the cytokinin signalling pathway in Arabidopsis via the CRF domain[END_REF][START_REF] Raines | The cytokinin response factors modulate root and shoot growth and promote leaf senescence in Arabidopsis[END_REF][START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF]. This part of cytokinin signalling pathway is far less studied compared to the cytokinin response transmitted through the B-type ARRs. It is conceivable that cytokinin regulates different aspects of plant development through the ARRs and CRFs signalling pathways. [START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF][START_REF] Goda | The AtGenExpress hormone and chemical treatment data set: experimental design, data evaluation, model data analysis and data access[END_REF], (B) 7 days old seedlings treated with 5 µM BA [START_REF] Lee | Genome-wide expression profiling of ARABIDOPSIS RESPONSE REGULATOR 7(ARR7) overexpression in cytokinin response[END_REF]).
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The cytokinin signaling response transmitted through CRFs is based on the proteinprotein interactions between CRFs and AHPs. One could presume that CRF10 interacts with certain AHPs through its CRF domain, even through the CRF-AHP interactions were analysed only for the CRF1 to CRF8 proteins [START_REF] Cutcliffe | CRFs form protein-protein interactions with each other and with members of the cytokinin signalling pathway in Arabidopsis via the CRF domain[END_REF].

Nevertheless, if CRF10 and AHPs interact with each other, does it mean that CRF10 requires this interaction to activate or repress its target genes including ARF7? One can question if the AHP proteins are able to phosphorylate CRFs upon interaction and activate them, akin to their ability to activate type-B and type-A ARRs through direct phosphorylation [START_REF] Hwang | Cytokinin signaling networks[END_REF])? Does phosphorylation status of AHP proteins affect their interaction with CRFs? It cannot be excluded that CRF10 control gene expression independently from AHPs and, thus, independently from the cytokinin signaling. This question can be answered by analyzing if the transcription of CRF10 target genes is dependent from cytokinin treatment. Since ARF7 is the only target gene knows for CRF10, I looked at the expression of ARF7 after cytokinin treatment in publically available microarray datasets. It appears that ARF7

expression might be reduced after a prolonged (greater than 2h) treatment with cytokinin (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11][12][START_REF]Identifying off-target T-DNA insertion in crf10 mutant Primers: 537-540 14[END_REF][14][START_REF]Cloning pSMB-mVenus and pSMB:ARF7 constructs Primers[END_REF][16][17][18]. Presently substantial knowledge is lacking to understand the mechanism of cytokinin response through CRFs and many questions remain unanswered.

CRF10 is a transcription factor; its function would be to activate or repress expression of specific genes. Nevertheless, the target genes of CRF10, with exception of ARF7, are unknown. Binding sites of CRFs in the promoters of their target genes are not well studied. Simaskova et al. identified two motifs, AGCAGAC and AGAAGAC, as binding sites for CRF6 in PIN1 and PIN7 promoters respectively (Simaskova et al. 2015). An AGCAGAC site is detected at position -606 bp before the start codon in ARF7 promoter. On the contrary, the DAP-seq analysis indicates consensus binding site GGCGG (Suppl. Fig. 3-1B) which can be found in ARF7

promoter at position -217 bp before the start codon. A number of experiments could help to distinguish which of these two potential CRF10 binding sites might be important; the DAP-seq prediction should be considered more probable because this analysis was done on the whole genome level. For example, one can mutate these binding sites in the ARF7 promoter and observe alternations in CRF10-mediated reporter gene repression in the transient protoplast assay. Overall, it remains to be clarified how exactly CRF10 mediates cytokinin response.
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CRF10 and ARF7 antagonistically control leaf senescence

My data points towards an antagonistic interaction between CRF10 and ARF7 being important for the timing of leaf senescence. In the crf10-1 mutant older leaves senescent earlier. One possible explanation for this phenotype could be that the leaves undergo their normal developmental cycle faster and mature earlier in the mutant compared to the wild-type plants. The phenotypical analysis of the shoot growth didn't show accelerated development of the leaves in the mutant background;

on the contrary, the mutant produced fewer leaves then the wild-type (Fig. 3-5B).

Thus faster development doesn't appear to explain this phenotype.

Perhaps a disrupted hormone signaling in the mutant could account for this phenotype. The onset of senescence in leaves correlates with reduced levels of auxin and cytokinin (Gan andAmasino 1996, Shoji et al. 1951). On the contrary, ARF7 was reported to be induced in senescing leaves [START_REF] Ellis | AUXIN RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR2 regulate senescence and floral organ abscission in Arabidopsis thaliana[END_REF]; the arf7 mutant enhanced the arf2 delay of senescence phenotype indicating that ARF7 is a positive regulator of leaf senescence. Measuring ARF7 levels in the leaves of the crf10-1 mutant before and after the onset of the early senescence could link this phenotype to alterations in auxin signaling output. One can speculate that if ARF7 levels are increased in senescing leaves, it could it be due to reduced repression by CRF10 gene (Fig. 345678910111213141516171819). In the publically available microarray datasets CRF10 is not ~ 186 ~ differentially expressed during leaf senescence (Breeze et al. 2011, Lin and[START_REF] Lin | Molecular events in senescing Arabidopsis leaves[END_REF]). Nevertheless, one can hypothesise that CRF10 could have a reduced ability to repress ARF7 in senescing leaves. Such a mechanism could be, for example, a diminished possibility to interact with active AHP proteins caused by decline of cytokinin signalling in senescing leaves. Alternatively, CRF10 might undergo posttranscriptional modifications which could reduce its ability to repress target genes including ARF7.

Overall, the following model of auxin and cytokinin crosstalk can be speculated: the cytokinin-regulated CRF10 activity is reduced in the senescing leaves where cytokinin levels are low. CRF10 is no longer able to repress ARF7 expression. As a result, ARF7 levels increase and this leads to onset of senescence through an unknown mechanism (Fig. [START_REF]Cloning ARF translational fusions (C-terminal mVenus) ARF5: 258 + 259[END_REF][START_REF]Cloning ARF7 and ARF19 translational fusions (N-terminal mTQ2) mTQ2 pDONR211: 528 + 529[END_REF][START_REF]Cloning bait (promoter) constructs for yeast one-hybrid assay ARF5: 1 + 2, 3 + 4[END_REF][6][7][8][9][10][11][12][START_REF]Identifying off-target T-DNA insertion in crf10 mutant Primers: 537-540 14[END_REF][14][START_REF]Cloning pSMB-mVenus and pSMB:ARF7 constructs Primers[END_REF][16][17][18][19]. This model supports a hypothesis that the crf10-1 might be a knock-down or a knock-out mutant because such a mutation would result in increased levels of ARF7. This model also explains the identical phenotype in the double crf10 arf7 and single arf7 mutants; the ARF7 gene acts downstream of CRF10 in the same pathway. A few questions remain through in connection with this model. Are the reduced levels of auxin sufficient for ARF7 to be able to activate expression of its target genes? What are the target genes of ARF7 during leaf senescence? These could be tested in further experiments. For example, one can express CRF10 gene under the senescence-specific promoter pSAG12; this would result in increased levels of CRF10 in senescing leaves and could subsequently cause reduction of ARF7 expression which then, in turn, might result in delay of senescence phenotype.

CRF10 and ARF7 are acting together in hypocotyl phototropic response

The role of ARF7 in the hypocotyl response to blue light is well-described [START_REF] Esmon | A gradient of auxin and ~ 233 ~ auxin-dependent transcription precedes tropic growth responses[END_REF][START_REF] Harper | The NPH4 locus encodes the auxin response factor ARF7, a conditional regulator of differential growth in aerial Arabidopsis tissue[END_REF][START_REF] Liscum | Mutations of Arabidopsis in potential transduction and response components of the phototropic signaling pathway[END_REF]. ARF7 was argued to transmit auxin response in the hypocotyl, promoting faster growth at the shaded side and triggering bending of hypocotyl towards the light source. Preliminary results in this thesis do not show differential expression of ARF7 between the lighted and the shaded side of the hypocotyl. Nevertheless, the differential response could be triggered by asymmetric distribution of auxin [START_REF] Hohm | Plasma membrane H + -ATPase regulation is required for auxin gradient formation preceding phototropic growth[END_REF] which could lead to ~ 187 ~ increased ARF7 transcriptional activity on the side of higher auxin accumulation, thus reinforcing it as a domain of high auxin response.

CRF10 appears to be involved in this process due to the crf10-1 mutant phenotype with reduced ability to bend its hypocotyl towards the light source. CRF10 is expressed at the hypocotyl epidermis layer of the light-grown seedlings (Fig. 3-2C).

Additional experiments could be done to analyze CRF10 expression in the darkgrown seedlings after exposure to the blue light to see if there is any asymmetric expression between the lighted and the shaded side of the hypocotyl. This could be done using my pCRF10-mVenus transcriptional reporter line.

The interaction between CRF10 and ARF7 in this process is incompletely understood. One can imagine that the crf10-1 phenotype is caused by reduced expression of ARF7 in the mutant background which would lead to slower bending response of the hypocotyl. Preliminary results using pARF7-mVenus reporter line do not show reduced levels of ARF7 expression in the mutant. Multiple tools were made during this study that could be used to further investigate this interaction. These tools phenotypes displayed by single mutants can be fortified in double mutants with closest homologous genes. In this study crf10 crf11 and crf10 crf12 double mutants were created but haven't been analyzed yet. In addition, the alternative CRISPR crf10 mutants needed to be examined in the future experiments; it is possible that a mutation at the start of the gene in the CRISPR mutant would create a mutant with a stronger phenotype compared to the crf10-1 mutant.

Another important question is the potential involvement of both CRF10 and its target gene ARF7 in the control of the RAM structure. Both CRF10 and ARF7 are expressed in the RAM with broad but not identical patterns. The biggest difference lies in the expression in the QC: ARF7 has the highest fluorescence precisely in the QC while CRF10 is not expressed there. On the other hand, both genes are not expressed in the columella stem cell layer. This led to speculation that there could be an antagonistic interaction between CRF10 and ARF7 located in the QC. Could it be that ARF7 is expressed in QC because it is not repressed by CRF10 in this tissue?

My results show that the crf10-1 mutant phenotype could result from increased expression levels of ARF7 in the proximal meristem.

The first step to answer this question is to understand the precise nature of the crf10- On the contrary, double layer of undifferentiated columella stem cells was observed in the mutants deficient in auxin biosynthesis (YUCCA and TAA mutants) and transport (pin3, pin4 and pin7) [START_REF] Ding | Auxin regulates distal stem cell differentiation in Arabidopsis roots[END_REF]. This leads to the question that the phenotype observed in the crf10-1 mutant could be caused by reduced auxin response in the proximal meristem. However, the DR5-GFP marker line displays no clear significant difference between the wild-type and the crf10-1 mutant suggesting that the auxin signaling output is not strongly affected. Further analysis are required here.

Columella stem cell differentiation is repressed by WOX5 transcription factor [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]. One can predict that increased WOX5 levels or the expanded expression pattern could be responsible for the second CSC layer in crf10-1.

Nevertheless, no difference in WOX5 expression was observed on in crf10-1 background suggesting that this phenotype is WOX5-independent. Another transcription factor, PLT1, is involved in CSC maintenance acting downstream of WOX5 (Aida et al. 2004, Ding and[START_REF] Ding | Auxin regulates distal stem cell differentiation in Arabidopsis roots[END_REF]. It would be interesting to see if the expression of PLT1 is affected in the crf10-1 mutant background.

If auxin signaling is not disrupted in the proximal meristem of the crf10-1 mutant, could this phenotype be due to abnormal cytokinin signaling? The TCS-GFP marker line showed that the cytokinin output is not disrupted in the mutant. In conclusion, clear connection cannot be established between known regulators of proximal RAM development (auxin, cytokinin, WOX5) and the crf10-1 mutant phenotype.

ARF7 involvement in the development of the proximal RAM has never been considered before. In this study it was shown that ARF7 misexpression can lead to disorganization of the proximal meristem with ARF7 apparently acting in a non-cell autonomous manner. In addition, preliminary results indicate that ARF7 expression is higher in the RAM of the crf10-1 mutant. This could mean that increased ARF7 expression levels are responsible for the observed disorganization of the RAM morphology. On the other hand, the auxin signaling output remains unchanged in the crf10 mutant. One can question if the increased expression of ARF7 could simultaneously lead to reduced expression of other ARF activators, for example, ARF5. This hypothesis is supported by the expression analysis of the whole root tissue using qRT-PCR (Fig. 3-1C) where ARF5 expression is reduced. One can ~ 190 ~ imagine that a constant auxin output is achieved by rebalancing expression levels of multiple ARFs in the mutant. Nevertheless, ARF activators control expression of different downstream target gene [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF], Schlereth et al. 2010, Okushima et al. 2005), thus such compensation mechanism could lead to different cellular responses and might affect development of the RAM. pARF5-mVenus and pARF19-mVenus transcriptional reporter lines were also crossed in the crf10-1 mutant during this thesis and the expression will be analyzed in the future to confirm or deny this hypothesis.

