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Seed coat development in Arabidopsis

In spermatophytes, the ovule is formed by the embryo sac which is surrounded by the nucellus and integument(s). After fertilization, the ovule develops into a seed containing a newly formed embryo immersed in the endosperm and enclosed in the testa. The seed coat is a maternal tissue derived from the differentiation of the integuments, whereas endosperm and embryo are of both maternal and paternal origin because of the double fertilization. The endosperm in Arabidopsis mature seed is reduced to one cell layer and is tightly associated with the seed coat.

The Arabidopsis testa includes two integuments in which micropyle pore is formed allowing entrance of the pollen tube, and the chalazal tissues. Three cell layers constitute the inner integument (ii), whereas the outer integument is two-layered. The five cell layers follow one of four distinct fates, e.g. subepidermal oi1 layer is accumulating flavonols, whereas the innermost cell layer (ii1, endothelium) specializes in proanthocyanidin (PA) biosynthesis. PAs are also accumulating in some cells in the chalazal region (pigment strand) creating a continuum of the tannin-producing cells. The vascular tissues of the maternal funiculus are connected with the seed in the chalazal region, which after seed detachment forms a scar called hilum. Formation of the testa involves cellular differentiation as well as programmed cell death. The cellular organization of the integuments is easily distinguishable at the heart stage of embryo development (see Fig. (Adapted from [START_REF] Debeaujon | Seed coat development and dormancy[END_REF].

Flavonoids in Arabidopsis seed

Flavonoids are plants secondary metabolites derived from the phenylpropanoid pathway. Most of the polyphenolic compounds, namely hydroxycinnamates, coumarins, lignins and flavonoids are derived from phenylalanine. Flavonoid structure is characterized by two aromatic cycles (A-and B-rings) linked by a heterocycle (C-ring) (see Fig. 1.2). At this moment there are more than 6500 molecules isolated and grouped in several classes according to the oxidation degree of the C-ring. These classes include flavonols, anthocyanins and flavan-3-ols. Additional modifications, including hydroxylations, methylations, glycosylations, acylations or prenylations account for the diversity within a compound class [START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF][START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF][START_REF] Winkel-Shirley | The biosynthesis of flavonoids[END_REF]. The condensation of flavan-3-ols results in the formation of proanthocyanidins [START_REF] Dixon | The phenylpropanoid pathway and plant defencea genomics perspective[END_REF][START_REF] Marles | New perspectives on proanthocyanidin biochemistry and molecular regulation[END_REF][START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF].

Two classes of flavonoids, namely flavonols and proanthocyanidins are synthesized and accumulate in a tissue-specific manner in Arabidopsis seeds [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]. Before ovule fertilization, cells of the endothelium layer are characterized by a dense cytoplasm. Rapid vacuolization occurs after fertilization and colorless tannin precursors can be detected [START_REF] Devic | The BANYULS gene encodes a DFR-like protein and is a marker of early seed coat development[END_REF]. PA biosynthesis starts around 1-2 days after flowering (DAF). First, they accumulate in vacuoles of the endothelium cells as colorless compounds until 6-7 DAF [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. At the beginning of seed desiccation (10 DAF) PAs stored in the vacuoles migrate to the cell walls, where oxidation occurs, leading to formation of brown pigments 1.2. FLAVONOIDS IN ARABIDOPSIS SEED 3 contributing to the color of wild-type Arabidopsis seeds. Flavonols are found in the endosperm and embryo, however in the testa they are essentially accumulated in the oi1 layer. In mature seeds, flavonols are present mainly as glycoside derivatives with quercetin-3-O-rhamnoside being the most abundant [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]. Interestingly, natural variation in the quantity of PAs and flavonols occurs among Arabidopsis accessions [START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF][START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF], which might reflect an important trait of plant adaptation to different habitats. Flavonoid composition of mature arabidopsis seeds has been recently described in details by [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF] Figure 1.2: The structure of the flavonol quercetin. Quercetin is given as an example of carbon numbering. Important features influencing antioxidant potential are the di-hydroxylated B-ring, unsaturation and a 4-oxo function at the C-ring (see [START_REF] Williams | Flavonoids: antioxidants or signalling molecules? Free Radical[END_REF]. (Adapted from [START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF].

Biosynthesis

A majority of the genes involved in flavonoid biosynthesis were identified through visual screenings of various collections of Arabidopsis mutants for altered seed coat pigmentation [START_REF] Koornneef | Mutations affecting the testa colour in Arabidopsis[END_REF][START_REF] Shirley | Analysis of Arabidopsis mutants deficient in flavonoid biosynthesis[END_REF][START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF]. Many mutants have been called transparent testa (glabra) for the altered pigmentation of the seed coat. One of the mutants, banyuls (ban) is peculiar, because in place of PAs it accumulates anthocyanins. The transparent testa 10 (tt10 ) mutant is also unique in the fact that it does not affect the biosynthesis of PAs but their subsequent oxidative browning [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. It is important to note that six of the tt mutants are encoding transcription factors which are involved in the flavonoid biosynthetic genes regulation as well as they are required for normal seed development and cell differentiation. Flavonoid metabolism in seeds and mutants in genes affecting this metabolism have been recently reviewed in [START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF] and are summarized in Figure. 1.3. The TT10/LAC15 gene encodes a polyphenol oxidase which belongs to a laccase multigene family of 17 members [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. TT10/LAC15 has been shown to be involved in the formation of epicatechin quinones that spontaneously polymerize into brown derivatives. Moreover, it may catalyze the oxidative browning of colorless PAs, which is consistent with the fact that the tt10 mutant accumulates wild-type PA levels but yellow seeds at harvest. TT10/LAC15 may also be involved in the formation of biflavonols from quercetin-3-O-rhamnoside (see Fig. 1.3 and Fig. 1.5). Interestingly, natural variation in TT10 transcript accumulation occurs between Arabidopsis accessions [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Three major flavonoid end-products are formed: colorless proanthocyanidins (condensed tannins), which brownish upon oxidation by the TT10 / LAC15 laccase and are seed-coat specific, flavonol derivatives (colorless) which are ubiquitous and can be dimerized by TT10 to form biflavonols, and anthocyanins (purple), which are only in vegetative parts. Enzymes are presented in capital letters. Regulatory factors are in bold capital letters and circled. Corresponding mutants are in italics green. Abbreviations: ANR, anthocyanidin reductase; CE, condensing enzyme; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol reductase; F3H, flavonol 3-hydroxylase; F3'H, flavonol 3'-hydroxylase; FLS, flavonol synthase; GT, glycosyltransferase; LAC, laccase; LDOX, leucoanthocyanidin dioxygenase; OMT, O-methyltransferase; PFG, production of flavonol glycosides; RT, rhamnosyltransferase; tt, transparent testa; ttg, tt glabra. (Adapted from [START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF][START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF][START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF].

Biological roles of flavonoids

Flavonoids are important in many aspects of plant life in relation to interactions with environment. It has been associated with resistance to pathogens and herbivores [START_REF] Dixon | Stress-Induced Phenylpropanoid Metabolism[END_REF][START_REF] Dixon | The phenylpropanoid pathway and plant defencea genomics perspective[END_REF]. It seems that flavonoids can also contribute to seed longevity by providing protection against various biotic and abiotic stresses [START_REF] Debeaujon | Influence of the testa on seed dormancy, germination, and longevity in Arabidopsis[END_REF][START_REF] Winkel-Shirley | Biosynthesis of flavonoids and effects of stress[END_REF][START_REF] Rajjou | Proteome-wide characterization of seed aging in Arabidopsis: a comparison between artificial and natural aging protocols[END_REF]. They can also reinforce testa-imposed dormancy by decreasing seed coat permeability [START_REF] Debeaujon | Influence of the testa on seed dormancy, germination, and longevity in Arabidopsis[END_REF]. Flavonols have been shown to act as signaling molecules for bacteria forming nitrogen-fixing nodules. They are also required for pollen tube germination [START_REF] Taylor | Flavonoids as developmental regulators[END_REF]. Among other functions of flavonoids it is important to point their antioxidant and antimicrobial properties which are beneficial not only for plants but also for human and animal health [START_REF] Scalbert | Polyphenols: antioxidants and beyond[END_REF][START_REF] Selmi | The anti-inflammatory properties of cocoa flavanols[END_REF][START_REF] Aron | Flavan-3-ols: nature, occurrence and biological activity[END_REF]. However, some can also have a negative impact on the industrial use of some crop seeds (e.g rapeseed), or on protein digestibility and absorption from seed meal (Winkel-Shirley, 2001a;[START_REF] Marles | New perspectives on proanthocyanidin biochemistry and molecular regulation[END_REF][START_REF] Dixon | Proanthocyanidins-a final frontier in flavonoid research?[END_REF].

Oxidation of end-products

The protective function of flavonoids against biotic and abiotic stresses can be related to their cytotoxicity and antioxidant abilities. It seems that flavonoid oxidation contributes to these physiological and chemical properties. The oxidation of colorless flavan-3-ols and proanthocyanidins reinforces their cross-linking to the cell wall and leads to the formation of brown seed coat pigments, whereas oxidation of flavonols results in formation of antifungal agents. The topic of flavonoid oxidation in plants has been recently reviewed in [START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF].

Flavonoid oxidation in planta is mainly mediated enzymatically by polyphenoloxidases (PPOs) and peroxidases, however it can also occur spontaneously (see Fig. 1. 4 and Fig. 1.5). PPOs and peroxidases have been shown to be expressed during normal plant development, however they can be also induced by various environmental causes, like pathogen attacks, wounding or desiccation [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF][START_REF] Thipyapong | Tomato Polyphenol Oxidase (Differential Response of the Polyphenol Oxidase F Promoter to Injuries and Wound Signals)[END_REF][START_REF] Thipyapong | Antisense downregulation of polyphenol oxidase results in enhanced disease susceptibility[END_REF][START_REF] Mayer | Polyphenol oxidases in plants and fungi: going places? A review[END_REF]. Physiological role of those genes seems to be regulated by differential subcellular localization of enzymes and substrates as well as by transcriptional and post-transcriptional events during gene expression.