A few additional experiments could shed more light on the role of CRF10 and ARF7 in proximal meristem maintenance. For example, misexpression of CRF10 in QC and columella stem cells could potentially lead to interesting phenotypes.

The morphological structure of the root apical meristem is not identical throughout the life cycle of the plant. It was reported that in the older roots the RAM structure can acquire noticeable disorganization and this change was argued to be caused by a reduction of the RAM function (Chapman et al. 2003[START_REF] Rost | The organization of roots of dicotyledonous plants and the positions of control points[END_REF]. One can speculate that the root undergoes an aging process. Is it possible that the disorganization of the RAM structure is a normal event which is activated prematurely in the crf10-1 mutant? Perhaps the observed phenotype in the crf10 mutant represents an event of early root senescence.
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Material and methods

Plant material

The CRF10 gene ATG number is AT1G68550. T-DNA insertions were analyzed by genotyping using primers listed in Appendix. The arf7-1 single mutant (SALK_040394), the arf19-1 single mutant (SALK_009879) and the arf7-1 arf19-1 double mutants are described elsewhere [START_REF] Goh | The establishment of asymmetry in Arabidopsis lateral root founder cells is regulated by LBD16/ASL18 and related LBD/ASL proteins[END_REF]. The crf12 (GK_713E09)

and crf11 (GK-355D03) mutants were obtained from NASC. The following double and triple mutants were created during this study: 

crf10-1 arf7-1, crf10-1 arf19-1, crf10-1 arf7-1 arf19-1, crf10 crf11,

Analysis of the conserved regions within the CRF10 protein across

A. thaliana ecotypes

The Arabidopsis 1001 Genomes project was used to download sequences of CRF10 in various ecotypes. SIFT prediction algorithm was used to identified amino acids conserved among ecotypes (http://sift.bii.a-star.edu.sg/).

Genetic analysis of the crf10-1 mutant

Mutation of the CRF10 gene in the crf10-1 mutant was confirmed with genotyping using primers indicated in Appendix. The genotyping primers were used to amplify genomic DNA fragments spanning the T-DNA insertion site. The resulting PCR products were sequenced and the precise insertion site was identified.

Expression analysis with qRT-PCR

The expression of ARF activators in the roots and the shoots of 7-days old crf10-1 and wild-type seedling was done as a part of global analysis of multiple transcription factor mutants. The protocol is described in detail in Chapter II.

shoot apexes were examined in the TCS-SP5 (Leica) confocal microscope with excitation at 514 nm and emission at 526-560 nm for mVenus, and emission 605-745 nm for propidium iodide.

Shoot phenotype analysis

crf10-1 mutant and the wild-type Col-0 were grown in 8h light/16h dark conditions on soil for 43 days. Leaf number was counted every 3 days starting from day 21.

Rosette diameter was measured at days 43. After 43 days of growth in the above described conditions, the plants were transferred to 16h light/ 8h dark conditions for bolting. The following parameters were measured at 21 and 27 days in the 16h light/8h dark conditions: length of the main stem, number of cauline branches growing from the main stem, number of axillary branches growing from rosette (the main stem not included). Number of replicates per genotype is 12 plants. For the statistical analysis an unpaired t-test was conducted with p ≤ 0.05 considered as statistically significant.

Early senescence phenotype analysis

For the early senescence phenotype the plants were grown in 8h light/16h dark conditions on soil for 45 days. The number of green and senescent leaves was counted and the rosette diameter was measured at 45 days. Number of replicates per genotype is 12 plants. For the statistical analysis an unpaired t-test was conducted with p ≤ 0.05 considered as statistically significant.

Chlorophyll measurement

The leaf 3 (counting from the oldest) of the plant grown in 8h light/16h dark conditions for 40, 45 and 50 days was collected, weighted and incubated in 95% 

Hypocotyl phototropism assay

Seedlings were grown for 4 days in the dark on half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 1% agar and then exposed to blue light for 7h. Images were taken and the hypocotyl bending angle as well as the hypocotyl length was measured using ImageJ software. Number of replicates per ~ 195 ~ genotype is at least 40 plants. For the statistical analysis an unpaired t-test was conducted with p ≤ 0.05 considered as statistically significant.

pARF7-mVenus transcriptional reporter line in wild-type and crf10-1 background were grown as described above. Images of the hypocotyl at the bending site were taken after 7h exposure to the blue light (see Root microscopy).

Root phenotype analysis

For the root phenotype analysis plants were grown on half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 1% agar in 16h light/8h dark conditions. Images were taken at indicated time points; the root length and the lateral root number were measured using ImageJ software (n = 34 plants per genotype). To measure length of the meristematic zone and the number of cells in the meristematic zone, confocal images were taken at indicated time points (n ≥ 14 plants except 8 plants at the time point 14 days). For the statistical analysis an unpaired t-test was conducted with p ≤ 0.05 considered as statistically significant.

For the bending assay, plants were grown in 1/2 MS for 3 days in 24h light conditions and then turned at 90°C to induce initiation of a lateral root at the bending site. The plants were examined at 24h and 48h after the bend (n ≥ 13 plants per genotype).

The stage of the lateral root development was determined according to Peret et al.

2009 (Fig. In-5).

Lugol's staining was performed by incubating seedlings in Lugol's solution for 45 seconds, washing in water and mounting in clearing solution (8g chloral hydrate, 1 ml glycerin, 2 ml H 2 O).

General discussion

ARF activators in control of plant development Through the plethora of data we have in plant genetic studies, there are many examples of well studied genes, such as AGAMOUS, where the elements required for gene transcription are either located in introns or more distantly to the transcriptional start [START_REF] Busch | Activation of a floral homeotic gene in Arabidopsis[END_REF], Jeon et al. 2007, Lohman et al. 2001[START_REF] Rose | Introns act post-transcriptionally to increase expression of the Arabidopsis thaliana tryptophan pathway gene PAT1[END_REF][START_REF] Vasil | Increased gene expression by the first intron of maize shrunken-1 locus in grass species[END_REF]. Whilst the patterns of some of these published ARF transcriptional reporters matched the patterns observed through in-situ hybridizations [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF] this was not the case in all occurrences. As this project required a greater knowledge of the sequence required to drive ARF expression, I developed new reporter lines incorporating both longer upstream sequences and the first introns. The patterns observed provided a much closer match with in-situ data, indicating that these constructs better represent ARF expression. Of particular note was ARF7 which is required for root gravitropic responses [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF][START_REF] Sato | New insights into root gravitropic signalling[END_REF]; this provides strong evidence that ARF7 expression is needed in the root meristem. Constructs lacking the first exon and intron showed limited or no expression in the proximal root meristem, whereas constructs incorporating these elements showed strong expression. Not only did these data provide me with the confidence to use these promoters in the next stage of my project, where I looked for factors regulating these ARFs, but they have also proved to be a valuable source for the community. My ARF19 promoter construct has already been used in one publication investigating the role of auxin in mediating phosphate induced root hair growth [START_REF] Bhosale | A mechanistic framework for auxin dependent Arabidopsis root hair elongation to low external phosphate[END_REF]. My ARF7 construct has been used to test asymmetries in auxin response in response to water availability on the wet and dry side of the root.

Data from this study shows that ARF7 is post-transcriptionally regulated to control lateral root patterning in response to water, and my construct helped to rule out any role of asymmetric transcription of ARF7 in this process (Orosa-Puete et al. 2018, in preparation).

The next stage of my project was to identify a network of transcription factors that regulate expression of these ARFs using Y1H approach. As discussed in details in chapter II, the Y1H assay is expected to produce false negative results and does not capture all possible interactions due to the limitations forced by using a heterologous organism, and by the size and the content of the prey collection. The gene regulatory network identified with Y1H assay is likely to therefore represent a subset of a bigger true network that functions in planta. Despite that, this smaller network is sufficient to ~ 202 ~ understand many basic principles that govern the expression of ARFs and allows generating new hypothesis. For example, an unproportionally large amount of transcriptional regulators were identified for ARF8 and the fact, that many of them are involved in responses to abiotic and biotic stresses, leads to a new perspective on the role of this ARF as a hub that integrates multiple different environmental inputs into the auxin signaling output.

Identifying genes upstream of the auxin signaling output already contributes to understanding of the auxin signaling pathway. Nevertheless, learning which transcription factors control expression of which ARF is insufficient to draw conclusions about biological significance of these regulations. One key question arising from my network, is how valid are predictions for in planta regulations. To address this I tested all the identified interactions in Arabidopsis thaliana protoplasts.

Protoplasts are plant cells containing the cellular identity of the tissue from which they originate [START_REF] Faraco | One protoplast is not the other![END_REF]; this system provides a good ground for in planta validation but is still limited by the cell identity as leaf cells. Using the protoplast system I showed that, for the most part, expression of ARF activators is controlled by a set of transcriptional repressors. The subsequent usage of various resources such as the DAP-seq dataset increased the number of validated interactions, and provided further confidence that the identified interactions are not false positives.

The strength of this thesis lies in multiple efforts that were taken to validate the interactions in planta and to identify specific developmental processes in which these interactions could be important. Similar studies conducted before with validation of only a few interactions (de [START_REF] De Lucas | Transcriptional Regulation of Arabidopsis Polycomb Repressive Complex 2 coordinates cell-type proliferation and differentiation[END_REF][START_REF] Sparks | Establishment of expression in the SHORTROOT-SCARECROW transcriptional cascade through opposing activities of both activators and repressors[END_REF][START_REF] Taylor-Teeples | An Arabidopsis gene regulatory network for secondary cell wall synthesis[END_REF]. The validation of the whole gene regulatory network using the transient protoplasts assay allowed me to draw conclusions on the nature of the regulations (repression or activation) and provided the ability to confirm these regulations in planta for the whole network. The subsequent phenotypic analysis was limited to 25 out of 42 total transcriptional regulators identified due to limitations in the material available, but this collection represented regulators of all five ARFs and contained no bias in the mutants selected. The results showing auxin-regulate phenotypes in the majority of these mutants further solidified the confidence in the value of the network.

Collectively these tests reveal that the identified network describes biologically significant regulations.

~ 203 ~

In this study I took a different approach from others looking at auxin specificity who have mostly focused on asymmetries in the distribution of the hormone itself, and I looked at the complexity of the auxin signaling pathway at a different level, upstream of the auxin-mediated ARF action. This level of auxin signaling has never been analyzed in this kind of detail, as most of the research has focused on elucidating gene targets downstream of ARFs [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF], Okushima et al. 2005, Schlereth et al. 2010). Indeed, before ARF activators are able to induce expression of their target genes, they have to be first expressed in a given tissue.

Another interesting aspect of this thesis is the integration of knowledge in regards to both the root and the shoot development. This was possible thanks to the collaboration between two laboratories, each of these specializing in either the root (Nottingham) or the shoot (Lyon) development. This approach allowed conducting experiments and drawing conclusions in regards to the growth regulated both at the RAM and the SAM.

Can this work serve as a base to conduct further research into complexity of the auxin signaling pathway? Indeed, further projects can be imagined based on the results obtained in this thesis. In the discussion for chapter II it was mentioned that several identified TF-ARF interactions provide a great potential for further in depth investigations. In accordance with this, the CRF10-ARF7 interaction studied in this thesis led to a few interesting discoveries which are worthy of further study. et al. 2018, in preparation). Such thorough analysis would enable to look at all aspects of regulation combined and permit to judge on the activity of this ARF.

In this study multiple TFs binding a single promoter were identified; it could be interesting to study potential combinatorial binding of ARF regulators on a single ARF promoter. For example, one can investigate if some of these transcription factors can interact with each other and bind the ARF promoter together, perhaps building transcriptional regulatory protein complexes. Does preventing one transcription factor form binding its target promoter will affect the binding affinity of another TF? Could multiple repressors of ARF transcription recruit a common co-repressor such as TOPLESS? Such a project would focus on studying the relationships between individual transcriptional regulators and their modes of action using a single ARF as an example. Indeed, the duplication of ARF6/8 ancestral locus into separate loci for ARF6 and ARF8 occurred in angiosperms and may be associated with acquisition of an elaborate reproductive system in form of flowers. In connection to this, ARF6 and ARF8 were shown to be absolutely necessary for the development of flowers in A.

ARF activators diversify and specialize during evolution

thaliana [START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. In addition, ARF8 controls development of the fruits which are also specific for the angiosperm reproduction system [START_REF] Goetz | AUXIN RESPONSE FACTOR8 is a negative regulator of fruit initiation in Arabidopsis[END_REF][START_REF] Goetz | Expression of aberrant forms of AUXIN RESPONSE FACTOR8 stimulates parthenocarpy in Arabidopsis and tomato[END_REF]. Thus this duplication event might have contributed to the evolution of the reproductive system in plants. In monocots, rice was shown to contain 9 different ARF activators: ARF5, 6, 11, 12, 16, 17, 19, 21 and 25 (Shen et al. 2010). An alignment of these ARF activators showed that AtARF6 and AtARF8 has four homologues in rice with OsARF25, OsARF12, OsARF6 and OsARF17; AtARF7 and AtARF19 together have four The evolution of ARF activators requires further investigations to draw clear correlation between the increased number of ARFs and the increased complexity of developmental organization. In particular, the roles of ARF activators in mosses, lycophytes, ferns and gymnosperms are needed to be described in more details.

Component of auxin signaling pathway show specificity in expression patterns

The diversity and specificity of ARFs is argued to be a major factor controlling auxin response. In addition, other components of the auxin signaling pathway might contribute as well. In particular, Arabidopsis thaliana the auxin signaling pathway includes 6 TIR1/AFBs, 29 AUX/IAAs and 23 ARFs (Dharmasiri et al. 2005b, Okushima et al. 2005[START_REF] Remington | Contrasting modes of diversification in the Aux/IAA and ARF gene families[END_REF]). The ARF activators were shown to have specific expression in both the RAM and the SAM in this study. In addition to ARF activators, ARF repressors also show tissue-specific expression patterns in the root and the shoot apical meristems and during embryonic development [START_REF] Rademacher | A cellular expression map of the Arabidopsis AUXIN RESPONSE FACTOR gene family[END_REF][START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. Arabidopsis thaliana contains 18 putative ARF repressors [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF]. Contrary to ARF activators, the majority of ARF repressors do not interact with other ARFs or AUX/IAA repressors [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. Thus it is possible that many ARF repressors do not participate in oligomer complexes between ARFs and AUX/IAA that control expression of auxininduced genes [START_REF] Korasick | Molecular basis for AUXIN RESPONSE FACTOR protein interaction and the control of auxin response repression[END_REF], Nanao et al. 2014). In that case, the role of ARF repressors might be to block ARF binding sites in the promoters of the auxin-~ 209 ~ responsive genes preventing binding of ARF activators and thus repressing the auxin response. One can conclude that a high expression of an ARF activator in a given tissue might not lead to increased auxin response due to repressive action of the ARF repressors acting in the same tissue.

In addition to ARFs, other components of the auxin signaling pathway show specificity in their expression patterns. This specificity was observed in the SAM [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. In particular, among 6 TIR1/AFB auxin receptors, only three (TIR1, AFB1 and AFB6) are considered to be important for the auxin signaling in the SAM based on their expression patterns. Similarly, only 13 ARFs and 12AUX/IAAs are expressed in the SAM with variable degree of overlap in their expression patterns [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. This global expression analysis of all auxin signaling components allowed identifying domains of higher and lower auxin sensitivity within the SAM and provided insight into stability and robustness of the auxin signaling output. How the diversity in expression patterns of individual auxin signaling pathway components leads to high specificity of auxin response remains to be studied in greater detail.

One final factor that influences the specificity of auxin responses is the distribution of auxin itself. Both the RAM and the SAM have domains of higher and lower auxin (Fig.

In . One should consider that AUX/IAAs expressed in the domains of high auxin are expected to be subjected to constant degradation. It is proposed that ARF activators might be able to induce expression of their target genes only in these domains of high auxin. The domains of lower auxin might remain insensitive to auxin response despite expression of ARF activators in these tissues. All these points are should be considered when looking globally at the auxin signaling output.

ARF activator expression is predominantly regulated by gene repression mechanism

Auxin regulates growth and development through reprogramming of gene expression 

Auxin and cytokinin interactions regulate many aspects of plant development

Auxin and cytokinin were shown to mutually regulate a plethora of developmental processes [START_REF] Schaller | The yin-yang of hormones: cytokinin and auxin interactions in plant development[END_REF]. In many processes these hormones appear to have antagonistic roles often conferring distinct developmental fates to precursor cells during cell differentiation; these include patterning of the root vasculature [START_REF] Bishopp | A mutually inhibitory interaction between auxin and cytokinin specifies vascular pattern in roots[END_REF]) and lateral organ initiation in the shoot apical meristem (Besnard et al. ~ 211 ~ 2014). The cross-talk between these two hormones is detected for the components of their signaling pathways. In many cases the bridge signaling molecules are negative regulators of the respective pathways such as AHP6 [START_REF] Besnard | Cytokinin signalling inhibitory fields provide robustness to phyllotaxis[END_REF][START_REF] Bishopp | A mutually inhibitory interaction between auxin and cytokinin specifies vascular pattern in roots[END_REF] or type-A ARRs [START_REF] Zhao | Hormonal control of the shoot stem-cell niche[END_REF]) from the cytokinin signaling pathway and the AUX/IAA proteins such as SHY2 from the auxin signaling pathway [START_REF] Moubayidin | The rate of cell differentiation controls the Arabidopsis root meristem growth phase[END_REF]). The interaction is therefore based on repressing hormone signaling output in specific cells by these negative regulators.

In this thesis the cross-talk between auxin and cytokinin once again appears to be based on the negative regulation: the expression of ARF7, one of the main components of the auxin signaling pathway, is repressed by CRF10, a member of the cytokinin signaling pathway. Interestingly, this interaction involves a gene from the CRF transcription factor family those role in the cytokinin signaling pathway is poorly characterized. Despite that, the control of the auxin signaling by CRFs has been shown before with CRF2 and CRF6 regulating expression of the auxin efflux carriers PIN1 and PIN7 in the root (Simaskova et al. 2015). This interaction affects the polar auxin transport and thus auxin levels in the root. On the other hand, CRF10-ARF7 interaction might not affect hormone levels or distribution but could modulate auxin output in specific tissues by reducing auxin responsiveness through down-regulation of ARF7 levels. This additional link between cytokinin and auxin appears to be specific for a few developmental processes which haven't been considered before as potential points of cross-talk between these hormones. 
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  Fig. In-1. A schematic of embryonic development in Arabidopsis thaliana (ten Hove et al. 2015).

Fig. In- 2 .

 2 Fig. In-2. Structure of the mature primary root in Arabidopsis thaliana. (A) Zones at the root apex (Ubeda-Thomas et al. 2012). (B) Patterning at the root apical meristem (RAM). (C) Cell divisions of the cortex/endodermal initials. (D) Cell divisions of the epidermal/lateral root cap initials (Petricka et al. 2012).

Fig. In- 3

 3 Fig. In-3 Auxin hormone accumulation (A) and signalling maxima (B) are visualized by the inverse auxin sensor DII-VENUS (A) and the auxin signalling output reporter DR5 (B)[START_REF] Brunoud | A novel sensor to map auxin response and distribution at high spatio-temporal resolution[END_REF]. Cytokinin signalling maxima are displayed using the TCSn reporter (C)(Zurcher et al. 2013).

Fig. In- 4 .

 4 Fig. In-4. Phenotypes of mutants with defects in RAM architecture. (A) Root tip of the wild type (Sarkar et al. 2007), (B) wox5-1 mutant (Sarkar et al. 2007), (C) shr-2 mutant (Sebastian et al. 2015), (D) scr-1 mutant[START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF]. QC = quiescent center; CSC = columella stem cells.
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 5 Fig. In-5. Developmental stages during lateral root development (Stages I to VIII) (Peret et al. 2009).

Fig. In- 6 .

 6 Fig. In-6. Organization of the shoot apical meristem. (A) The structure of the shoot apical meristem with functional zones: the central zone CZ, the peripheral zone PZ, the organizing center OC, the rib zone RZ and the organ primordia P. L1, L2 and L3 indicate the cell layers (Murray et al. 2012). (B) The order of new primordia initiation from the youngest P1 to the oldest P9. I1 marks the site of the next primordia initiation (Murray et al. 2012). (C) Minimal gene interaction network controlling SAM maintenance. Circles mark the expression domains of CLV3 (red), WUS (green), KAN1 (brown) and cytokinin maximum (blue). Green dots show localization of WUS protein. X stands for a hypothetical L1-devived signal which activated CLV3 (Truskina and Vernoux 2018).

Fig. In- 7 .

 7 Fig. In-7. Auxin hormone accumulation and signalling maxima (A) are visualized by the inverse auxin sensor DII-VENUS (yellow) and the auxin signalling output reporter DR5 (blue) at the SAM (image from Carlos Galvan-Ampudia, ENS de Lyon). Cytokinin signalling maxima are displayed using the TCSn reporter at the SAM (B) (image from Fabrice Besnard, ENS de Lyon).

Fig. In- 8 .

 8 Fig. In-8. Auxin structure and biosynthesis pathways. (A) Naturally occurring and synthetic active auxins (Korasick et al. 2013). (B) Potential IAA biosynthetic pathways. Solid arrows indicate pathways for which all enzymes have been identified; dashed arrows indicate pathways for which not all enzymes have been identified (Korasick et al. 2013).
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  Fig. In-10. The structure of the auxin response factors (ARFs) with the B3 DNA-binding domain (B3 DBD), the dimerization domain (DD), the flanking domain (FD), the middle region (MR) and the PB1 domain (A)[START_REF] Guilfoyle | The PB1 domain in auxin response factor and Aux/IAA proteins: a versatile protein interaction module in the auxin response[END_REF]. The ARF Gene Family of Arabidopsis thaliana (B)[START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: unique and overlapping functions of ARF7 and ARF19[END_REF].

Fig. In- 11 .

 11 Fig. In-11. The phenotypes of the ARF activator mutants. (A) wild-type and arf5 mutant seedlings[START_REF] Berleth | The role of the monopteros gene in organising the basal body region of the Arabidopsis embryo[END_REF]. (B) wild-type, arf6 mutant, arf8 mutant and arf6 arf8 mutant plants[START_REF] Nagpal | Auxin response factors ARF6 and ARF8 promote jasmonic acid production and ~ 241 ~ flower maturation[END_REF]. (C) wild-type and the arf7 arf19 double mutant seedlings[START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF]).

Fig. In- 12 .

 12 Fig. In-12. The expression of ARF activators in the shoot and root apical meristems. (A) Expression patterns of ARFs in the SAM shown by in situ hybridization (Vernoux et al. 2011) (B) Expression of ARFs in the RAM is depicted by transcriptional reporter lines consisting of a 2000 bp promoter fragment upstream of the ATG driving expression of GFP (Rademacher et al. 2011).

Fig. In- 13 .

 13 Fig. In-13. Structure of trans-zeatin, the most abundant natural cytokinin (A). Biosynthetic pathway of cytokinin (B). Current model for cytokinin phosphorelay signal transduction (C). (Kieber and Schaller 2014).

Fig

  Fig. In-14. The CRF Gene Family of Arabidopsis thaliana (A). Phylogenetic tree was constructed using CLUSTRAL multiple protein sequence alignment with MUSCLE (3.8). The structure of CRF proteins with CRF domain, AP2 domain and the putative MAP kinase phosphorylation site (B).

  activators are differentially expressed in the root and the shoot Both unique and partially overlapping functions of ARF activators in auxin-regulated developmental processes must correspond with tissue-specific expression patterns. Studying these patterns could potentially provide valuable information on the functionality and specificity of each ARF. The existing ARF transcriptional reporter lines created in Rademacher et al. 2011 consist of ca. 2000 bp promoter driving expression of the GFP fluorescent reporter; these promoters contain only sequences upstream of the transcription start site. The chosen promoter length and content in these lines might not be sufficient to correctly recapitulate the in planta expression of ARFs. For these reason I constructed my own transcriptional reporter lines containing longer promoter regions as described below.

Fig. 1

 1 Fig. 1-1. Expression of ARF activators in the root tip of the primary root: (A) ARF5, (B) ARF6, (C) ARF7, (D) ARF8 and (E) ARF19. The plants were grown in 12h light/12h dark conditions for 6 days. Bar scale 50 µm.

Fig. 1 - 2 .

 12 Fig. 1-2. Expression of ARF5 in the meristematic zone of the primary root (A), in the meristematic and elongation zones (B), in the older root (C) and in the lateral root primordia (D). The plants were grown in 24h light conditions for 5 days. Bar scale 10 µm.

Fig. 1 - 3 .

 13 Fig. 1-3. Expression of ARF6 in the meristematic zone of the primary root (A), in the meristematic zone (B), in the older root (C) and in the lateral root primordia (D). The plants were grown in 24h light conditions for 5 days. Bar scale 10 µm.
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 14 Fig. 1-4. Expression of ARF7 in the meristematic zone of the primary root (A), in the lower older root (B), in the upper older root (C) and in the lateral root primordia (D). The plants were grown in 24h light conditions for 5 days. Bar scale 10 µm.

Fig. 1 - 5 .

 15 Fig. 1-5. Expression of ARF8 in the meristematic zone of the primary root (A), in the elongation zone of the primary root (B), in the older root (C) and in the lateral root primordia (D). The plants were grown in 24h light conditions for 5 days. Bar scale 10 µm.

Fig. 1

 1 Fig. 1-6. Expression of ARF19 in the meristematic zone of the primary root (A) and (B), in the elongation zone of the primary root (C) and in the lateral root primordia (D). The plants were grown in 24h light conditions for 5 days. Bar scale 10 µm.
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 1 Fig. 1-7. Expression of ARF activators in the shoot apical meristem: (A, F) ARF5, (B, G) ARF6, (C, H) ARF7, (D, I) ARF8 and (E, J) ARF19. Bar scale 50 µm.
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 18 Fig. 1-8. Expression of ARF activators in the root tip of the primary root with alternative shorter promoter reporter lines. (A) ARF5, (B) ARF6, (C) ARF7, (D) ARF8 and (E) ARF19. Bar scale 50 µm.