Browning of Arabidopis seed coat is mainly due to the oxidation of epicatechin and soluble PAs by TT10 laccase [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. The tt10 mutant displays a delay in seed coat browning, an increase in soluble (non-oxidized) PAs and a default in the formation of biflavonols from quercetin-3-O-rhamnoside. The pattern of TT10 promoter activity analyzed with the GUS (see Fig. 1.6 A.) and GFP reporter genes as well as in planta TT10 activity (see Fig. 1.6 D.) showed that TT10 colocalizes with tannin-and flavonol-accumulating cell layers in the seed coat (see Fig. 1.6 andPourcel et al. (2005). Recent results confirmed that TT10 mRNA and also protein were localized in endothelium and outer integument 1 cell layer (see Fig. 1.6 B. and C.). Polyphenoloxidases (PPOs) are oxidoreductase enzymes acting on diphenols in presence of molecular oxygen (O 2 ). Laccase (LAC) is able to oxidize both ortho-and para-diphenols. Catechol oxidase (CO) is able to oxidize ortho-diphenols. (Adapted from [START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF]. 

Laccases

Laccases (LAC), i.e. o-and p-diphenol:dioxygen oxidoreductases (EC 1.10.3.2) belong to a larger group of enzymes called multicopper or blue copper oxidases, which includes ascorbic acid oxidase and ceruloplasmin (reviewed in [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF]. These glycoproteins are characterized by four histidin-rich copper binding domains and ability to oxidize phenolic substrates in the presence of molecular oxygen (see Fig. 1.4). Also polyphenol oxidases of the catechol oxidase type (EC 1.10.3.1) require molecular oxygen for their activity, what makes them distinct from peroxidases, which require hydrogen peroxide [START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF].

Laccases have been found in eukaryotes (fungi, plants and insects) as well as in prokaryotes [START_REF] Claus | Laccases: structure, reactions, distribution[END_REF][START_REF] Riva | Laccases: blue enzymes for green chemistry[END_REF]. The most studied are the fungal laccases, which are involved in spore pigmentation, virulence and delignification [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF][START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF]. Plant laccases are less studied and until now were mainly associated with lignification, even if a direct activity of the enzyme on monolignol polymerization within the cell matrix has not yet been demonstrated [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF]. Plant laccases were also shown to be involved in wound healing, iron metabolism detoxification and browning CHAPTER 1. INTRODUCTION reactions (Pourcel et al., 2007 and references therein).

Catechol oxidases

Catechol oxidases (CO) are enzymes catalyzing the oxidation of monophenols to o-diphenols as well as they can oxidize o-diphenols to the corresponding o-quinones (Marusek et al., 2006) (see Fig. 1.4). Like laccases, COs are glycosylated copper-binding proteins, that require molecular oxygen for their activity. They were found in eukaryotes and prokaryotes [START_REF] Marusek | Comparative analysis of polyphenol oxidase from plant and fungal species[END_REF][START_REF] Mayer | Polyphenol oxidases in plants and fungi: going places? A review[END_REF]. Interestingly, the physiological roles of CO seem to be very close to those reported for laccases. It is not surprising as both groups of enzymes are involved in oxidative browning which in consequence can contribute to protection against UV radiations, and also senescence, wound healing and seed coat hardening (Pourcel et al., 2007 and references therein).

Interestingly, it seems that the Arabidopsis genome does not contain any typical catechol oxidase [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Their lack could have been filled by laccases, in the sense of a specialization toward o-diphenol oxidation.

Regulation of gene expression

Regulation of gene expression includes all the processes leading to formation of the gene product, RNA and protein. All the steps of gene expression may be modulated, from gene transcription to the post-translational modifications of a protein. However, expression of many genes is regulated at the transcriptional level and depends on the combinatorial contribution of transcription factors, which can act as activators or repressors.

Gene expression regulated at the transcriptional level results in precise spatio-temporal manner activity of their promoter. Below, expression patterns of flavonoid-related genes are given as an example.

Regulation of BAN and MYBL2 expression

Regulation of BAN [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF] and MYBL2 [START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF] differs at the level of the spatial activities of their promoter in the seed coat: BAN is present in one integumentary cell layer (ii1) and MYBL2 is present in two cell layers (ii1 and oi1).

The entry step into the proanthocyanidin branch of flavonoid biosynthesis is formation of epi-flavan-3ols. This reaction is metabolized by anthocyanidin reductase encoded by BANYULS (BAN ) (see Fig. 1.3).

BAN promoter activity was detected specifically in PA-accumulating cells in the the inner integument 1 layer (endothelium) of the seed coat and pigment strand in the chalaza zone (see Fig. 1.7 G. and Debeaujon et al. (2003). The BAN promoter deletion and gain-of-function experiments led to identification of 86-bp promoter region which functions as an enhancer specific for PA-accumulating cells. Studies of the BAN promoter activity in regulatory mutant background revealed that its activity was abolished in tt2, tt8 and ttg1 [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. The spatial pattern of BAN promoter activity was also modified in tt1 and tt16, but not in ttg2 [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Further studies revealed that TT2/TT8/TTG1 regulatory complex binding to the enhancer element in BAN promoter is required for its expression [START_REF] Bibliography Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF].

Recently, a MYB family transcription factor, MYBL2 has been shown to regulate the transcription of genes involved in anthocyanin biosynthesis [START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF]. Although MYBL2 promoter activity is detected in vegetative tissues, in seeds its activity is restricted to the endothelium and epidermis (see Fig. 1.7 H. and Dubos et al., 2008). Cis-acting regulatory elements in promoter region and transcription factors required for MYBL2 expression are yet unknown.

OBJECTIVES OF THE THESIS

Two-cell layer expression pattern of TT10

TT10 promoter activity colocalizes first with PA-and flavonol-producing cells of the testa. Activity of TT10 promoter starts at early stages of seed development. First it is detected in the endothelium and in the pigment strand at the chalaza zone (see Fig. 1.7 A.,C.,and D.). Later, the activity increases and spreads to the outer integument l cell layer of the seed coat (see Fig. 1.7 E.,and F.). The uidA gene was also strongly expressed in early aborted seeds (see Fig. 1.7 B.). Any difference in GUS activity compared with the wild type was observed in three regulatory mutants tt2, tt8, and ttg1 [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF].

One layer, two layers, which layers?

It seems that regulation of gene expression in the seed coat is very complex. Genes can be expressed in one or more layers of the testa. Moreover they can be expressed at various developmental stages of the seed coat development. Identification of cis-acting regulatory elements required for gene expression in each of the seed coat cell layers or combination of layers would allow to target expression of other genes for crop improvement.

Objectives of the thesis

The main focus of this thesis was the functional analysis of the TRANSPARENT TESTA 10 gene. The work was following two axis, where developmental and possible stress regulation of TT10 expression was studied.

The first part of the work dealing with the developmental regulation of TT10 expression required detailed characterization of promoter activity throughout the plant to complete existing data. Functional analysis of TT10 promoter was aiming at identification of the promoter region and cis-acting regulatory elements required for seed coat specific activity. Identification of the CAREs allowing to drive gene expression separately in endothelium (PA specific) or outer integument 1 (flavonol specific) cell layer, were one of the goals.

In parallel, existing natural variation for TT10 expression was exploited as it could provide an additional information about regulation of gene expression. Several complementary approaches, namely studies of TT10 promoter activity and gene expression level in candidate regulatory mutant background as well as transcription factor library screening were aiming at identification of transcription factors which could directly regulate TT10 expression.

Second part of the work dealing with possible stress regulation was aiming at identification of the stress conditions in which TT10 would be expressed. The tools developed in the first part were planned to be used for identification of the promoter region and cis-acting regulatory elements involved in the stress regulation of TT10 expression.

The secondary objectives of this thesis were aiming at identification of other laccases expressed in seeds and manipulations of Arabidopsis cell suspensions to study flavonoid metabolism in simplified system. 

Results

The main objective of my work was to study the regulation of TT10 gene expression. The results of experiments, techniques and approaches, concerning different aspects of gene expression, which have been used to shed light on the mechanism of TT10 expression, are described in details in following sections: TT10 expression and promoter studies (section: 2.1), techniques aiming at finding transcription factors involved (section: 2.2), insights from natural variation occurring for TT10 expression (section: 2.3) and potential stress response (section: 2.4). Each section consists of a short introduction, presentation of the results and technical discussion of the approach used.

Two secondary objectives of this work were: I) to identify other laccases expressed in seeds (section: 2.5) and II) to establish conditions and optimize techniques for the manipulation of Arabidopsis cell suspensions as a tool to study the flavonoid metabolism (section: 2.6).

Transcriptional regulation of TT10 expression

This section is focusing on TT10 expression during plant development and detailed characterization of TT10 promoter. At first, our analysis of TT10 transcript accumulation is presented and compared to publicly available expression data (2.1.1). Then the promoter activity is studied during plant development, using uidA reporter gene (2.1.3). In silico analysis (2.1.2) of the promoter sequence was used as a basis to design the 5' dissection of the promoter (2.1.3.1), and its site-directed mutagenesis (2.1.3.4). In silico analysis of the promoter sequence is supported by literature search, documenting on the functionality of cis-acting regulatory elements (CARE).

TT10 transcript accumulation during plant development

Transcript accumulation -RT-PCR

The expression pattern of TT10 was previously investigated by RT-PCR (McCaig et al., 2005;[START_REF] Cai | Mutant identification and characterization of the laccase gene family in Arabidopsis[END_REF] and semiquantitative RT-PCR [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. In those studies TT10 transcript was detected to be: i) in all the plant organs except stem [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF], ii) predominantly in developing silique, at low level in stem, seedling and flower but not in root [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], iii) in silique, root, flower and stem but not in leaf [START_REF] Cai | Mutant identification and characterization of the laccase gene family in Arabidopsis[END_REF]. Here, we wanted to revisit and complete previously known and sometimes contradictory data using the very sensitive quantitative RT-PCR method, with special attention to silique development. More robust and precise data about TT10 expression were required for the analysis of its regulation. Quantitative RT-PCR had also been chosen to study differences in TT10 transcript 12 CHAPTER 2. RESULTS accumulation between accessions (see: 2.3.1) as well as in candidate regulatory mutant backgrounds (see: 2.2.3, 2.2.4 and 2.2.5).

The expression pattern was investigated in various tissues of 6-week-old Col-0 plants grown in long day conditions in the greenhouse (Fig. 2.1 A.). The TT10 mRNA was detectable as early as the open-flower stage. Detailed analysis of transcript accumulation in developing siliques, revealed a huge increase between 5 and 7 days after flowering (DAF) followed by a slight decrease at 10 DAF, and a second peak of transcript accumulation around 15 DAF. In older siliques the amount of TT10 mRNA decreases and is close to 0% of ELONGATION FACTOR 1αA4 (EF1 ) control at 21 DAF, but is still detectable. TT10 is highly expressed in developing seeds, reaching up to 350 %EF at 5 DAF and 250 %EF at 10 DAF (Fig. 2.1 B.). TT10 transcript was not detected in dry seeds, cauline and rosette leaves, stem at the lower part and terminal node. 

Transcript accumulation -Transcriptomics

Publicly available transcriptomic data are a constantly growing resource, therefore we checked (last update 7.04.2009), if new combinations of tissue/developmental stage/treatment have revealed new information about TT10 expression. Genevestigator, Bio-Array Resource (BAR), Gene Co-expression Analysis Toolbox (GeneCAT), DIURNAL and several other analysis and visualization tools were used (see section 3.2.9). For many functions those web-based tools are redundant, but for some analysis one is more adapted than the other. Below (Fig. 2.2) as an example, analysis of TT10 expression with the eFP Browser (at BAR) is presented. This tool is well adapted to gene expression analysis thanks to easily readable color code and graphic representation of plant organs/tissues for which the data are presented. Fast switch between data sets (e.g. developmental/stress), standard deviation and threshold filtering as well as easily accessible expression values for more detailed analysis are making eFP Browser a very convenient tool for gene expression studies.

The TT10 expression analyzed and visualized with the eFP Browser confirms that it is mainly expressed in developing seed/silique but also shows expression in pollen grain (Fig. [START_REF] Schmid | A gene expression map of Arabidopsis thaliana development[END_REF]. Standard deviation filtering has been used to mask samples with the deviation greater than half of their expression value (grey). Signal threshold filtering has been set at 100 (expression potential) to eliminate samples where expression is considered to be below the detection level (yellow). Data are not available for separate siliques (white) from torpedo stage of embryo development onwards, where only dissected seeds were analyzed. Developing seed, silique and pollen where TT10 gene expression potential is > 100 (detectable) are painted in red. For details see: http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi and [START_REF] Winter | An "electronic fluorescent pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF].

Figure 2.3 is presenting comparison of TT10 and BAN expression, which is nicely visualized thanks to Expression Profiling Tool available at GeneCAT. This tool allows comparing the expression of multiple genes in different plant tissues. BAN is a core enzyme of the subpathway of flavonoid biosynthesis leading to proanthocyanidins, which are later oxidized by TT10 [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. The GeneCAT analysis shows two peaks of TT10 expression in developing seeds/siliques as well as weak signal in pollen and even weaker in flower and root. From the GeneCAT analysis BAN expression seems to be seed/silique specific, with a peak of expression at an earlier stages than TT10, what corresponds to the RT-PCR results presented in [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

Roots

Developing siliques and seeds [START_REF] Thain | The circadian clock that controls gene expression in Arabidopsis is tissue specific[END_REF]. We can clearly see that its transcript is accumulating during the day, whereas it is much lower during the night (Fig. 2.4). The signal values for TT10 in those experiments are very low, therefore it is not possible to conclude if photoperiod is affecting its expression.

Analysis of publicly available transcriptomic data for TT10 expression during plant development -Summary

Taken together all the transcriptomic data analyzed, it seems that TT10 accumulation is significant only in developing silique and seed. In some experiments, TT10 is on limit of detection level (pollen and root), however there are limited repetitions available and the standard variation is high for those data which should therefore be treated with caution. TT10 expression is below the detection level in the circadian/photoperiod experiments. 

CHS At5g13930

In silico analysis of TT10 promoter sequence

Several web-based computer programs (see 3.2.9) recognizing known Cis-Acting Regulatory Elements (CAREs) have been used for the in silico analysis of the 2.0-kb TT10 promoter sequence Col-0, including the 5' UTR (for promoter sequence used in the study see Appendix, 5.1). Detection of CAREs in the promoter by so-called 'search by signal' methods are prone to give false positive results [START_REF] Rombauts | Computational Approaches to Identify Promoters and cis-Regulatory Elements in Plant Genomes[END_REF]. For that reason the results obtained should be treated as putative cis-acting regulatory elements and their functionality should be tested in vivo. In order to select the best candidates for further analysis, literature mining accompanied in silico analysis to find out the context and organization of the motifs in the promoter. PLACE SignalScan server was the preferred tool as it is searching for the presence of motifs identical or similar to the previously reported cis-acting regulatory elements in the PLACE database, which presently seems to be the richest with 469 entries of CAREs deposited (PLACE 30.0, 469 entries, Jan.8, 2007). The full list of putative cis-acting regulatory elements found in the TT10 promoter is presented in the Appendix, Table 5.1. Similar results were obtained when querying PlantCARE, AtcisDB at Agris (see Appendix Tab. 5.2), ATHENA and PlantPan. In addition, in silico analysis revealed no tandem repeats regions, nor CpNpG islands in -1000bp -+ 500bp of the At5g48100 locus (PlantPan) and no over-represented TF binding site has been found (ATHENA).
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It is important to note that TT10 is not sharing its promoter sequence with any known or predicted gene and that the preceding gene (At5g48110) is transcribed from the same strand. The region considered as TT10 promoter is the 3' region for that gene (Fig. 2.5). In such a case any changes arising in the promoter region on the course of the evolution would probably affect essentially TT10 expression. 2.1.2.1 Putative cis-acting regulatory elements found in the TT10 promoter Studies on yeast promoters suggest that regulatory elements are commonly present in the 500bp upstream region of the transcription initiation site [START_REF] Caselle | Correlating overrepresented upstream motifs to gene expression: a computational approach to regulatory element discovery in eukaryotes[END_REF]. Many plant genes have been shown to contain regulatory elements required for the tissue specific gene expression in the proximal part of their promoters [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF][START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Nakashima | Transcriptional regulation of ABI3-and ABA-responsive genes including RD29B and RD29A in seeds, germinating embryos, and seedlings of Arabidopsis[END_REF][START_REF] Zhou | MYB58 and MYB63 Are Transcriptional Activators of the Lignin Biosynthetic Pathway during Secondary Cell Wall Formation in Arabidopsis[END_REF]. For that reason special attention has been taken to analyze this part of the TT10 promoter in details as well as to focus on the dissection of the proximal part of the promoter (see 2.1.3.1). Selected putative cis-regulatory elements found in that part of the promoter are presented in Figure 2.6 and described below. Several criterions have been used to limit the list of putative CAREs considered: 1.) tandem repeats and length of the motif (longer regarded as more significant) , 2.) literature evidence for being involved in seed development and/or defense/stress response (associated with putative function of laccases and flavonoids), and/or 3.) motifs similar to the one previously reported to be involved in flavonoid biosynthetic genes regulation.

Arabidopsis thaliana

Motifs are briefly described, moreover examples of transcription factors are given and briefly discussed in the context of the putative cis-acting regulatory elements.

Putative CAREs associated with seed development, stress response and/or protection against various biotic and abiotic stresses

In Arabidopsis seeds, flavonoids are accumulated and they are thought to provide protection against various environmental challenges and ensure embryo survival and seed germinability [START_REF] Bibliography Rajjou | Seed longevity: survival and maintenance of high germination ability of dry seeds[END_REF].

In particular, flavonoid oxidation triggered by TT10 could be required for protection of the embryo against environmental challenges [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF]. Functions associated to laccases in plants are multiple.

Apart from lignification, they are also thought to be involved in wound healing, plant defense against predators, herbivores and invasion by bacteria and fungi [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF]. Plant hormones e.g. ABA, GA, ethylene, salicylic and jasmonic acids (SA and JA respectively) are involved not only in stressinduced gene expression, but also in plant and seed development and in cross-talk between those processes [START_REF] Fujita | Crosstalk between abiotic and biotic stress responses: a current view from the points of convergence in the stress signaling networks[END_REF][START_REF] Chung | New perspectives on plant defense responses through modulation of developmental pathways[END_REF][START_REF] Pauwels | Mapping methyl jasmonatemediated transcriptional reprogramming of metabolism and cell cycle progression in cultured Arabidopsis cells[END_REF][START_REF] Pauwels | Jasmonate-inducible gene: What does it mean?[END_REF][START_REF] Santner | Plant hormones are versatile chemical regulators of plant growth[END_REF]. Taking in account that TT10 encodes a laccase which is involved in flavonoid oxidation, cis-acting regulatory elements could be common to genes involved in both pathways and/or have multiple functions, i.e. motifs found in ABA and dehydration responsive genes and motifs in genes involved in seed development where their expression is mediated by ABA [START_REF] Simpson | Two different novel cis-acting elements of erd1, a clpA homologous Arabidopsis gene function in induction by dehydration stress and dark-induced senescence[END_REF][START_REF] Borisjuk | Seed development and differentiation: a role for metabolic regulation[END_REF][START_REF] Nakashima | Transcriptional regulation of ABI3-and ABA-responsive genes including RD29B and RD29A in seeds, germinating embryos, and seedlings of Arabidopsis[END_REF][START_REF] Cao | Abscisic acid and stress signals induce Viviparous1 expression in seed and vegetative tissues of maize[END_REF][START_REF] Chinnusamy | Abscisic acid-mediated epigenetic processes in plant development and stress responses[END_REF].