Fig. 1 -

 1 Fig. 1-10. ARF5 gene expression reported with mTurquoise2 (A, D) and protein localization reported with mVenus (B, E) in the RAM (A-C) and lateral root primordia (D-F). Overlay channels (C, F). Bar scales 50 µm for A-C and 25 µm for D-F.

Fig. 1 -

 1 Fig. 1-11. ARF6 gene expression reported with mTurquoise2 (A) and protein localization reported with mVenus (B) in the root tip of the primary root. Overlay channels (C). Bar scale 25 µm.

Fig. 1 -

 1 Fig. 1-12. ARF5 (A, B) and ARF6 (C, D) protein localization in the shoot apical meristem. Bar scale 50 µm.
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 113 Fig. 1-13. ARF7 (A-C) and ARF19 (D-F) gene expression reported with mTurquoise2 (A, D) and protein localization reported with mVenus (B, E) in the root tip of the primary root. Overlay channels (C, F). Bar scale 25 µm.

  activator expression patterns in both the root and the shoot with a goal to draw new hints on the function of each ARF activator. In fact, each ARF activator shows distinct ~ 69 ~ expression patterns. In particular, when looking globally at the ARF activator expression in the RAM we see a clear specification in different domains where different combinations of ARFs are expressed. Here the expression patterns can be separated into blocks which can consist of a single tissue type or, alternatively, of multiple autonomous tissue types (Fig. 1-14). For example, columella initials and the mature columella cells are all enriched in ARF5 and ARF6 but deprived of other ARF activators. Similarly, endodermis and cortex both contain only ARF6 and ARF7 transcripts. This could indicate that the endodermis and cortex are able to react to auxin in the same manner even though they are functionally different tissues, thus forming a block of specific auxin response. On the contrary, we expect that cortex/endodermis on one side and columella on the other side would show a different reaction to auxin because of enrichment of different ARF activators in these two tissues.

Fig. 1 -

 1 Fig. 1-14. Schematic of ARF activators expression in various tissues of the root apical meristem. Longitudinal (A) and radial (B) cross-section diagrams showing co-expression pattern of ARF5, 6, 7, 8 and 19. Colors indicate expression domains of indicated ARF activator.

  Indeed, when I compare the expression patterns of my ARF transcriptional reporter lines containing between 3 kb and 5,5 kb promoters to the expression reporter lines created by Rademacher et al. which include 2 kb promoter, I tend to see a different and often more restricted pattern. For example, ARF6 is expressed in the SAM only at the boundaries domain in my reporter lines whereas in Rademacher et al. lines the expression is ubiquitous throughout the SAM. This restriction might be due to transcriptional repressors which downregulate expression of ARF6 in specific tissues and which could be binding ARF6 promoter in the region between -3000 and -2000 bp not included in the shorter reporter construct. On the other hand, the 5 kb and 2 kb ARF5 promoters used in my and the Rademacher et al. constructs respectively both recapitulated successfully in situ hybridization pattern in the SAM. The expression patterns with longer promoter constructs correspond more to ARF

  Fig. 1-2. The constructs were transformed into Agrobacterium tumefaciens C58pMP90 strain by electroporation and then transformed into Col-0 plants by floral dip method (Clough and Bent 1998). As exception, the ARF7 and ARF19 N-terminal fusion translational reporter lines were transformed into qDII CLV3 background (created by Carlos Galvan Ampudia, ENS de Lyon and containing ratiometric qDII auxin reporter and pCLV3-mCherry marker). Multisite Gateway cloning technology was used for the generation of ARF transcriptional reporter lines harboring DNA sequences both upstream and downstream from the start codon. The long promoter fragments were amplified by PCR; they included both sequences upstream of the start codon and small downstream sequences as indicated: pARF5 -5418 bp to + 134 bp, pARF6 -3255 to +197 bp, pARF7 -2973 bp to + 374 bp, pARF8 -5091 to + 42 bp, -4906 to + 452 bp. For ARF5, 6, 8, and 19 the fragments were inserted into pDONR P4-P1R and recombined with 3x mVenus-N7 pDONR211 (containing triple mVenus coding sequences and N7 nuclear localization signal), OCS terminator pDONR P2R-P3

Fig. 2 -

 2 Fig. 2-1. Schematic diagram of the yeast one-hybrid assay (A). Promoter-transcription factor interaction detected by X-gal assay (B) and 3-AT assay (C). Examples of positive interactions are highlighted in red.

Fig. 2 - 2 .

 22 Fig. 2-2. Network motifs found in gene regulatory networks: (A) Simple regulation, (B) negative autoregulation, (C) positive autoregulation, (D) coherent feed-forward loop, (E) incoherent feedforward loop, (F) the dense overlapping regulon, (G) double-positive feedback loop and (H) doublenegative feedback loop. (I) The response time of the system is faster in the negative autoregulation (green line) and slower in positive auto-regulation (red line) compared to a simple regulation (blue line). X/Xst, X concentration relative to steady state Xst (Alon 2007).

  Often the binding sites for different transcription factors are located together in clusters. This can allow for combinatorial binding between variable transcription factors if they are co-expressed in the tissue of interest. An example is the MAD transcription factor from D. melanogaster which co-binds with tissue-specific transcription factors such as Tinman in the dorsal mesoderm or Scalloped in the wing ~ 90 ~ imaginal disc. Thus MAD interacts with a different partner in each specific tissue and this cell-specific cooperation results in specification of particular cell fates(Guss et al. 2001, Lee and[START_REF] Lee | Nuclear integration of positive Dpp signals, antagonistic Wg inputs and mesodermal competence factors during Drosophila visceral mesoderm induction[END_REF]. The combinatorial binding between transcription factors allows thus specificity of developmental responses.

Fig. 2 - 3 .

 23 Fig. 2-3. Schematic of yeast one-hybrid bait design with ARF5 as example. Top row: schematic representation of ARF5 locus; small blue triangles indicate introns. Blue boxes indicate sequences screened in Y1H assay: total sequence screened (top blue box) and the two fragments screened separately (middle and lower blue boxes).
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 24 Fig. 2-4. Yeast one-hybrid promoter-transcription factor interaction network for ARF activators. Green boxes are five ARF activators; pink boxes are transcription factors binding to the ARFs.

  ). The additional genes include shoot-specific transcription factors which were shown to play important roles in the shoot development. Additionally, a number of genes from signalling pathways of various hormones were added. The goal was to find regulators of ARFs involved in both root and shoot development and to find any potential cross talk between auxin and other hormones. At the time of conducting this experiment, the final prey library represented approximately half of all predicted A. thaliana transcription factors. A summary of results of the yeast one-hybrid screen are displayed in Figure 2-4. Overall 42 transcription factors bound to the promoters of ARF activators in my assay. The network includes 47 interactions because a few of the transcription factors regulate multiple ARFs. The ARF activators were not uniform in the amount and type of interaction partners. Numerous interactions were identified for ARF8. On the other hand, ARF5 had 4, ARF6 had 2, ARF7 had 6 and ARF19 only 4 interaction partners. Most of the transcription factors originated from the root-specific library. Only four transcription factors come from the 87 shoot-specific transcription factors that I added to the collection: WUS and KNU which bind to ARF8, KNAT1 binding to ARF5 and CRF10 binding to ARF7. ~ 95 ~ As described previously, ARF5, 8, and 19 promoters were screened in two separate fragments. Interestingly, almost all of the transcription factors were found in the screen with the promoter fragments closest to the transcription. The only exception is HFR1 which bound to the second promoter fragment of ARF8; its binding site is therefore localized between -5091 and -2900 bp upstream of the gene start codon. The results show that a few transcription factors bind to the promoters of multiple ARF activators. None of the transcription factors identified bound to the promoters of all five ARF activators in this screen. Interestingly, At2g26940 controls ARF6, 8 and 19. This gene, which belongs to the C2H2-type zinc finger protein family is a putative repressor due to the presence of a putative EAR domain at the C-terminus (Ciftci-Yilmaz and Mittler 2008).Another common regulator is the bHLH-type transcription factor JAM2 which acts redundantly with JAM1 and JAM3 as negative regulators of jasmonate signaling[START_REF] Sasaki-Sekimoto | Basic helix-loop-helix transcription factors JASMONATE-ASSOCIATED MYC2-LIKE1 (JAM1), JAM2, and JAM3 are negative regulators of jasmonate responses in Arabidopsis[END_REF]). JAM2 interacts with various JAZ proteins and was shown to act as a repressor[START_REF] Nakata | Two bHLH-type transcription factors, JA-ASSOCIATED MYC2-LIKE2 and JAM3, are transcriptional repressors and affect male fertility[END_REF] Sasaki-Sekimoto et al. 
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 25 Fig. 2-5. Design and imaging of the transient protoplast assay. (A) Design of the standard reporter plasmid containing upstream and downstream sequences of the ARF promoter including the first intron (1), the alternative reporter plasmid containing only upstream sequences of the ARF promoter (2), the standard effector plasmid (3), and an alternative effector plasmid containing VP16 domain fused to the TF coding sequence (4). (B) Images obtained during confocal microscopy with channels for mVenus, TagBFP, mCherry and the bright-field. (C) ImageJ software was used for the measurement of the fluorescence. The nucleus of each protoplast was selected and the mean fluorescence was measured.
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 26 Fig. 2-6. Control of the ARF5 expression by the regulatory transcription factors in Arabidopsis thaliana mesophyll protoplasts. Interactions were conducted using either the standard full-length ARF5 promoter (pARF5_fl) (A) or alternative shorter ARF5 promoter (pARF5_pr) (B) against the appropriate TFs. Additionally a VP16 activation domain was fused to the TFs and the interactions were examined with the standard ARF5 promoter (C). Error bars represent standard deviation of the mean value (n= 40 protoplasts). An unpaired t-test was used to calculate significance with *p ˂ 0.1.

  least 4 independent experiments, they received score 4; if they were confirmed in 3 independent experiments, they received score 3 etc. The resulting score for ARF5 interactions is presented in

Fig. 2 -

 2 Fig. 2-7. Yeast one-hybrid promoter-transcription factor interaction network for ARF activators after transient protoplast assay. Green boxes are five ARF activators; pink boxes are transcription factors binding to the ARFs. The solid line indicates interactions with score 4 or 3, dash lines with score 2, and no line with score 1 or 0.
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 28 Fig. 2-8. Control of the ARF6 expression by the regulatory transcription factors in Arabidopsis thaliana mesophyll protoplasts. Interactions were conducted using either the standard full-length ARF6 promoter (pARF6_fl) or alternative shorter ARF6 promoter (pARF6_pr) against the appropriate TFs. Error bars represent standard deviation of the mean value (n= 40 protoplasts). An unpaired t-test was used to calculate significance with *p ˂ 0.1.

  One of them is to use the available literature to search for the transcription factor binding sites in the promoters of ARFs. In addition, the publically available database with results for the DNA affinity purification sequencing (DAP-seq) provides information on the binding sites of multiple transcription factors in Arabidopsis thaliana at the genomic scale (O'Malley et al. 2016). In DAP-seq ca. 200 bp fragments of the A. thaliana genomic DNA are incubated with an affinity-tagged in vitro expressed TF; the unbound DNA is removed while the DNA bound by the TF is sequenced; the sequenced reads are mapped to the reference genome.
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 2 Fig. 2-9. In silico analysis of the transcription factor binding sites using DAP-seq database. DAP-seq peaks of Dof1.8 in the promoter of ARF5 (A) and WRKY33 in the promoter of ARF8 (B). Consensus binding sequences identified for Dof1.8 (C) and WRKY33 (D) with DAP-seq analysis. (E) Summary of the DAP-seq analysis for the 17 TFs available in DAP-seq. (O'Malley et al. 2016).
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 2 Fig.2-10. Expression profiles of ARF5 and its regulatory transcription factors in the root(Brady et al. 2007) 
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 2 Fig. 2-11. Expression profiles of ARF6 (A), ARF19 (B), ARF7 (C), ARF8 (D) and their regulatory transcription factors in the root (Brady et al. 2007).
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 2 Fig. 2-12. T-DNA insertion mutants of the ARF regulatory transcription factors used in this study (red squares).

Fig. 2 - 13 .