The putative CAREs for TT10 regulation listed below were previously reported to be involved either in seed development or stress response.

• W-box -is a binding motif for WRKY transcription factors with the core sequence (T)TGAC(Y).

Most of the studied WRKY TF appear to have a binding preference for the W-box, although the specificity is partly dependent on the sequence flanking the core motif [START_REF] Ciolkowski | Studies on DNA-binding selectivity of WRKY transcription factors lend structural clues into WRKY-domain function[END_REF]. This group of TF seems to be unique to plants and it is involved in various physiological responses including pathogen defense, senescence and development [START_REF] Eulgem | The WRKY superfamily of plant transcription factors[END_REF]. Recently WRKY TF have been also found in the protist Giardia lamblia and the slime mold Dictyostelium discoideum, which could indicate their earlier origin [START_REF] Ulker | WRKY transcription factors: from DNA binding towards biological function[END_REF][START_REF] Pandey | The role of WRKY transcription factors in plant immunity[END_REF]. It seems that they can act both as transcription activators and repressors. In rice, WRKY transcription factors have been shown to be transcriptional repressors of the gibberellin signaling pathway [START_REF] Zhang | A rice WRKY gene encodes a transcriptional repressor of the gibberellin signaling pathway in aleurone cells[END_REF], positive and negative regulators of ABA signaling [START_REF] Xie | Annotations and functional analyses of the rice WRKY gene superfamily reveal positive and negative regulators of abscisic acid signaling in aleurone cells[END_REF], whereas in Arabidopsis they have been shown to be involved in salicylic acid signaling and NONEXPRESSER OF PR GENES 1 (NPR1) gene expression [START_REF] Yu | Evidence for an important role of WRKY DNA binding proteins in the regulation of NPR1 gene expression[END_REF]. W-boxes are present in promoters of many pathogen-related genes, and some of them are having as many as eleven W-boxes [START_REF] Chen | Potentiation of developmentally regulated plant defense response by AtWRKY18, a pathogen-induced Arabidopsis transcription factor[END_REF][START_REF] Eulgem | Networks of WRKY transcription factors in defense signaling[END_REF]. In the TT10 promoter, several W-boxes have been found, but as the sequence outside of the core motif is also important, it is difficult to conclude about their functionality. It should be noted that one of the TT genes namely TTG2, is a WRKY transcription factor (AtWRKY44) involved in seed coat development and trichome formation in Arabidopsis [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]. It would be interesting to test if TT10 could be a direct target of TTG2. Therefore we have tested the expression of TT10 in ttg2 mutant background (see section 2.2.2).

• ABRE (ABA Responsive Element) and ABRE-like -there are several overlapping motifs with the core ACGT sequence. They are binding sites for basic leucine zipper (bZIP)-type binding proteins, which are very often transcriptional activators [START_REF] Foster | Plant bZIP proteins gather at ACGT elements[END_REF]. In rice, the bZIP transcriptional activator RITA-1 is highly expressed during seed development [START_REF] Izawa | The rice bZIP transcriptional activator RITA-1 is highly expressed during seed development[END_REF]. ABRE elements act together with dehydration-responsive elements in the RD29A gene expression in response to ABA [START_REF] Nakashima | Transcriptional regulation of ABI3-and ABA-responsive genes including RD29B and RD29A in seeds, germinating embryos, and seedlings of Arabidopsis[END_REF]. ABRELATERD1 -ABRE-like (motif: ACGTG) and ACGTATERD1 (motif: ACGT) motifs are required for etiolation-induced expression of ERD1 gene (Early Response to Dehyd-CHAPTER 2. RESULTS ration1) [START_REF] Simpson | Two different novel cis-acting elements of erd1, a clpA homologous Arabidopsis gene function in induction by dehydration stress and dark-induced senescence[END_REF]. The ABRE motifs in the TT10 promoter are considered as important, because TT10 expression could be regulated by ABA during seed development. Indeed when at the last stages of development the seed is desiccating, this could resemble the response to dehydration.

• TCA1MOTIF -(motif: TCATCTTCTT) -TCA-1 (Tobacco Nuclear Protein-1) binding site is related to salicylic acid-inducible expression of many genes. It has been found in more than 30 different plant genes which are known to be stress-induced. It was reported as a functional motif in barley, when repeated four times within 200bp [START_REF] Goldsbrough | Salicylic acid-inducible binding of a tobacco nuclear protein to a 10 bp sequence which is highly conserved amongst stress-inducible genes[END_REF]. In TT10 promoter it is present only once in the 2.0-kb promoter analyzed, but as it is 10bp long motif, it could be meaningful.

Laccase-related motifs:

• MYB -Recently it has been shown that AtMYB58 and AtMYB63 are regulating expression of genes involved in lignin biosynthesis by binding to the AC element in their promoter (AC-I: ACCTACC, AC-II: ACCAACC, AC-III: ACCTAAC). Moreover it has been demonstrated that they can directly upregulate the expression of AtLAC4 but not AtLAC17 [START_REF] Zhou | MYB58 and MYB63 Are Transcriptional Activators of the Lignin Biosynthetic Pathway during Secondary Cell Wall Formation in Arabidopsis[END_REF]. It seems that the MYB family TF and therefore MYB binding motifs are highly important elements for gene expression in secondary metabolism. Perfect AC elements were not found in TT10 promoter sequence, although in proximal 500bp, AC-I is present once with two mismatches, AC-II -once with one mismatch and AC-III twice with one mismatch.

CAREs found in promoters of flavonoid biosynthetic genes

Several classes/families of transcription factors (TF) have been demonstrated to be involved in the regulation of the flavonoid biosynthetic genes, among them are MYB TF: AtMYB11, AtMYB12, AtMYB111 (flavonols; [START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF], AtMYB75/PAP1, AtMYB90/PAP2, AtMYB113, AtMYB114 (Anthocyanins; [START_REF] Borevitz | Activation tagging identifies a conserved MYB regulator of phenylpropanoid biosynthesis[END_REF]), AtMYB123/TT2 (Proanthocyanidins; [START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF] and the negative regulators AtMYB4 [START_REF] Jin | Transcriptional repression by AtMYB4 controls production of UV-protecting sunscreens in Arabidopsis[END_REF] and AtMYBL2 [START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF]. Other classes are represented by the bHLH family, with AtbHLH001/GL3, AtbHLH002/EGL3 (anthocyanins, [START_REF] Zhang | A network of redundant bHLH proteins functions in all TTG1-dependent pathways of Arabidopsis[END_REF] and AtbHLH042/TT8 (anthocyanins and proanthocyanidins; [START_REF] Nesi | The TT8 gene encodes a basic helixloop-helix domain protein required for expression of DFR and BAN genes in Arabidopsis siliques[END_REF]; [START_REF] Zhang | A network of redundant bHLH proteins functions in all TTG1-dependent pathways of Arabidopsis[END_REF]. These bHLH factors are forming protein complexes with already mentioned AtMYBs involved in anthocyanin and proanthocyanidins biosynthesis, and the WDR regulatory protein TTG1 [START_REF] Walker | The TRANS-PARENT TESTA GLABRA1 locus, which regulates trichome differentiation and anthocyanin biosynthesis in Arabidopsis, encodes a WD40 repeat protein[END_REF][START_REF] Baud | Structure and expression profile of the sucrose synthase multigene family in Arabidopsis[END_REF]. The involvement of the other transcription factors AtWRKY44/TTG2 [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF], WIP-type Zn-Finger/TT1 [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF] and MADS AtAGL32 -TT16 [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF] is less studied and the direct targets are not yet identified for them (reviewed in [START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF].

The motifs found in the TT10 promoter which could bind transcription factors of the families mentioned are:

• MYB2 -motif recognized by Signal Scan as MYB1AT (binding motif: WAACCA). MYB recognition site in the promoters of dehydration responsive genes. Originally discovered in the promoter of the rd22 gene, which is up-regulated in the AtMYB2 / AtMYC2 (see below MYC2) over expressing plants in response to abscisic acid (ABA) under drought stress [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF].

• MYC2 -recognized by Signal Scan as MYCATRD22 (motif: CACATG) and MYCCONSENSUSAT (motif: CANNTG). Also described as E-box (binding site: CANNTG) and sometimes overlapping with ABRE [START_REF] Stalberg | Disruption of an overlapping E-box/ABRE motif abolished high transcription of the napA storage-protein promoter in transgenic Brassica napus seeds[END_REF]. MYC2 is a binding motif for the AtMYC2/rd22BP1 TF belonging to bHLH family [START_REF] Solano | Dual DNA binding specificity of a petal epidermisspecific MYB transcription factor (MYB.Ph3) from Petunia hybrida[END_REF][START_REF] Abe | Role of arabidopsis MYC and MYB homologs in drought-and abscisic acid-regulated gene expression[END_REF][START_REF] Busk | Regulation of abscisic acid-induced transcription[END_REF]. Involvement in cold stress response has also been reported [START_REF] Chinnusamy | ICE1: a regulator of cold-induced transcriptome and freezing tolerance in Arabidopsis[END_REF].