 213 Fig. 2-13. Expression of ARF activators in lbd3 mutant. (A) Schematic representation of the LBD3 locus with T-DNA insertion site marked as a blue triangle. Large boxes indicate exons, lines indicate non-coding sections of the mRNA; black arrows indicate qRT-PCR primer binding sites. (B) Expression of LBD3 in the wild-type and the lbd3 mutant background. (C) Expression of ARF activators in the root and the shoot of 7-days old seedlings in the wild-type and lbd3 mutant plants. Mann-Whitney U test was used to calculate significance with *p ˂ 0.1.
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 2 Fig. 2-14. Expression of ARF activators in arf8-2 mutant. (A) Schematic representation of the ARF8 locus with T-DNA insertion site marked as a blue triangle. Large boxes indicate exons, lines indicate non-coding sections of the mRNA; black arrows indicate qRT-PCR primer binding sites. Expression of ARF8 in the wild-type and the arf8-2 mutant background using primers after T-DNA insertion. (B) Expression of ARF activators in the root and the shoot of 7-days old seedlings in the wild-type and arf8-2 mutant plants. ARF8 primers used here bind to the site before T-DNA insertion. Mann-Whitney U test was used to calculate significance with *p ˂ 0.1.
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 215 Fig. 2-15. Expression of ARF7 in the roots of wild-type (A) and nfyb13 (B) mutant seedlings. mVenus fluorescence was measured in the roots of 6 days old seedlings grown in 16h light/8h dark condition (C). Number of replicates: 23 mutant plants, 25 wild-type plants. An unpaired t-test was used to calculate significance with *p ≤ 0.0001. Bar scale 50 µm. Expression of ARF activators in the nyyb13 mutant in the root and the shoot tissues of 7-days old seedlings (D).
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 2 Fig. 2-16. Feedback regulations between the transcription factors and the auxin signaling output.

Fig. 2 -

 2 Fig. 2-17. Examples of shoot growth phenotypes in the mutants of regulatory transcription factors. At2g26940 mutant has bigger rosette diameter and increased number of leaves (A). dof1.8 mutant has reduced main shoot length, reduced number of axillary branches (B).

Fig. 2 -

 2 Fig. 2-18. Plants grown on NPA supplemented medium develop pin-line inflorescences with a few underdeveloped flowers (A) or as a single pin without any organs (B). Percentage of plants with inflorescences containing a single pin without any organs (green), pin with a few underdeveloped organs (yellow) or organs without pin (red) in the wild-type Col-0 and mutant lbd3 and dof1.8 plants. The result is representative from three independent experiments (n ˃ 70 plants per genotype).

  Chapter I. But should the yeast one-hybrid construct have included more downstream regions such as the 3-prime and the terminator regions? To answer this question, downstream regions of ARF promoters need to be screened in the yeast one-hybrid assay for comparison. Such an experiment would also shed light on the importance of 3-prime and terminator regions for the transcriptional regulation of ARFs. However, as the transcriptional reporter lines constructed in this study also lacked 3-prime and terminator regions, the promoters screened in the yeast on-hybrid assay should be sufficient to identify the transcription factors that can produce patterns of gene expression observed in the transcriptional reporter lines. As discussed in chapter I, my transcriptional reporter lines were in most cases able to recapitulate the correct in planta ARF expression patterns and this increased my confidence that the Y1H promoters contain regulatory binding sites for the majority of important regulators.Another bias might come from the nature of the prey collection. The original transcription factors in the collection were mostly selected based on their expression in the root stele[START_REF] Brady | A stele-enriched gene regulatory network in the Arabidopsis root[END_REF]. Many of the root stele TFs are also expressed in other tissues and might play a role in development of other organs. In addition, multiple shoot-specific transcription factors were added to the collection. Nevertheless, the resulting gene regulatory network might be biased to more accurately represent regulations specific for the root tissues and even for the root vascular tissue. This conclusion is not supported by my data because 64% of the mutants of regulatory transcription factors (16 out of 25) were shown to have defects ~ 123 ~ in shoot development indicating that both root and shoot regulators were identified in my screen.

a

  fast response would require extensive alterations in gene expression at the cellular and tissue levels. Recent studies indicate that the tissue-specific reprogramming is co-regulated by a core set of transcription factors acting together as a module[START_REF] D'alessio | A systematic approach to identify candidate transcription factors that control cell identity[END_REF][START_REF] Germanguz | Identifying gene expression modules that define human cell fates[END_REF][START_REF] Rackham | A predictive computational framework for direct reprogramming between human cell types[END_REF]). Indeed, it was shown that an induction of a few specific transcription factors can lead to complete reprogramming of already differentiated cells into a different type of cells[START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF] Yamanaka 2006, Vierbuchen et al. 2010). A question arises if in plants ARF activators constitute these core transcription factors which could reprogram cell-and tissue fates in response to auxin. The key roles contributed to the individual ARFs in plant development speak in favor of this[START_REF] Berleth | The role of the monopteros gene in organising the basal body region of the Arabidopsis embryo[END_REF], Nagpal et al. 2005, Okushima et al. 2005). Each ARF activator controls auxin-induced responses which appear to be specific for the particular ARF.One of the reasons that each ARF is able to induce individual specific responses is the fact that ARFs are not found ubiquitously in the plant; instead they are expressed in specific tissues as shown in Chapter I. These expression patterns are likely to be produced due to transcriptional regulators that bind regulatory regions within ARF gene locus and switch on expression of ARFs only in specific tissues or under specific conditions. In this chapter, the transcription factors which regulate expression of ARF activators were identified. Most strikingly, the subsequent experiments led to discovery that the ARF activators are mostly regulated by transcriptional repressors in planta. Why is this need to repress expression of ARF activators by a large number of different regulators? Generally, auxin induces changes in plant growth and development. Some of these changes could be irreversible such as an initiation of organ development. The initiation and growth of a new organ must cost the plant a ~ 124 ~

  processes and their significance in plant development is undisputed. But then why ARF8 is different from other ARF activators in the number of transcriptional regulators? Could it be an artifact of using heterologous organism, the yeast? The fact that many of the ARF8 regulations identified in the yeast one-hybrid were confirmed in planta indicates that the interactions are not artifacts. It appears that the majority of the interactions are in fact biologically significant interactions. Another possible artifact could be caused by random insertion of the promoter in the yeast genome which is the case for T-DNA insertions during plant transformation; the function of T-DNA might be affected by the surrounding endogenous DNA sequences. The yeast one-hybrid experimental design is based on the bait construct being integrated into the yeast genome by site-specific homologous recombination.The insertion site is therefore identical for all promoters and the positioning of the bait construct in the genome could not explain differences in the screen efficiency. Then could an intrinsic property of ARF8 promoter sequence allow more efficient interactions in yeast whereas promoters of other ARFs somehow prevent many interactions from working in yeast? The promoter of ARF6 screened in yeast onehybrid has 38,4% similarity in sequence to promoter ARF8 (aligned using EMBOSS ~ 126 ~ Needle pairwise sequence alignment tool). Similarly, alignment of ARF7 and ARF19
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 2 Fig. 2-19. Gene regulatory network controlling expression of ARF activators in Arabidopsis thaliana. Small red arrow under the TF name plate indicates gene expression activation of the target ARFs by the relative TF, small red perpendicular line indicates gene repression of the target ARFs by the TF.
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 2 Fig. 2-20. Schematic of double-negative feedback loop between LBD3 and ARF5 and their possible interaction in root stele. Violet cells are xylem, green cells are phloem, brown circle represent pericycle.

Fig. 2 -

 2 Fig. 2-21. Schematic of the feed-forward loop between WUS, KNU and ARF8 during flower development. Expression domain of ARF8 is marked in green, expression domains of WUS and KNU overlap and are marked in red.

  The ARF5 promoter sequences screened in the Y1H assay were amplified by PCR. For ARF5, 8 and 19 two fragments with partially overlapping sequences were screened separately. The overall ARF promoters screened correspond to the promoters used in the construction of the transcriptional reporter lines (pARF5 -5418 bp to + 134 bp, pARF6 -3255 to +197 bp, pARF7 -2973 bp to + 374 bp, pARF8 -5091 to + 42 bp, -4906 to + 452 bp). The amplified fragments were cloned either into pDONR P4P1R or into pEntry 5' TOPO plasmids by the Gateway BP-reaction or using the pENTR 5'-TOPO kit respectively. The resulting plasmids were recombined by the Gateway LR-reaction into both pMW2 and pMW3 Gateway destination vectors designed for yeast expression and containing respectively HIS3 or LacZ reporter genes[START_REF] Gaudinier | Enhanced Y1H assays for Arabidopsis[END_REF]. The resulting vectors were transformed into YM4271 yeast strain. The transgenic yeast was checked for the ability of the promoter to induce the expression of the reporter gene in the absence of an interacting transcription factor (auto-activation). The HIS3 reporter gene auto-activation was checked by growing the yeast on the selection medium lacking histidine and supplied with 3-AT (3-Amino-1,2,4-triazole) concentrations of from 10 mM up to 100 mM. The LacZ reporter gene auto-activation was checked by conducting an X-gal assay with exposure for ≤ 30 min. 87 transcription factors were cloned and added to the existing root-specific transcription factor library (Suppl.. The transcription factors were amplified by a PCR from the cDNA collections which were obtained by isolating total RNA from various tissues. The full-length transcription factor cDNA PCR product (without a stop codon) was inserted into a pEntry-Zeo plasmid by the Gateway BP reaction and then recombined into pDest-AD-2µ destination vector designed for yeast expression and ~ 134 ~
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  and 19 shorter promoters was also made which, in difference to the standard promoter, only included upstream sequences up to ATG. For the ARF8 promoter a short part of the 35S promoter (-107 to +1) was inserted into the construct. The 35S promoter was amplified by PCR with AccIII restriction enzyme sites, linearized with AccII and ligated at position -115 of the ARF8 promoter. Separately, a construct containing NLS followed by mVenus coding sequence and an octopine synthase (OCS) terminator was cloned into pDONR 211 plasmid. Thirdly, a construct ~ 135 ~ containing promoter of RPS5a (promoter of the ribosomal protein S5A) driving TagBFP followed by a NLS signal and finally a nosT terminator was cloned into pDONR P2R-P3 plasmid. The pARF pDONR P4-P1R, the NLS-Venus-term pDONR 211 and the pRPS5a-TagBFP-NLS-term were recombined with a multisite Gateway reaction into pDEST R4-R3. As a positive control the following reporter construct was created: promoter RPS5a driving the expression of nuclear-localized mVenus plus the RPS5a promoter driving expression of TagBFP.For the effector plasmids, the promoter of RPS5a (ribosomal protein S5A) cloned into pDONR P4-P1R plasmid was directly received from Carlos Galvan-Ampudia. The cDNA of the respective transcription factor without the stop codon was cloned into pDONR 211 plasmid. The construct containing a self-cleaving 2A peptide(Kim et al. 2011a;[START_REF] Trichas | Use of the viral 2A peptide for bicistronic expression in transgenic mice[END_REF] followed by mCherry coding sequence, an NLS and a nosT terminator was cloned into pDONR P2R-P3 plasmid. Finally, these three plasmids were recombined with a multisite Gateway reaction into pDEST R4-R3. An alternative effector plasmid included an activator VP16 domain from the herpes simplex virus fused to the TF cDNA.For the protoplast assay Col-0 seedlings were grown in shortday conditions (8h light/16h dark) for 37-45 days. Leaves of similar size from the second or third pair were collected and digested in an enzyme solution (1% cellulose R10, 0.25% macerozyme R10, 0.4M mannitol, 10 mM CaCl 2 , 20 mM KCl, 0.1% BSA, 20 mM MES at pH 5.7) overnight at room temperature. Protoplasts were collected through a 70 micron mesh and centrifuged for 2 min at 100 x g. The protoplasts were washed twice with an ice-cold W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 2 mM MES at pH 5.7) and incubated on ice for 30 min. The protoplasts were then resuspended in the MMG solution (0.4 M mannitol, 15 mM MgCl 2 , 4 mM MES at pH 5.7) with final concentration 150 000 cells/ml. 10 µl of each the effector and the reporter plasmid DNA (concentration 3 mg/µl) were mixed with 200 µl of the protoplasts. Immediately, 220 µl of the PEG solution (40 % PEG 4000, 0.2 M mannitol, 0.1 M CaCl 2 ) was added, incubated for 5 min at RT and then washed twice in W5 solution. The protoplasts were resuspended in 800 µl of the W5 solution and incubated for 24 hours in 16h light/8h dark growth chamber. Before imaging, the protoplasts were resuspended in 400 µl W5 solution and subsequently transformed into an 8-well imaging chamber.