Those two CAREs were reported to act together in many ABA and dehydration responsive genes [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF]. MYB-bHLH complex had been reported to be involved in the light-regulated activation of the phenylpropanoid genes [START_REF] Hartmann | Differential combinatorial interactions of cis-acting elements recognized by R2R3-MYB, BZIP, and BHLH factors control light-responsive and tissue-specific activation of phenylpropanoid biosynthesis genes[END_REF]. MYB2 and MYC2 sites in TT10 promoter are located approximately at -400bp and -250bp, positions which were found in many genes upregulated in plants overexpressing AtMYC2/AtMYB2 [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF]. It would be interesting to evaluate their functionality.

Several other MYB and MYB-like motifs have been found:

• GARE MYB -MYBBAHV (motif: TAACAAA). This motif is an element of the gibberellin response complex of the alpha-amylase gene in barley [START_REF] Gubler | Gibberellin-regulated expression of a myb gene in barley aleurone cells: evidence for Myb transactivation of a high-pI alpha-amylase gene promoter[END_REF]. GARE MYB is overlapping with AMYBOX1 (motif: TAACARA), which is a conserved sequence in the promoters of the alphaamylase gene of barley (Hordeum vulgare), rice (Oryza sativa) and wheat (Triticum aestivum) [START_REF] Huang | Classification and characterization of the rice alphaamylase multigene family[END_REF]. This motif is also similar to GAREAT (motif: TAACAAR) which has been reported

as gibberellin(GA)-responsive element present in 20% of GA inducible genes during seed germination [START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF].

• MYB -MYBCOREATCYCB1 (motif: AACGG). Motif found in promoter of the CycB1;1 gene, which is involved in cell cycle regulation. It had been found to be necessary for the binding of the proteins (e.g.

putative MYB TF, At2g03470) and able to drive GUS expression in plants overexpressing hypothetical protein, At2g13640 [START_REF] Planchais | Characterization of cis-acting element involved in cell cycle phase-independent activation of Arath;CycB1;1 transcription and identification of putative regulatory proteins[END_REF].

Additional comments about known transcription factors involved in flavonoid biosynthesis

• [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] have shown that AtMYB123/TT2, AtbHLH042/TT8 and WDR/TTG1 regulatory protein, are not required for the activity of the 2.0-kb TT10 promoter in transgenic plants.

• If the situation is clear for above mentioned TT2, TT8 and TTG1 transcription regulators, it seems to be much more complex for WIP-type Zn-Finger/TT1, MADS AtAGL32/TT16 and AtWRKY44/TTG2.

Those genes are not only involved in flavonoid biosynthesis but also in endothelium development. It is in the scope of this study to investigate the involvement of TT1, TT16 and TTG2 in TT10 expression (discussed in more detail in section 2.2.1; see also: W-box above).

Other CAREs

Motifs of lower abundance in TT10 promoter, shorter binding site or which could be indirectly associated with TT10 gene function are listed here.

• DOF -(motif: AAAG) -is a short motif binding zinc finger for plant specific DOF TF, which are associated with expression of multiple genes involved in carbon metabolism [START_REF] Bibliography Yanagisawa | Dof1 and Dof2 transcription factors are associated with expression of multiple genes involved in carbon metabolism in maize[END_REF]. There are several DOF motifs in proximal part of the TT10 promoter and surprisingly, most of them (five) are spanned within 150bp region.

• ARR1 -(motif: NGATT) -ARR1-binding element is a motif recognized by ARR1 and ARR2 response regulator proteins which faintly resemble mammalian MYB TF [START_REF] Sakai | Arabidopsis ARR1 and ARR2 response regulators operate as transcriptional activators[END_REF].

• ACTCAT -motif recognized by Signal Scan as PREATPRODH (motif: ACTCAT), which stands for Pro-or hypoosmolarity element. ACTCAT element has been show to bind several bZIP class TF and is necessary for the efficient expression of proline dehydrogenase gene in response to L-Proline and hypoosmolarity [START_REF] Satoh | ACTCAT, a novel cis-acting element for proline-and hypoosmolarity-responsive expression of the ProDH gene encoding proline dehydrogenase in Arabidopsis[END_REF][START_REF] Satoh | A novel subgroup of bZIP proteins functions as transcriptional activators in hypoosmolarity-responsive expression of the ProDH gene in Arabidopsis[END_REF][START_REF] Weltmeier | Combinatorial control of Arabidopsis proline dehydrogenase transcription by specific heterodimerisation of bZIP transcription factors[END_REF].
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• I-box -motif recognized by Signal Scan as IBOXCORE (motif: GATAA). This motif is a conserved sequence in promoters of light-regulated genes in both monocots and dicots [START_REF] Terzaghi | Light-Regulated Transcription[END_REF].

• -10 PE -recognized by the Signal Scan as -10PEHVPSBD (binding motif: TATTCT). Motif originally found in barley as involved in light regulation of chloroplast psbD gene [START_REF] Thum | Analysis of barley chloroplast psbD light-responsive promoter elements in transplastomic tobacco[END_REF].

• SORLREP3AT -(motif: TGTATATAT) is one of the computationally identified Sequences Over-Represented in Light-Repressed Promoters (SORLREP) in Arabidopsis [START_REF] Hudson | Identification of promoter motifs involved in the network of phytochrome Aregulated gene expression by combined analysis of genomic sequence and microarray data[END_REF].

Considering the protective role of flavonoids against UV radiation (Winkel- [START_REF] Winkel-Shirley | Biosynthesis of flavonoids and effects of stress[END_REF] and reported involvement of light in regulation of flavonoid biosynthetic genes [START_REF] Thain | The circadian clock that controls gene expression in Arabidopsis is tissue specific[END_REF], I-box, -10PE and SORLREP3AT were selected as candidate motifs.

Seed related CAREs:

• E-box -EBOXBNNAPA (motif: CANNTG). Motif is overlapping with MYC and ABRE. E-box has been shown as required for high expression of napA storage protein in transgenic Brassica napus seeds [START_REF] Stalberg | Disruption of an overlapping E-box/ABRE motif abolished high transcription of the napA storage-protein promoter in transgenic Brassica napus seeds[END_REF].

• DPBF -(motif: ACACNNG) -Element found by yeast one hybrid screen in a carrot Dc3, lea class gene [START_REF] Kim | Isolation of a novel class of bZIP transcription factors that interact with ABA-responsive and embryo-specification elements in the Dc3 promoter using a modified yeast onehybrid system[END_REF]. Motif is for binding of DPBF (Dc3 Promoter-Binding Factor, bZIP class TF), which shares up to 96% sequence similarity with ABI5 in the DNA binding and potential dimerization domains [START_REF] Finkelstein | The Arabidopsis abscisic acid response gene ABI5 encodes a basic leucine zipper transcription factor[END_REF].

TATA box

Predicted TATA box is in the 42bp distance form the beginning of the 5' UTR identified by RACE PCR [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Interestingly at the beginning of the transcript, W-box and GT1CONSENSUS (GT-1) sequences co-localize. GT-1 binding site is present in many promoters of light-regulated genes, where it can stabilize the TFIIA-TBP-DNA (TATA box) complex [START_REF] Gourrierec | Transcriptional activation by Arabidopsis GT-1 may be through interaction with TFIIA-TBP-TATA complex[END_REF]. Moreover binding of the GT-1 like factors to the PATHOGENESIS-RELATED GENE 1a (PR-1a) promoter influences the level of SA-inducible gene expression [START_REF] Buchel | Mutation of GT-1 binding sites in the Pr-1A promoter influences the level of inducible gene expression in vivo[END_REF]. We could hypothesize that W-box could be part of a negative regulation, whereas GT-1 would act for activation.

2.1.2.7

In silico analysis of TT10 promoter sequence -Summary

The in silico analysis of the TT10 promoter sequence, accompanied by literature mining is a base for the understanding of gene regulation. To sum up the information presented in this section, several hypotheses could be proposed. If TT10 is regulated as one of the flavonoid biosynthetic genes, there is probability that MYC2 and MYB2 motifs are functional and that they are binding sites for bHLH and MYB transcription factors respectively. Second hypothesis is built on the assumption that TT10 could be regulated as a pathogen related gene. In this case we could also expect that the MYB sites would be involved and perhaps accompanied by W-boxes and/or ABRE. Another hypothesis is that TT10 is regulated in a completely novel manner. It is possible, because it is not involved directly in flavonoid biosynthesis (like early and late biosynthetic genes), but in oxidative modification of end products. The 5' promoter dissection experiment described in the next section was based on the in silico information gathered. CAREs with the functional evidences were separated in various promoter constructs to validate which ones are functional in vivo. 2.1.3 Studies of TT10 promoter activity during plant development [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] have investigated the regulation of TT10 at the transcriptional level with a 2.0-kb TT10

promoter from Columbia (Col-0) translationally fused to the uidA reporter gene encoding β-glucuronidase (GUS) protein transferred in Ws-4 background (previously named Ws-2). The promoter activity at the early stages of embryo morphogenesis (1 -3 DAF) was detected in the endothelium layer of the seed coat and in the pigment strand at the chalaza zone. Later, the activity increased and was also observed in the outer integument (mostly in the oi1 layer of the seed coat). The GUS activity was also reported in early aborted seeds and in the transmitting tissue of the silique. Similar results were reported by Liang et al. (2006a),

where activity of 1.5-kb TT10 promoter activity was studied.

The present study intended to analyze the activity of the TT10 promoter in its native background and extend it to the whole plant as well as to develop a tool which could be used for the analysis of stress response (see: 2.4).

5' dissection of the TT10 promoter

To investigate further the regulation of TT10 and to define the domains of the promoter that might be important for the transcriptional regulation of tissue specificity, 5'-deletions were generated and translational fusions to the uidA gene were made.