  -4 and 2-7). CRF10 is a member of the Cytokinin Response Factors gene family which act in the cytokinin signaling pathway. Several members of the CRF gene family have been analyzed in details (see Introduction) but CRF10 is not amongst them. The closest homologues of CRF10 are CRF11 and CRF12 which have not been analyzed either (Fig. In-14A). The CRF10 protein contains 324 amino acids. It consists of the structural domains characteristic for the members of the CRF gene family: the N-terminal CRF domain responsible for protein-protein interactions (ca. amino acids 40-74), followed by the AP2 DNA-binding domain (ca. amino acids 111-170) (Fig. 3-1A). Several members of the CRF gene family were shown to contain a conserved MAP kinase phosphorylation site (SP(T/V)SVL) (Rashotte and Goertzen 2010), but CRF10

(

  SALK_084716C) and confirmed to contain a homozygous insertion inside the CRF10 gene. It was designated as crf10-1 mutant in this thesis. The T-DNA insertion site was predicted to be at the C-terminus of the CRF10 gene. The precise T-DNA insertion location was identified by amplifying and sequencing the genomic DNA at the CRF10 locus in the crf10-1 mutant background. This analysis indicated that T-DNA has two left borders which suggest that it is an inverted tandem repeat of the T-DNA (Wei et al. 2015). The insertion site was after the amino acid 296 inside the ~ 159 ~ conserved C-terminal domain with unknown function (Fig. 3-1A). qRT-PCR was used to confirm the mutation: the primer pair binding before the T-DNA insertion site
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 31 Fig. 3-1. Characterization of the crf10-1 mutant. (A) Schematic representation of the CRF10 locus with T-DNA insertion site marked as a blue triangle. The conserved domains are marked: AP2, CRF and the C-terminal conserved region (CCR). Black arrows indicate qRT-PCR primer binding sites. (B) Expression of CRF10 in the wild-type and the crf10-1 mutant background. Two primers pairs were tested binding before and spanning the T-DNA insertion. (C) Expression of ARF activators in the root and the shoot of 7-days old seedlings in the wild-type and crf10-1 mutant plants. Mann-Whitney U test was used to calculate significance with *p ˂ 0.1.
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 32 Fig. 3-2. Expression of CRF10 in the meristematic zone of the primary root (A), in the lateral root primordia (B), in the hypocotyl (C) and in the leaves (D). The plants were grown in 16h light/8h dark conditions for 5 days. Bar scale 25 µm.
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 33 Fig. 3-3. Expression of CRF10 in the shoot apical meristem. Bar scale 25 µm.
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 36 Fig. 3-6. Early leaf senescence phenotype of the crf10-1 mutant. Images of the Col-0 and crf10-1 plants grown at 8h light/16h dark conditions for 45 days.

  Fig. 3-7. The phenotypes of the crf10, arf7, arf19 single, double and triple mutants grown for 45 days in 8h light/16h dark conditions. Images of the rosette (A), the number of green and senescent leaves (B) and the rosette size (C). n = 12 plants. The unpaired t-test test was used to calculate significance with *p ≤ 0.05.
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 38 Fig. 3-8. Chlorophyll content in the leaf 3 of the wild-type, crf10, arf7 and crf10 arf7 plants grown for 40, 45 or 50 days in 8h light/16h dark conditions. (A) Amount of chlorophyll a in mg per g fresh weight. (B) Amount of chlorophyll b in mg per g fresh weight. n = 3 plants.
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 39 Fig. 3-9. Hypocotyl growth orientation in response to blue light in the wild-type, arf7-1, crf10-1 and arf7-1 crf10-1 plants. Seedlings were grown for 4 days in the dark and then exposed to blue light for 7h (A). Hypocotyl bending angle (B) and the hypocotyl length (C) were measured. N ≥ 40. The unpaired t-test test was used to calculate significance with *p ≤ 0.05.
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 3 Fig. 3-10. Expression of ARF7 visualized with pARF7-mVenus transcriptional reporter line in wild-type (A) and crf10-1 (B) plants. Images showing hypocotyl of the plants grown for 4 days in the dark and exposed to blue light for 7h. Images were taken at the bend of the hypocotyl.
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 3 Fig. 3-11. Root growth analysis of the crf10-1 mutant. Images of the 8 days old plants (A). Length of the primary root (B) and the number of lateral roots (C), n = 34. Root meristematic zone was measured using confocal images(D, E) and the number of the cortex cells in the meristematic zone was counted (F), n≥ 14 (except day 14, n≥ 8). Bending assay showing developmental stages of the lateral root primordia 24h and 48h after the bend (G and H); n≥ 13. Plants were grown in 16h light/8h dark conditions except for the bending assay, which was performed at 24h light conditions. The unpaired t-test test was used to calculate significance with *p ≤ 0.05.

  Fig. 3-12. Root apical meristem of the wild-type (A, D) and the crf10 mutant (B-C, E). Arrows indicate layers of the proximal meristem: QC = quiescent center, CSC = columella stem cell layer, C1-4 = columella layers 1 to 4. Plants were grown for 8 days in 24h light conditions in Nottingham. Bar scale 25 µm.
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 3 Fig. 3-13. pWOX5-GFP marker line expression in the wild-type (A) and the crf10-1 (B) mutant. Arrows indicate layers of the proximal meristem: QC = quiescent center, CSC = columella stem cell layer, C1 = columella layers 1. Number of putative CSC cell layers in pWOX5-GFP plants at 8 days (E) and 10 days (F); n ≥ 15. GFP fluorescence intensity in 8 days pWOX5-GFP old plants (G); n ≥ 18. Two wildtype and two mutant lines were analyzed (L1 = line 1, l2 = line 2). Plants were grown at 16h light/8h dark conditions in Lyon. The unpaired t-test test was used to calculate significance with *p ≤ 0.05. Bar scale 25 µm.
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 3 Fig. 3-14. Auxin (A -C) and cytokinin (D -F) signaling in the RAM of the wild-type and crf10-1 mutant visualized with the DR5-GFP and TCS-GFP reporter lines respectfully. GFP fluorescence intensity was measured (n ≥ 18) (C and F). Plants were grown for 9 days in 16h light/8h dark conditions in Lyon. The unpaired t-test test was used to calculate significance with *p ≤ 0.05. Bar scale 25 µm.
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 315 Fig. 3-15. Misexpression of ARF7 in the columella cells under SMB promoter. pSMB-mVenus plants showing expression pattern of the chosen promoter (A). RAM structure in the wild-type (B) and the pSMB:ARF7 transgenic plants (C). Arrow indicates abnormal cell division in endodermis layer. Percentage of plants with disorganized RAM in the pSMB:ARF7 line (D). Plants were grown for 9 days in 16h light/8h dark conditions in Lyon. N = 23 roots in Col-0 and 28 roots in pSMB:ARF7. Bar scale 25 µm.
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 3 Fig. 3-16. Expression of pARF7-mVenus transcriptional reporter in the root apical meristem of the wild-type (A) and crf10 (B) plants. Plants were grown for 8 days in 16h light/8h dark conditions in Lyon. Fluorescence intensity was measured (C). N = 32 roots in the wild-type and 28 roots in crf10. The unpaired t-test test was used to calculate significance with *p ˂ 0.0001. Bar scale 25 µm.
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 3 Fig. 3-17. Root apical meristem of the wild-type (A), crf10-1 (B), arf7-1 (C) and crf10-1 arf7-1 (D) plant. Plants were grown for 8 days at 16h light/8h dark conditions in Lyon. Number of putative CSC cell layers (E); n ≥ 23. The unpaired t-test test was used to calculate significance with *p ≤ 0.05. Bar scale 25 µm.

  to a frameshift leading to introduction of premature stop codons (after 35 amino acids and 47 amino acid respectively). Finally, a CRISPR mutant of the CRF10 gene in the crf10-1 background was also created with a mutation site at the start of the coding sequence. If crf10-1 is not a loss-of-function mutant, then the CRISPR mutation at the start of the gene will effectively attenuate the gain-of-function phenotypes.Another question would be if the observed phenotypes are due to the T-DNA insertion in the CRF10 locus. The genetic analysis identified at least one more T-~ 183 ~ DNA insertion which doesn't disrupt gene coding sequence, but which could still potentially affect gene expression networks in an unpredictable manner. This can be investigated by examining phenotypes in alternative CRF10 mutants. For this reason, the CRISPR mutants constructed in the course of this study will be crucial to prove the connection between the observed phenotypes and the CRF10 mutation. An alternative method would be to complement the crf10-1 mutant with a genomic CRF10 construct and observe the loss of phenotypes. For this reason, the translational reporter fragment containing CRF10 genomic fragment was inserted both in Col-0 and crf10-1 backgrounds. Unfortunately, in both cases the extremely weak CRF10 protein levels raises question on the functionality of the construct.Finally, crossing crf10-1 mutant with the wild-type plants and examining phenotypes in multiple progenies containing homozygous crf10-1 T-DNA insertion would allow to cross-out additional T-DNA insertion in at least some of these progenies.
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 3 Fig. 3-18. Microarray data showing expression of ARF7 after cytokinin treatment. (A) 7 days old seedlings treated with 1 µM zeatin[START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF][START_REF] Goda | The AtGenExpress hormone and chemical treatment data set: experimental design, data evaluation, model data analysis and data access[END_REF], (B) 7 days old seedlings treated with 5 µM BA[START_REF] Lee | Genome-wide expression profiling of ARABIDOPSIS RESPONSE REGULATOR 7(ARR7) overexpression in cytokinin response[END_REF]).
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 3 Fig. 3-19. Model of cytokinin and auxin interaction involving CRF10 and ARF7 in senescing leaves. Reduced levels of auxin and cytokinin and the increased levels of ARF7 in senescent leaves are responsible for the onset of leaf senescence.

  include various reporter lines inserted in the crf10-1 background such as the auxin DR5-GFP reporter, the cytokinin TCS-GFP reporter, the ARF19 and ARF5 transcriptional reporters. These would help to shed more light on role of ARF7 and CRF10 in this response and the interaction between them. With the DR5-GFP reporter one could examine if the asymmetric auxin signaling distribution observed in the wild-type plants is retained the crf10-1 mutant background. An involvement of the cytokinin signaling in this process could be elucidated by looking at the TCS-GFP reporter in the wild-type and the crf10-1 mutant backgrounds. If the auxin signaling output is disrupted in the crf10-1 mutant, one can elucidate if other ARF activators including ARF19 and ARF5 are involved in this process by looking at the expression of these ARFs in the crf10-1 and the wild-type plants using my transcriptional reporter lines.CRF10 and ARF7 are involved in the maintenance of the root apical meristemMy results suggest that the CRF10 gene is involved in the maintenance of the root apical meristem based on the interesting phenotype of the crf10-1 mutant which shows a disorganized morphology around the QC and columella stem cell layers in the RAM. This phenotype is dependent on growth conditions. Often weak ~ 188 ~
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  phenotype. The mutant appears to have additional cell layer and more disorganized cell alignment at the QC and CSC positions. The experimental results with QC marker lines indicate that the QC function is not disrupted in the crf10-1 mutant. The additional cell layer observed in the mutant is located at the position normally occupied by the QC but doesn't appear to be specified as a QC cell layer as indicated by expression of the QC markers WOX5 and SCR. One can speculate that this additional cell layer rather has columella stem cell identity. A columella stem cell layer marker line such as the J2341(Ding and Friml 2010, Pi et al. 2015) would be useful to confirm this hypothesis.The columella stem cells are derived from QC cells; these cells can undergo further cell division and differentiation rounds to produce fully mature columella cells which contain gravity-sensing starch granules[START_REF] Nakajima | Signaling in and out: control of cell division and differentiation in the shoot and root[END_REF]. Auxin can affect the differentiation of the columella stem cells; growth on the medium supplemented either with auxin (NAA) or with an auxin transport inhibitor (NPA) leads to absence of CSC layer which differentiates into a mature columella layer[START_REF] Ding | Auxin regulates distal stem cell differentiation in Arabidopsis roots[END_REF]. Similarly, a QC-or CSC-specific expression of an auxin biosynthesis ~ 189 ~ gene IAAM leads to increased differentiation of the CSC layer[START_REF] Ding | Auxin regulates distal stem cell differentiation in Arabidopsis roots[END_REF].

  crf10 crf12. The following constructs were crossed with the crf10-1 mutant: pWOX5-GFP marker for QC line (obtained from University of Nottingham lab collection), DR5-GFP line (obtained from University of Nottingham lab collection), TCS-GFP line (obtained from University of Nottingham lab collection), pARF7-mVenus (transcriptional reporter line described in Chapter I), pSCR:SCR-YFP (obtained from University of Nottingham lab collection).

ethanol for 3

 3 hours. The absorbance was measured at A664 and A648. The amount of chlorophyll a and b was calculated using the following formula: Chla = 13.36 * A664 -5.19 * A648 [µg/ml] and Chlb = 27.43 * A648 -8.12 * A664 [µg/ml] (Lichtenhalter and Buschmann 2001). Number of replicates per genotype is 3 plants.

  Multicellular organisms have complicated body structures that often consist of distinct cell populations organized in various tissues, each tissue type having specific functions. For the body to change in response to external or internal stimuli, proper communication between cells and tissues is essential. In plants this communication is transmitted in most part through hormones. Among plant hormones, auxin was shown to control multiple aspects of developmental throughout the life cycle of the plant from embryonic development through to the reproduction, as well as regulating responses to various external stresses.Auxin has been a subject of plant science research for almost 100 years since its discovery in 1928 by Frits Went[START_REF] Enders | Auxin activity: Past, present, and future[END_REF]. Despite its early discovery, the understanding of the molecular mechanism that mediate auxin response only came in the last 20 years. Particularly important advancements came with unraveling the components of the auxin signaling pathway. Auxin signaling is propagated through an elegant and relatively simple molecular mechanism based on auxin-dependant derepression of transcription factors that control expression of multiple auxin-regulated genes. In a simple perspective, this mechanism involves an auxin receptor, a repressor and a transcription factor. Nevertheless, the simple mechanism turned out to be much more complicated due to presence of dozens of homologues genes for each member of this signaling pathway in most land plants.For example, A. thaliana contains 6 auxin receptor genes from TIR1/AFB family, 29 AUX/IAA repressors, and 23 ARF transcription factors from which 5 are able to act as activators of auxin response(Dharmasiri et al. 2005b, Okushima et al. 2005[START_REF] Remington | Contrasting modes of diversification in the Aux/IAA and ARF gene families[END_REF]. It is partly through the diversity of these components that tissues and cells are able to respond to auxin in accordance with current plant's needs.In this thesis I look at the diversity of ARF activators in Arabidopsis thaliana with the aim to learn where these five ARFs are expressed in the root and the shoot tissues and to understand how these expression patterns are established. Transcriptional reporters for the 5 activating ARFs have been made previously (Rademacher et al. ~ 201 ~ 2011), these contained only ca. 2 kb fragment upstream of the transcriptional start.