Promoter fragments studied and cloning strategy

To limit the number of constructs and to maximize the output of the information about the promoter region which might be important, in silico analysis and putative CAREs were considered to plan promoter dissection, focusing on the proximal part of the promoter (as described in section 2.1.2). The promoter fragments studied were numbered, where: 1. stands for the shortest fragment of 173bp, 2. 271bp, 3. 465bp, 4. 1.0-kb, 5. 1.5-kb and 6. for 2.0-kb. Constructs were named as pTT10_X:GUS /pBIB-Hyg, where X stands for the promoter fragment considered.

The shortest (1.) promoter fragment includes a predicted TATA box located 42bp upstream from the 5'UTR and putative CAREs: ABRE, MYB and TCA1MOTIF. Next fragment (2.) was planned to include two W-boxes which could be functional together. Fragment 3., includes MYC2, MYB2, ABRE and several other putative CAREs (see Fig. 2.6). Two other constructs have been planned to divide the upstream remaining sequence in equal parts, resulting in fragments 4. and 5.

The cloning strategy was aiming to conserve the native promoter composition (only two nucleotides changed to create NcoI restriction site) and is based on cloning of 2.0-kb TT10 promoter described in [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Briefly, promoter fragments were PCR-amplified with the primers (Appendix, Tab.

5.3) including

XhoI and NcoI restriction sites for translational fusion with the uidA (GUS) gene and subcloned into pCR®-Blunt II-Topo®. The XhoI-NcoI digested fragments were cloned into the pBS-GUS vector [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF], which was subsequently digested SmaI-KpnI to recover the corresponding promoter:GUS cassettes. The introduction of the constructs into the pBIB-Hyg binary vector was a limiting step of the cloning and it appeared to be of very low efficiency. It is important to note that the vector had to be prepared in two-step digestion, first with SmaI and then KpnI, because those sites are overlapping and reverse order of digestion results in loss of the SmaI site. Constructs were verified by restriction and sequencing. To fully appreciate the tissue specificity of the promoter, Arabidopsis Col-0 and Ws-4 wild-type plants were transformed with the six constructs described above. The results are illustrated on Figure 2.7, described below and summarized in table 2.1.

In planta analysis of GUS activity

The consistent GUS pattern established for each of the promoter fragments studied is based on analysis of 24 independent transformants lines (T1) (except pTT10_1:GUS/pBiB-Hyg, 12 lines were studied). All the transgenic plants studied were genotyped for each construct and T2 plants were hygromycin selected to chose those segregating 3:1. Characteristic patterns of each promoter fragment activity observed in stable transformants lines (T2 and T3 generations; hygromycin resistant) was consistent with the one observed in primary transformants.

The same spatio-temporal GUS activity patterns were observed for pTT10_3, pTT10_4, pTT10_5 and pTT10_6 promoter fragments (Fig. 2.7). For those constructs, GUS activity was observed as early as the closed flower bud stage, however no activity was detected in mature pollen (Fig. seedling 10 days after transfer to the growth chamber, grown in the liquid 0,5x B5 medium supplemented with 0,5% sucrose. GUS activity is also not detectable in seedlings grown in vitro on vertical plates up to 14 days in long day or in constant light as well as in 10 day-old dark grown seedlings (data not shown). Other growth conditions and corresponding GUS patterns are described in section 2.4.

The pTT10_1 and pTT10_2 fragments did not exhibit detectable GUS activity in planta, except faint blue staining of the funiculus and abscission zone of the seed in pTT10_2. The 194bp (between pTT10_2 and pTT10_3 ) and 98bp region (between pTT10_1 and pTT10_2) are required for seed coat and funiculus promoter activity, respectively. Moreover, it seems that the region upstream from -465bp (pTT10_3 ) contains a sequence required for high gene expression, because much stronger GUS staining was observed for pTT10_4, pTT10_5 and pTT10_6, than pTT10_3. For those constructs, much higher concentrations of the potassium ferricyanide and potassium ferrocyanide (FF) had to be used to eliminate GUS diffusion and artefactual staining of other tissues. No FF was used and material was ethanol bleached in the organs with weak uidA activity. Similar results were obtained for the constructs studied in Ws-4 background (data not shown). 

Abscission zone + + + + - - Receptacle - - - - - - Peduncle - - - - - - Stamen - - - - - - Pollen - - - - - - Cauline/Rosette leaf, trichomes - - - - - - Stem - - - - - - Root - - - - - - Cotyledons - - - - - - Hypocotyl - - - - - - Root - - - - - - Seed Silique -Flower

Seedling

Other organs Table 2.1: Summary of TT10 promoter activity pattern in planta. This table is summarizing promoter dissection experiment and is presenting reproducible patterns observed for each of the constructs studied in wild-type plants. Relative promoter strength is represented by number of plus (+) signs and is based on the various concentrations of potassium ferricyanide and potassium ferrocyanide used to eliminate GUS diffusion (for quantitative results see Fig. 2.8 below).

Quantitative GUS assay -MUG

To precise the different strengths of the dissected promoter fragments, quantitative measurement of the GUS activity was realized. It is possible to measure precisely GUS activity, using fluorometric assays with very small amounts of transformed plant tissue [START_REF] Jefferson | GUS fusions: beta-glucuronidase as a sensitive and versatile gene fusion marker in higher plants[END_REF]. To confirm the differences in GUS staining observed for different promoter fragments, two or three lines for each construct have been selected.

Because the amount of GUS protein could depend on the number of T-DNA inserts in transgenic plants, only the lines segregating 3:1 for antibiotic resistance : sensitivity were selected (good indication for single locus of the T-DNA insertion). Considering the pattern of TT10 transcript accumulation (Fig. 2.1) and the promoter tissue specificity, 7-day-old siliques have been selected as samples to compare GUS activity.

There was a clear difference in GUS activity between the promoter fragments analysed in MUG experiment. The longest constructs pTT10_6, pTT10_5 and pTT10_4, have comparable, very high GUS activity, whereas it is 25 -50 fold lower for pTT10_3. It is still possible to detect weak GUS activity for pTT10_2, but not for pTT10_1. Similar results were obtained for the constructs studied in Ws-4 background (data not shown).

Sub-dissection and site-directed mutagenesis -introduction

To continue, sub-dissection of the 194bp region (between pTT10_2 and pTT10_3 ), site-directed mutagenesis experiments were carried out to narrow down the region required for promoter activity in seeds. The ultimate goal of this part of the work was to find out which cis-regulatory elements in the promoter are functional in CHAPTER 2. RESULTS vivo. The dissection experiment (2.1.3.1) defined a 194bp promoter region, which contains several putative CAREs defined in in silico analysis. A sub-dissection of this region was planned to further limit the promoter region and number of putative CAREs considered for site-directed mutagenesis.

B. AtTT10 promoter fragments fused to GUS-ORF and GUS activity of respective fragments in 7 DAF siliques. Empty bars represent promoter fragments, shaded bar GUS reporter gene, dashed bar 5'UTR and solid bars GUS activity. (The name and the length of each clone is indicated in front and coresponds to the forward primer used to amplify this promoter fragmant). Measured GUS activity presented is representation of 3 biological replicates. 

Technical difficulties encountered

The cloning strategy was planned to follow the same steps used for the promoter dissection construct preparation (2.1.3.1). Nevertheless, in this case the transfer of the promoter:GUS cassette into the pBIB-Hyg binary vector did not result in the appropriate constructs. To optimize cloning conditions various ratios of the insert and vector were tested. We have tried to purify the DNA fragments with several commercially available kits (see 3.2.4.2). Restriction analysis of pBIB-Hyg binary vector with SmaI and KpnI restriction enzymes revealed that both sites were cut with high efficiency. However the religation after single cutting was of very low efficiency with different batches of ligase. In parallel, alternative approaches have been proposed and are described below.

Cloning in pCAMBIA 1300 pCAMBIA 1300 (pCAMBIA) (www.cambia.org) is a binary vector, which is routinely used in the Seed Biology Laboratory. The analysis of the restriction sites to take out the promoter:GUS cassette from the pBS-GUS and those in the multi-cloning site of the pCAMBIA, revealed that KpnI-PstI are the only sites available. Briefly, the cloning protocol was as follows: i) plasmid preparation was omitting gel purification after the restriction; ii) ligation was followed by SalI digestion, to eliminate false positives from not completely digested binary vector; iii) after restriction and ligation the reaction mix was desalted; iv) bacterial colonies were screened for positive clones by restriction analysis (strategy based on advises from Nathalie Berger).

The integrity of all the constructs had been checked by sequencing and plants were transformed.
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Unexpectedly the study of the GUS pattern in T1 plants, revealed very strong blue staining in all the plant tissues tested for all the constructs. One of the hypotheses to explain such pattern of GUS activity was first association of the possible induced activity with heavy aphid/greenfly invasion in the greenhouse.

However, this GUS pattern was also observed in T2, antibiotic-resistant plants after the anti-aphid treatment. Another possible explanation is the effect of the strong promoter CaMV35S, used for HptII gene expression in pCAMBIA (Fig. 2.9). This promoter, used to ensure the antibiotic resistance could also interact with the TT10 promoter fragments, which were inserted side-by-side, to drive ectopic GUS expression through its enhancers. Indeed, the pattern of GUS activity resembles the one driven by 35Sdual:GUS/pBIB-Hyg (Fig. 

CHAPTER 2. RESULTS

Cloning in pBI101GUS-GTW

Considering the unexpected results obtained with the promoter studies in the pCAMBIA vector, another alternative approach has been used to carry out the sub-dissection and site-directed mutagenesis experiments.

Because of the time constraints of the thesis, the GATEWAY® cloning has been used, which allowed very fast vector preparation [START_REF] Earley | Gateway-compatible vectors for plant functional genomics and proteomics[END_REF]. On the other hand, a compromise had to be made and the 5'UTR sequence had to be modified to introduce the GATEWAY® recombination sites by adding 29bp at both ends of the promoter. The pBI101GUS-GTW and the cloning strategy are described elsewhere [START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cell-specific accumulation of flavonoids in Arabidopsis thaliana[END_REF][START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF]. Briefly, the promoter fragments have been PCR-amplified with the primers containing attB1 and attB2 GATEWAY® recombination sites (Appendix, Tab. 5.8) and introduced into the pDONR207 vector by BP recombination. The next step was the LR recombination to transfer the promoter fragment into the binary vector pBI101GUS-GTW. The integrity of all the constructs was checked by sequencing and plants were transformed. Results obtained with sub-dissection are described below in the section 2.1.3.5, together with the results of the site-directed mutagenesis.

Site-directed mutagenesis

A complementary approach to deletion analyses to check the functionality of the putative cis-acting regulatory elements found in the 194bp region (between pTT10_2 and pTT10_3 ), which could be required for the promoter activity in seed coat, is site-directed mutagenesis. The motifs for the analysis were chosen based on the in silico analysis described in section 2.1.2. Some of the putative CAREs are located very close from each other or even overlapping, therefore it was decided to analyze those together. The constructs have been named -M -for mutagenesis, and numbered 1 to 5 referring to the respective construct. The nucleotide substitution in the constructs prepared is based on the one which had been found in the literature describing motif identification. We checked that the mutagenised CAREs considered in the experiment, were not recognized by in silico analysis (PLACE, Signal Scan). Figure 2.6 is illustrating the location of the motifs present in the five constructs studied, with the details of the modified sequence given in the box. The mutagenesis was prepared on the full pTT10_3 promoter fragment because elements downstream -271bp (pTT10_2 ) could be necessary for mutual activation of GUS activity.

Construct preparation

The point mutations have been introduced in the promoter sequence using QuickChange® Site-Directed Mutagenesis Kit (Stratagene®). It is a PCR based technique which allows efficient site-specific mutation in a double-stranded plasmid (www.stratagene.com and product manual). Primers have been designed using PrimerX. Nucleotide substitutions have been confirmed by sequencing. The following, cloning steps and difficulties encountered were as described for sub-dissection construct preparation. Multiple attempts of cloning into the pBIB-Hyg did not result in the proper construct and those in pCAMBIA 1300 gave ectopic GUS activity. Finally, the constructs were prepared with the GATEWAY® technique and the preliminary results of GUS pattern in T1 plants are discussed below.

Patterns of GUS activities after TT10 promoter sub-dissection and site-directed mutagenesis

The result of the TT10 promoter sub-dissection and site-directed mutagenesis are summarized in Table 2.2.

The analysis focused on seeds, where it was expected to observe blue staining for the minimal promoter, pTT10_3 -positive control, or no GUS activity in pTT10_2 -negative control. Those two constructs have been the reference of TT10 promoter activity and their comparison was required to validate the data obtained in the new vector. For the other constructs it was expected that, if the promoter fragment/motif required for GUS expression was eliminated, the blue staining would not be observed anymore. It would be also possible that a promoter region binding negative regulator is eliminated, which would result in strong GUS staining. The same result could be observed, if a strong activation site was created by site-directed mutagenesis.

The GUS staining observed for the pTT10_3:GUS/pBI101-GTW seems to be far weaker than for the same promoter fragment in pBIB-Hyg vector. Moreover, blue staining is not detectable at the flower/early silique developmental stages, compared to Fig. 2.7, B. to D., whereas it is very weak in older siliques, compared to 2.7, E. Staining was extremely weak, even without potassium ferricyanide and potassium ferrocyanide. No staining was detected in other plant organs. The negative control pTT10_2:GUS/pBI101-GTW gave no detectable GUS staining, whereas this promoter fragment in pBIB-Hyg was characterized by remaining, faint blue staining in the funiculus and seed abscission zone. The GUS activity seems to be abolished in all the sub-dissection constructs (3A, 3B and 3C ). For the site-directed mutagenesis, faint blue staining is observed for most of the M1 and M5, T1 plants tested, whereas it seems to be detectable in less than a half of the T1 plants tested for M2. Interestingly, GUS staining was also abolished in plants carrying the M4 construct. Only 5 primary transformants have been obtained for M3 construct and GUS activity was observed in one of them.

To sum up the present results of the TT10 promoter sub-dissection and site-directed mutagenesis it has to be noted that the GUS staining for the pTT10_3:GUS/pBI101-GTW -the positive control -is much weaker than the one observed when this fragment was studied in pBIB-Hyg. This could be simply due to the introduduced GATEWAY® recombination site in the 5'UTR region of the promoter. If we consider the weak GUS activity of the pTT10_3:GUS/pBI101-GTW as a new reference, we could point out, that the region between pTT10_3 and pTT10_3C contains the motifs required for the gene expression. The lack of detectable GUS activity for most of the M2 plants could suggest that DPBF or MYB2 would be the cis-acting elements required for TT10 gene expression. This could be further supported by the fact that the GUS activity is detectable for the constructs M1 (within 3-3C region) and M5 (downstream of 3C), which could be treated as a positive GUS staining reference. Surprisingly, no blue staining was detected for the plants carrying M4 construct what could indicate also involvement of DOF CARE. Nevertheless, all those results should be reproduced, to confirm this preliminary study.

CHAPTER 2. RESULTS 3 3C 3B 3A 2 M1 M2 M3 M4 M5 1 + - - + - 2 + -/+ - + - 3 - - - + - 4 + - -/+ - - n/a 5 + - - + + 6 + -/+ - - 7 - - - - 8 + - - n/a n/a 9 n/a - - - 10 - - - - 11 + - - - 12 n/a - n/a - n/a GUS+/TotalT1: 7/10 2/12 1/11 0/12 0/12 3/3 4/11 1/5 0/3 3/3 Status: + - - repeat pTT10_X:GUS/pBI-101-GTW - + + + n/a - - - T1# X= - - - - - + + + Table 2
.2: Patterns of GUS activity observed in the seed coat after sub-dissection and site-directed mutagenesis of TT10 promoter.

Table is summarizing the GUS staining observed in 5-15DAF old siliques of 12 independent T1, hygromycin resistant plants. The plus (+) sign is for the blue staining observed in seed coat. The minus (-) sign means that no GUS activity was detected in any plant organ tested (rosette leaf, cauline leaf, stem, flower and siliques). The (+) or (-) in the dashed rectangles refers to the siliques analyzed in bulk; in this case (+) stand for blue staining in most of the siliques in the well; (-) when there was no detectable GUS activity;

The experiment has been repeated twice for the constructs 3, 3C, and 3B and in this case (-/+) means that GUS staining was observed in one of the repetitions. n/a -not consistent, ectopic GUS activity or plant died; for M3: plants not available. Plants were not genotyped and T2 seeds are not yet available.

Promoter GUS activity in protoplasts

In addition to in planta study of the promoter activity, transient expression experiments were undertaken with protoplasts from Arabidopsis cell suspension in order to obtain more robust quantitative analyses (see 3.2.3.8). PEG mediated transfection resulted in detectable GUS activity for all the constructs tested (1. -

5.

). This approach could have accelerated the analysis, but the results obtained in planta demonstrated that pTT10_1 and pTT10_2 do not drive detectable GUS activity. It seems that protoplasting, transfection or the culture conditions used can affect TT10 promoter activity [START_REF] Takeda | Assignment of UVB-responsive cis-element and protoplastization-(dilution-) and elicitor-responsive ones in the promoter region of a carrot phenylalanine ammonia-lyase gene (gDcPAL1)[END_REF]. The shortest promoter fragment, pTT10_1, contains elements sufficient for GUS expression in transfection experiment in protoplasts. Therefore it was neccesary to pursue the regulation studies in planta.

Finding transcription factors

To progress further in the understanding of the regulation of TT10 gene expression, several approaches have been used to find candidate transcription factors which could be involved. The first strategy was to study promoter activity with reporter gene in candidate regulatory mutant backgrounds which are involved in flavonoid biosynthesis. The second approach was to select candidate transcription factors, based on co-expression data from microarrays. Several other mutants were considered on the basis of the putative cis-acting regulatory elements found in TT10 promoter, and associated with the function of the gene.

Quantitative RT-PCR was used to evaluate TT10 transcript accumulation. Finally, yeast one-hybrid screen was tried to fish out some of the transcription factors binding to the promoter.

TT10 promoter activity in candidate regulatory mutant backgrounds

One of the ways to find out how a gene is regulated is to study promoter activity with reporter gene in a regulatory mutant background. This approach proved to be successful for BAN, which promoter activity is significantly changed in tt2, tt8 and ttg1 mutants [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. The modification of the GUS pattern could be either a direct or an indirect effect. [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] already demonstrated that the activity of the TT10 promoter is not modified in tt2, tt8 and ttg1. In this work we wanted to complete the analysis by looking whether TT10 could be regulated by the TT1 zinc finger protein, [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF] and/or the TT16 MADS box protein, [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF] and/or the TTG2 WRKY transcription factor [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]. All those genes are involved in the regulation of flavonoid biosynthesis in seed.

To introduce TT10 promoter GUS constructs in the tt1, tt16 and ttg2 background, crosses with the plants carrying pTT10:GUS/pBIB-Hyg construct [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] have been made. Plants have been selected for the antibiotic resistance and seed transparent testa phenotypes, and glabra character of the leaves for ttg2. The GUS staining for pTT10:GUS/pBIB-Hyg construct in tt1, tt16 and ttg2 backgrounds, seems to be much stronger than in the control wild-type plants. Higher concentrations of the potassium ferricyanide and potassium ferrocyanide were used to prevent GUS diffusion.