  Another interesting project arising from this thesis would be to analyze in depth one or two ARF activators for all potential post-transcriptional and post-translational regulations that affect function of this ARF. In this thesis I showed that ARF activators might differ significantly in post-transcriptional and post-translational control mechanisms. Further mechanisms have been described in the literature or could be predicted by bioinformatic methods. For example, ARF7 mRNA must be subjected to alternative splicing because this gene has four different splice variants published (according to the Arabidopsis Information Resource (TAIR)); are these four splice variants produced in separate tissues, and how does this affect the function of ARF7 in these tissues? The activity of ARF7 protein is further modified through phosphorylation during lateral root development(Cho et al. 2013), and SUMOylation during lateral root initiation in response to water availability of the soil (Orosa-Puete ~ 204 ~
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 41 Fig. 4-1. Reconstruction of ancestral state of ARFs in plant evolution. Phylogenetic tree shows the copy number and phylogenetic relationship of each ARF in the common ancestors. Numbers on the top indicate ARF genes in Arabidopsis thaliana. Black circle: ARF gene; grey circle: non-canonical ARF; red circle: ascent ARF subfamily (Mutte et al. 2018).
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 42 Fig. 4-2. Expression of rice ARF activators in the crown roots. Laser microdissection was used to collect samples from different zones of the crown root of 10 days root seedlings. Schematic of root sections with tissues collected separately (A). Expression profiles of OsARF11 (B), OsARF21 (C) and OsARF6 (D) in the corresponding tissues of the root (Data from Rice Expression Profile Database RiceXPro).

  in a cell and tissue specific manner. This reprogramming is based on activation and repression of multiple genes in a given cell which ultimately leads to functional changes within this cell; often the cell adopts a new cell fate and differentiates to a different cell type. ARF activators are responsible for switching on these gene expression changes in response to high auxin levels.~ 210 ~It is clear that ARFs are able to induce a very powerful cellular response that should only be activated when and where necessary. In that case it would be advantageous for the plant to strictly control the action of these ARF activators by spatially and temporally restricting their expression. In this study it was shown that the expression of ARF activators is controlled by multiple transcriptional repressors in planta. It appears that repression and derepression could be the mechanism that restricts ARF action during development or in response to environment. Interestingly, ARF activator action is already restricted by other repressive mechanisms which include repression through oligomerization with the AUX/IAAs and through the competitive binding of the target DNA sequences by ARF repressors. Nevertheless, these mechanisms are not necessary redundant and might serve different purposes. As such, the repression by AUX/IAAs is auxin-dependant and serves to control ARF activator response in dependence to auxin levels in the tissue.On the other hand, the competitive binding with ARF repressors is auxinindependent, but might depend on the protein concentrations of both ARF repressors and ARF activators in the tissue and on the affinity of these to their target DNA. Thus the mechanism of repression by ARF repressors could serve to fine-tune severity of auxin response in a given tissue.The repression of ARF transcription by specific transcription factors is in many cases independent from auxin levels. These transcription factors can be members of the signaling pathway from the different plant hormones or belong to gene signaling networks that act independently from auxin. The repression by the regulatory transcription factors could then provide a link between the auxin signaling pathway and other hormonal pathways or gene regulatory networks.
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Table . 2

 . -2. Expression of ARF activators in mutants of the regulatory transcription factors. Expression was measured in the roots and the shoots of 7-days seedlings with qRT-PCR. Mann-Whitney U test was used to calculate significance with *p ˂ 0.1. Green boxes indicate statistically significant upregulation, blue boxes indicate statistically significant downregulation of the corresponding ARF in the mutant background compared to wild-type control. The red border indicates the target ARF regulated by the given TF in the Y1H assay.

	ARF5 root ARF6 root ARF7 root ARF8 root ARF19 root	ARF5 shoot ARF6 shoot ARF7 shoot ARF8 shoot ARF19 shoot
	dof1.8	
	lbd3	
	nfyb13	
	at2g26940	
	crf10	
	wrky38	
	al3	
	hfr1	
	ntl4	
	iaa30	
	abs2	
	asil1	
	at1g61730	
	wrky4	
	wrky11	
	wrky17	
	wrky20	
	wrky21	
	at1g26610	
	abf4	
	at2g44730	
	ddf1	
	zfp6	
	myb65	
	nlp5	
	significantly upregulated	
	significantly downregulated	

Table . 2

 . -3. Expression of transcription factors after treatment with 1 µM IAA for 30 min, 1h or 3h. Expression values results were obtained from Arabidopsis eFP browser were deposited by Shimada lab[START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF][START_REF] Goda | The AtGenExpress hormone and chemical treatment data set: experimental design, data evaluation, model data analysis and data access[END_REF]. Green boxes indicate significant upregulation, blue boxes indicate significant downregulation of gene expression compared to mock treatment.

	IAA 30 min	IAA 1h	IAA 3h
	LBD3		
	KNAT1		
	AT2G26940		
	SPL13b		
	TGA1		
	IAA30		
	WRKY33		
	ZFP6		
	increased expression	
	reduced expression	

Table . 2

 . -4. Phenotypic analysis of the shoot and the root growth defects in 25 mutants of the regulatory transcription factors. For the shoot phenotype, the number of leaves, rosette diameter, main shoot length, number of cauline branches and number of axillary branches was measured. For the root analysis, the main root length was measured when grown on media with IAA. Green boxes indicate statistically significant increase, blue boxes indicate statistically significant reduction compared to the wild-type. Colored boxes around mutant's names indicate which ARFs these TFs regulate in the Y1H assay. GR rate = rate of gravitropic response. For the shoot phenotype, unpaired t-test test was used to calculate significance with *p ≤ 0.05. For the root phenotype, one-way analysis of variance (ANOVA) test was used to calculate significance with *p ≤ 0.05.

Nr.

of leaves Rosette diameter Main shoot length Nr. of cauline branches Nr. of axillary branches Root + IAA 5 days Root + IAA 15 days GR rate dof1

  

	Myb65, iaa30 and nfyb13 mutants have increased number of axillary shoots which
	might indicate a reduced apical dominance (Table 2-4).	
	.8				
	lbd3				
	nfyb13				
	at2g26940				
	crf10				
	wrky38				
	al3				
	hfr1				
	ntl4				
	iaa30				
	abs2				
	asil1				
	at1g61730				
	wrky4				
	wrky11				
	wrky17				
	wrky20				
	wrky21				
	at1g26610				
	abf4				
	at2g44730				
	ddf1				
	zfp6				
	myb65				
	nlp5				
	significantly increased	ARF5	ARF7 ARF6	ARF6 ARF8 ARF19	ARF19
	significantly reduced	ARF5 ARF19	ARF7	ARF8	
			~ 119 ~	
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	cold	heat	osmotic	salt	wounding drought	UV
	ARF5 shoot					
	ARF6 shoot					
	ARF7 shoot					
	ARF8 shoot					
	ARF19 shoot					
	ARF5 root					
	ARF6 root					
	ARF7 root					
	ARF8 root					
	ARF19 root					
	increased expression				
	reduced expression				

5.

Expression of ARF activators in the root and the shoot after abiotic stimuli. 18 days old Col-0 plants were treated with various abiotic stresses

(cold, heat, osmotic, salt, wounding, drought and UV)

. Increased (green box) or reduced (blue box) expression at least higher than 1.5 fold in the period up to 3h after treatment are considered relevant

[START_REF] Kilian | The AtGenExpress global stress expression data set: protocols, evaluation and model data analysis of UV-B light, drought and cold stress responses[END_REF]

).

ARF8 in abiotic stress response is not particularly evident. Nevertheless, perhaps ARF8 has a different role in the response to environmental stimuli than ARF5 or ARF19; ARF8 could detect changes in the epidermis and then propagate the signal in the other tissues acting as a mediator whereas ARF5 and ARF19 could follow up and switch on the auxin response.

  µM IAA. Images were taken at 5 and 15 days in light and the root length was measured. For the gravitropic response, plants were grown for 5 days, then turned at a 90°C angle and the images of the root gravitropic growth were taken every 1 hour for the next 12h hours in the dark with the infrared camera. Statistical analysis was

	Nr	AGI	Splice variant	Name
		Shoot-specific TFs:	
		At5g61850	At5g61850.1	LFY,LEAFY
		At1g69120	At1g69120.1	AP1, APETALA 1
	done with one-way analysis of variance (ANOVA) test with p ≤ 0.05 considered as At3g54340 At3g54340.1 AP3, APETALA 3
	At1g26310 statistically significant. At5g20240	At1g26310.1 At5g20240.1	CAL, CAULIFLOWER PI, PISTILLATA
	At2g45190 Growth on NPA for shoot phenotype analysis At2g45190.1 YAB1, FIL, YABBY 1 At1g08465 At1g08465.1 YAB2
	Plants were grown on plates laid horizontally with medium containing 11.82g/l At4g00180 Unknown YAB3
	At2g26580 Arabidopsis medium (Duchefa), 2 mM Ca(NO 3 ) 2 x 4H 2 O and 0.7% Agar, pH 5.8 and At2g26580.1 YAB5 At1g69180 At1g69180.1 CRC, CRABS CLAW
	supplemented with 10µM NPA. The plants were grown at 16h light/8h dark conditions At1g62360 At1g62360.1 STM
		At2g17950	At2g17950.1	WUS, WUSCHEL
		At2g28610	At2g28610.1	PRS, WOX3
		At5g16560	At5g16560.1	KAN1, KANADI 1
		At4g17695	At4g17695.1	KAN3, KANADI 3
		At5g42630	At5g42630.1	ATS, KAN4
		AT5G15840	AT5G15840.1	CONSTANS
		At2g32700	At2g32700.6	LUH
				DRNL, DORNROSCHEN-
		At1g24590	At1g24590.1	LIKE
		At1g12980	At1g12980.1	DRN, DORNROSCHEN
		At5g60910	At5g60910.1	FUL, FRUITFULL
		At2g45660	At2g45660.1	SOC1, AGL20
		At4g24540	Unknown	AGL24
		At2g22540	At2g22540.1	SVP, AGL22
		At5g03790	At5g03790.1	

Root phenotype analysis was done by Jingyi Han (University of Nottingham, Anthony Bishopp's group). For root length measurement and for gravitropic analysis plants were grown on ½ MS medium in 12h light/12h dark conditions. For root length analysis, plants were grown either on medium lacking IAA or supplemented with 10 ~ 138 ~ until analyzed at 25 days old. The plants were examined under a stereo microscope and classified in one of the three categories: plants with a single pin inflorescence, plants with pin and 1-3 flowers, plants with flowers only (no pin). At least 70 plants were counted per genotype. Three independent experiments were performed.

Supplementary Table 2-4.

  List of transcription factors mutants used in this thesis.

	Chapter III:		
	Name		Line	Nasc order nr. Insertion site
	1 LBD3		WiscDsLoxHs070_10G	N906703	Intron
	2 NF-YB13	SALK_042710C	N656418	exon close to end
	3 MYB65		SALK_063552	N563552	last exon
	4 NLP5		SALK_027488c	N685529	third exon
	5 NTL4 6 IAA30	SALK_009578C TFs important in ABA signaling: SALK_065384C	N654990 N668427	third exon first intron
	82 At2g36270 7 ABS2 SALK_146872C AT2G36270.1 83 At1g45249 AT1G45249.1 8 ASIL1 SALK_124095C 9 At1g61730 SALK_065296C	N677334 ABI5 N654384 ABF2 N666282	first intron exon 5'-UTR
	10 WRKY4 11 WRKY17 TFs important in brassinosteroid signaling: SALK_082016 N582016 SALK_076337C N655632	first exon first exon
	12 WRKY20	SALK_056001	N556001	intron
	84 At1g75080 13 WRKY21 WiscDsLox477-480H13 AT1G75080.1	BZR1 N857761	first exon
	85 At1g19350 14 AT1G26610 GK-910E04 AT1G19350.3	BZR2, BES1 N487316	exon
	86 At3g28910 15 At2g26940 SALK_112806C AT3G28910.1	MYB30 N670045	5'-UTR
	87 At1g32130 16 WRKY11 SALK_141511C AT1G32130.1	IWS1 N686899	5-UTR
	17 ABF4		SALK_069523	N569523	first exon
	18 At2g44730	GABI_104F06	N409954	exon
	19 Dof1.8		SALK_130584	N630584	second exon
	20 CRF10		SALK_084716C	N654285	exon
	21 AL3		SALK_080056C	N681366	last exon
	22 WRKY38	SAIL_749_B02	N876493	first exon
	23 DDF1		SALK_137015	N637015	exon
	24 ZFP6		SALK_200865C	N688121	exon
	25 HFR1		SALK_037727C	N655442	third exon

Supplementary

Table 2-3. List of transcription factors cloned for the yeast one-hybrid prey collection during this thesis ~ 153 ~

Cytokinin Response Factor 10 regulates ARF7 expression to control plant development Introduction In

  the previous chapter I identified transcription factors that regulate expression of ARF activators. Mutants of these TFs were shown to have auxin-related phenotypes with defects in various aspects of growth and development. In this chapter I focus on one particular transcriptional regulator CRF10 which is a member of the Cytokinin
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1. Potential T-DNA insertions inside the crf10-1 mutant.

  Looking at the evolution of the ARFs could provide clues on the necessity and advantages of having multiple ARF activators with diverse functions. ARF-like proteins appear first in charophytes, the green algae. The function of these proto-ARFs is unclear because charophytes lack other components required for the auxin signaling response such as the AUX/IAAs repressors and TIR1/AFB auxin receptors[START_REF] Finet | Evolution of the ARF gene family in land plants: old domains, new tricks[END_REF][START_REF] Mutte | Origin and evolution of the nuclear auxin response system[END_REF]). On the contrary, land plants contain all required components of the auxin signaling pathway including ARFs which are divided into three phylogenetic lineages (Fig.4-1). One of the lineages includes ARF activators whereas the other two lineages consist of ARF repressors. Interestingly, ARF activators already form a separate group from the ARF repressors in all land plants (Class A in Fig.4-1). In liverworts, mosses and lycophytes ARF activators consist of

	On the other hand, it was shown that a deficiency in one ARF activator can be
	compensated by another ARF. For example, Nagpal et al. were able to complement
	reduced production of seeds in arf8 mutant by introducing extra copies of ARF6 gene
	into this mutant (Nagpal et al. 2005). In this case closely related ARFs, ARF6 and
	ARF8, might have identical function in seed development; it appears that a correct
	copy number of those two ARFs combined is more important that the specific
	function of each ARF. Perhaps this ability is limited to homologous ARFs, or could
	non-homologous ARFs also successfully substitute functions of each other? One can
	further investigate this by misexpressing one ARF activator under promoter of a
	different ARF. For example, would the pARF7:ARF5 construct complement arf7
	mutant phenotypes?
	~ 205 ~

One can question why does Arabidopsis thaliana require five ARF activators to mediate auxin response. It can be presumed that the advantage of having multiple ARF activators lies in the increased specificity of auxin response due to specialization of individual ARFs in controlling particular aspects of plant development. Indeed in this thesis I showed that all five ARFs have discrete expression patterns in the root and the shoot that suggests that each ARF specializes to transmit auxin responses in specific tissues or cells. In correlation to this, expression of each ARF activator was shown to be regulated by a discrete set of transcription factors.

two separate branches: one canonical and one non-cannonical ARF. The hornworts contain only one canonical ARF activator. The non-cannonical ARF activator was eventually lost during evolution and it is not found in ferns, gymnosperms and angiosperms. On the other hand, the canonical ARF activator

  SpARF8A, and SpARF8B are important for flower development in tomato[START_REF] Liu | Down-regulation of AUXIN RESPONSE FACTORS 6 and 8 by microRNA 167 leads to floral development defects and female sterility in tomato[END_REF]. It would be interesting to investigate why tomato requires three ARF activators in this process when A. thaliana uses only two.

	One can only speculate on the significance of other duplication events during
	evolution. Perhaps the development of the separate ARF5 and ARF7/19 proteins in
	gymnosperms could be important for the development of the elaborate root systems
	characteristic for the gymnosperms and angiosperms or, alternatively, could be
	important for wood development.
	Looking at the conservation of ARF activators in other species could provide clues on
	importance of having multiple ARFs for evolutional adaptations associated with

various group of plants. Unfortunately, characterization of ARF activators in species other than Arabidopsis thaliana has not been performed extensively. Among dicots, tomato has been reported to contain seven ARF activators: ARF5, 6A, 7A, 7B, 8A, 8B and 19

[START_REF] Zouine | Characterization of the tomato ARF gene family uncovers a multi-levels post-transcriptional regulation including alternative splicing[END_REF]

. Interestingly, similarly to A. thaliana, SpARF6A, ~ 207 ~

TF ATG

Gene BS from literature BS from DAP

KNU no data no data no data AT1G16530 LBD3 AT4G08150 KNAT1 no data no data no data At5g53950 CUC2 CGTdata no data no data AT1G01260 JAM2 no data no data no data AT5G23090 NF-YB13 no data no data no data AT3G54990 SMZ no data no data no data AT1G64620

Supplementary information

Supplementary Fig. 1-1. Schematic representation of the ARF5 (upper row), ARF6 (upper middle row), ARF7 (middle row), ARF8 (lower middle row) and ARF19 (lower row) locus. Small blue triangles indicate introns with size specified. Big blue arrows show direction of the transcription. UR = upstream region; term = terminator.

~ 81 ~ Supplementary Fig. 12. Overview of transcriptional and translational reporter lines constructed in this study. In the transcriptional reporter lines upstream sequences and downstream sequences including the first intron (A) or only upstream sequences (B) of ARFs are driving expression of the nuclear-localized mVenus reporter. In the translational reporter lines the genomic DNA fragments including upstream and downstream region of ARFs were fused C-terminally to the mVenus reporter lacking localization signals. This is followed by the 2A peptide and the nuclear-localized mTQ2; the 2A peptide allows post-translational cleavage of the mTQ2-NLS which then serves as a transcriptional reporter in this construct (C). Additionally, for ARF7 and ARF19 translational reporter lines containing N-terminal fusions between the mTQ2 reporter (without localization signal) and the ARF7 or ARF19 genomic coding sequence were constructed. (D). Red boxes represent exons, spaces between them represent introns. Supplementary Fig. 123. Expression of ARF7 in the older root (A) and the lateral root primordial (B) using the alternative transcriptional reporter line with shorter promoter. Bar scale 50 µm.

~ 82 ~ Supplementary Fig. 1234 

Supplementary information

Supplementary Fig. 2-1. Expression profile of ARF5, 6, 7, 8 and 19 in the shoot apex of the apetala1-1;cauliflower1-1 double mutant [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Yadav | A high-resolution gene expression map of the Arabidopsis shoot meristem stem cell niche[END_REF]. The expression domains are the following: WUSp = rib zone, Uninduced = control for induction by protoplasting, S17 = shoot phloem, Protoplast_Induced = control for induction by protoplasting, LAS = adaxial organ boundaries, KAN1 = abaxial organ boundaries, HMG = meristematic L1 layer, HDG4 = L2 layer, FILp = organ primordia, CLVp = central zone, CLV3n = control with GFP negative protoplasts, AtMIL1 = ubiquitous L1 layer, AtHB8 = shoot xylem. ~ 143 ~ Supplementary Fig. 23. Expression of transcription factors which are differentially expressed after treatment with 1 µM IAA for 30 min, 1h or 3h. Expression values results were obtained from Arabidopsis eFP browser were deposited by Shimada lab [START_REF] Winter | An "Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF][START_REF] Goda | The AtGenExpress hormone and chemical treatment data set: experimental design, data evaluation, model data analysis and data access[END_REF].

~ 144 ~ Supplementary Fig. 234 ~ 148 ~ Supplementary Table 2-1. Scoring interactions between the promoters of ARF activators and the regulatory transcription factors based on protoplast assay results. "+" indicated increase, "-" reduction and "0" no change of mVenus reporter expression levels compared to control. The score was given between 0 and 4: 4 when the interaction was confirmed in at least 4 independent experiments and 0 when the interaction wasn't confirmed in any experiment. "normal" indicates using standard effector plasmid; "VP16" indicated using an alternative effector plasmid with TF-VP16 domain fusion. An unpaired t-test was used to calculate significance with *p ˂ 0.1. ~ 163 ~ nuclear-localized mVenus fluorescent reporter. CRF10 was found to be strongly expressed only in the meristematic zone of the root; here it was enriched in all cells except the QC and columella initial layers (Fig. 3-2A). In the older part of the root, CRF10 was barely expressed in the vasculature but strongly in lateral root primordia (Fig. 3-2B). In addition to the root, CRF10 showed strong expression in the epidermal layer of the hypocotyl (Fig. 3-2C) and in the stomata guard cells of the leaves (Fig. 3-2D). CRF10 was also broadly expressed in the dome structure of the shoot apical meristem encompassing the central and peripheral zones (Fig. 3-3). The expression was strongest in the L1 layers and declining progressively in the deeper layers (Fig. ~ 164 ~ the actual protein localization pattern appeared to be similar to the expression pattern in the root tip (Fig. . The difficulty to visualize the protein localization could be explained by a possible natural low abundance of the CRF10 protein. On the other hand, the C-terminal fusion between the CRF10 and the mVenus could interfere with the protein folding rendering it dysfunctional and more prone to degradation. The functionality of this line could be verified by looking if this line complements crf10-1 mutant phenotypes.

Expression of the several members of the CRF gene family is upregulated after cytokinin treatment [START_REF] Rashotte | A subset of Arabidopsis AP2 transcription factors mediates cytokinin responses in concert with a two-component pathway[END_REF]; this property prompted researches to name the whole gene family the Cytokinin Response Factors. The publically available microarray datasets showed that the expression of CRF10 is not changing in response to cytokinin treatment in the root tissue [START_REF] Yokoyama | Type-B ARR transcription factors, ARR10 and ARR12, are implicated in cytokinin-mediated regulation of protoxylem differentiation in roots of Arabidopsis thaliana[END_REF], or the whole seedlings [START_REF] Lee | Genome-wide expression profiling of ARABIDOPSIS RESPONSE REGULATOR 7(ARR7) overexpression in cytokinin response[END_REF], AtGenExpress hormone treatment data from 

Cloning and generation of transgenic lines

The transcriptional and the translational reporter lines of CRF10 were generated using Multisite Gateway cloning technology. For the transcriptional reporter lines the promoter region of the CRF10 locus from -4060 bp to +1 bp was amplified by PCR and inserted into pDONR P4-P1R. The resulting plasmid pCRF10 pDONR P4-P1R

was recombined with 3x mVenus-N7 pDONR211 (containing triple mVenus coding sequences and N7 nuclear localization signal), OCS terminator pDONR P2R-P3

(containing the stop codon followed by a octopine synthase (OCS) terminator) and pK7m34GW (the destination vector containing kanamycin resistance gene for in planta selection) to produce pCRF10-mVenus construct.

For the translational reporter line, CRF10 genomic DNA fragments from -4060 bp to and then transformed into Col-0 plants by floral dip method [START_REF] Clough | Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana[END_REF].

CRISPR mutants of CRF10 were constructed using the Golden Gate cloning technology with plasmids for simultaneous mutation of two target sgRNAs [START_REF] Wang | Egg cellspecific promoter-controlled CRISPR/Cas9 efficiently generates homozygous mutants for multiple target genes in Arabidopsis in a single generation[END_REF]. The two sites at the start of the CRF10 gene coding sequences were targeted and evaluated for target specificity using Cas-OFFinder (http://www.rgenome.net/cas-offinder/). The sgRNAs expression cassette targeting these two sites was amplified by PCR. The purified PCR fragment was inserted into pHEE401 plasmid [START_REF] Wang | Egg cellspecific promoter-controlled CRISPR/Cas9 efficiently generates homozygous mutants for multiple target genes in Arabidopsis in a single generation[END_REF]. The construct was transformed into

Agrobacterium tumefaciens C58pMP90 strain by electroporation and then transformed into Col-0 or crf10-1 plants by floral dip method [START_REF] Clough | Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana[END_REF].

Root microscopy

For For the BAP treatment, the 5 days pCRF10-3xVenus seedlings grown in 16h light/8h dark conditions were treated with 5 µM BAP or mock for 30 min and 2h.

Fluorescence intensity was measured from confocal images using ImageJ software.

Shoot microscopy

For the shoot microscopy plants were grown in 8h light/16h dark conditions for 6 weeks and then transformed to 16h light/8h light conditions for 2 weeks to induce bolting. The bolted shoots were dissected under a stereomicroscope and planted into an Apex Culture Medium (half-strength MS medium supplemented with 1% sucrose, 0.8% agarose, 1x vitamin solution (myo-Inositol 100 mg/L, nicotinic acid 1 mg/L, pyridoxine hydrochloride 1 mg/L, thiamine hydrochloride 10 mg/L, glycine 2 mg/L)),

for overnight incubation at 16h light/8h dark conditions. Cell membranes were visualized by staining the shoot apexes with 100 µg/ml propidium iodide solution. The

Supplementary information

Supplementary Fig. 3-1. In silico analysis of the CRF10 binding site in ARF7 promoter using DAPseq database. DAP-seq peaks of CRF10 in the promoter of ARF7 (A) and the consensus binding sequences identified for CRF10 (B).

Supplementary Fig. 3- 

List of primers