Analysis of the GUS patterns revealed that in tt1 background blue staining is first detectable in the endothelium layer (Fig. 2.10 A.) and later on in the outer integument layer 1 (Fig. 2.10 D. and G.), which resembles wild-type promoter activity. The detection of GUS activity in the tt16 mutant background, at the globular stage of embryo development (Fig. 2.10 B.), is restricted to the pigment strand, but weak staining is also observed in endothelium. However, this can be due to the strong staining at the pigment strand and GUS diffusion. At the later stages, the promoter activity is visible in both endothelium and oi2 seed coat layer (Fig. 2.10 E. and H.). TT10 promoter activity in ttg2 mutant background closely resembles that in tt16, with the strong staining at the micropyle and chalaza/pigment strand zones. Although the faint, patchy GUS activity was detectable in the endothelium (Fig. 2.10 C.). It seems that at the later stages, two-layer expression patterns is conserved (Fig. 2.10 F. and I.). The GUS activity in tt1, tt16 and ttg2 does seem not to be affected at the seed abscission zone. No ectopic promoter activity was detected in leaves nor in stem.

The results could indicate that TT10 expression might be regulated by TT1, TT16 and TTG2 in the endothelium. Nevertheless, this could be indirect regulation, because the morphology of the endothelium is affected in tt1 and tt16 mutant seeds [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF]. In the ttg2 mutant, endothelium morphology seems not to be affected, but cells might not be finally differentiated. It has been shown that TTG2 is required for trichome development [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF] and endosperm differentiation [START_REF] Dilkes | The maternally expressed WRKY transcription factor TTG2 controls lethality in interploidy crosses of Arabidopsis[END_REF]. Moreover, the results of the GUS staining are difficult to interpret due to the possible GUS diffusion. It would be interesting to check by in-situ hybridization, if TT10 mRNA is
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detectable in the endothelium of tt1, tt16 and ttg2 mutants.

C. 

pTTG2:GUS

Confirmation of TTG2 promoter activity in developing seeds

The seeds of ttg2 mutant do not accumulate PAs and mucilage, but the endothelium structure seems not to be affected. Promoter activity has been reported to be detectable in the seed coat [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]. In this study, we wanted to test the hypothesis, that TT10 expression could be regulated by TTG2. Indeed, TTG2 encodes WRKY TF potentially binding W-box that have been found in the TT10 promoter (see 2.1.2). For that reason, we wanted to check precisely if spatio-temporal activity of both promoters are similar in developing seeds. 

Analysis of public micro-array data -searching for co-expressed genes

The idea to look for the expression of potential regulators of the gene of interest is based on putative expression throughout time -developmental stage and space -tissue/cell. This is why we searched publicly available micro-array data to find regulatory genes co-expressed with TT10. Expression Angler program at BAR (http://bar.utoronto.ca/) was queried for the genes co-expressed with TT10 in the AtGenExpress Seed Set. First 100 top hits, regardless of the r-value were searched for the transcription factors. The list of selected co-expressed genes is presented in Table 2.3. Details of the selection are given in the legend of the table.

TT10 expression in candidate regulatory mutant backgrounds obtained from coexpression analysis -seed set

In the section 2.2.1 it was of interest to check if TT10 promoter activity was modified in previously identified regulatory mutant backgrounds. Here we decided to study the level of TT10 mRNA, which could indicate, if certain genes could be involved in the regulation of TT10 gene expression. The amount of information available for the co-expressed genes was rather scarce, therefore, we have checked, if their transcript was CHAPTER 2. RESULTS present in developing flowers and/or seeds. Transcriptomic analysis (Fig. 2.12) showed, that At3g15500 is strongly expressed in developing flower and seeds, but also in the senescing leaf, whereas it is below the detection level in other tissues. At2g24430 seems to be seed specific, At5g66070 is relatively ubiquitous, but high amount of transcript were detected in developing pollen, whereas At5g62320/MYB99 expression seems to be restricted to early stages of flower development. At1g71450 and At5g07700/MYB76 were below the detection level. Homozygous mutant lines have been ordered from NASC, when available. All the plants have been genotyped to confirm the presence of T-DNA insertions and an homozygous MYB99 mutant line was selected from T3 plants.

AGI

r-value to bait, GeneChipID, Annotation At5g48100 1.000|248735_at| 2.3: List of selected genes co-expressed with TT10 -Seed Set. The genes co-expressed with TT10 found with Expression Angler in the AtGenExpress Seed Set. Because of relatively low r-values, only the first five genes were listed, followed by the selection of putative transcription factors and also an other member of the laccase family. The genes with the position number in the grey background were the candidates which were studied and are described in this section.

Analysis of TT10 expression and seed flavonoid composition have been realized for the following mutants:

• At3g15500 -gene coding for ATAF-like NAC-domain transcription factor, that does not contain sequences shared by CUC1, CUC2 and NAM [START_REF] Takada | The CUP-SHAPED COTYLEDON1 gene of Arabidopsis regulates shoot apical meristem formation[END_REF][START_REF] Ooka | Comprehensive analysis of NAC family genes in Oryza sativa and Arabidopsis thaliana[END_REF].

• At1g71450 -encodes a protein containing one Apetala 2 (AP2) domain and is a member of the DREB subfamily A-4 of ERF/AP2 transcription factor family [START_REF] Nakano | Genome-wide analysis of the ERF gene family in Arabidopsis and rice[END_REF]. It has been shown to be involved in salt stress, cold and ABA response [START_REF] Ma | Dissecting salt stress pathways[END_REF][START_REF] Wenqian | Characterization of three Arabidopsis AP2/EREBP family transcription factors that were involved in ABA[END_REF].
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• At2g24430 -gene coding for Arabidopsis NAC domain containing protein 038, Arabidopsis NAC domain containing protein 039 [START_REF] Ooka | Comprehensive analysis of NAC family genes in Oryza sativa and Arabidopsis thaliana[END_REF]. Induced by blue light in the cryptochrome1 mutant [START_REF] Folta | Genomic and physiological studies of early cryptochrome 1 action demonstrate roles for auxin and gibberellin in the control of hypocotyl growth by blue light[END_REF].

• At5g07700 -encodes AtMYB76 transcription factor, which has been shown to be involved in regulation of aliphatic glucosinolate biosynthesis in Arabidopsis [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF][START_REF] Gigolashvili | HAG2/MYB76 and HAG3/MYB29 exert a specific and coordinated control on the regulation of aliphatic glucosinolate biosynthesis in Arabidopsis thaliana[END_REF].

• At5g66070 -encodes a zinc finger (3HC4-type RING finger) family protein, identical to RING-H2 finger protein ATL5P [START_REF] Kosarev | Evaluation and classification of RING-finger domains encoded by the Arabidopsis genome[END_REF], which is a ubiquitin-ligase gene significantly up-regulated after chitooctaose treatment [START_REF] Libault | Identification of 118 Arabidopsis transcription factor and 30 ubiquitin-ligase genes responding to chitin, a plant-defense elicitor[END_REF].

• At5g62320 -encodes AtMYB99 transcription factor, expressed during pollen development, which has been shown to be involved in microsporogenesis [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF][START_REF] Alves-Ferreira | Global expression profiling applied to the analysis of Arabidopsis stamen development[END_REF]. 

Results for regulatory mutants chosen from co-expression analysis

TT10 expression in mutant backgrounds was not drastically down nor up-regulated. The largest difference was up to 25% decrease of TT10 transcript accumulation in the myb76 and myb99 mutants (Fig. 2.13).
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Those results should be confirmed with a second biological replicate before further interpretation. However, the MYB transcription factor family consists of almost 130 members [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF], therefore we could expect some functional redundancy that would explain limited impact of the myb mutants [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF]. The other explanation for partial decrease of the mRNA level could be the involvement of two different mechanisms of regulation in endothelium and in the outer integument 1 seed coat layer. In such a case, the absence of TT10 transcript in one layer would be masked by its expression in the other, what would be not possible to measure by RT-PCR.

Analysis of flavonoid composition (all the metabolomic analyses of flavonoid composition were done by Jean-Marc Routaboul) in the candidate mutants chosen on the basis of the co-expression data, revealed no significant differences in the amount of soluble PAs nor flavonols (Fig. 2.14). Surprisingly, in the At2g24430 mutant, we even observed a slight decrease of the soluble PAs fraction, which is in opposite to the expected tt10 mutant phenotype. 
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Figure 2.14: Flavonoid composition of mature seeds in the mutants for genes selected from co-expression analysis.

Analysis of flavonol derivatives and tannins by LC-MS and after acid-catalyzed hydrolysis, respectively. Plants were grown in the greenhouse at the same time. Values represents averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside.

Co-expression analysis -developmental set

Even if TT10 is expressed mainly in seeds, limiting the search for the co-expressed genes to the AtGenExpress Seed Set could have resulted in biased results. Indeed this data set consists in the expression data for mature seeds samples subjected to various treatments, however TT10 is expressed during seed development. This is reinforced by the fact that in this data set, TT10 expression potential values are very low (max. 26.83), and only few samples could be considered after standard deviation filtering. For those reasons, it would have been more appropriate to search for co-expressed genes in the AtGenExpress Developmental Set. Expression Angler program at BAR was queried for genes co-expressed with TT10 in the AtGenExpress Developmental Set. List of selected co-expressed genes is presented in Table 2.4. It would be interesting to investigate the potential role of transcription factors which were found to be co-expressed with TT10. A limitation of this approach is that, if the potential candidate gene regulating TT10 expression is not seed specific, then it will not appear in the list of the co-expressed genes, because its expression profile will not fit with the one of TT10. One of the top priorities would be to check the role of AtMYB5, because in the phylogenetic studies, it is in the clade together with AtMYB11, AtMYB12, AtMYB75/PAP1, AtMYB90/PAP2, AtMYB111 and AtMYB123/TT2 [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF], which have been shown to be involved in the regulation of flavonoid biosynthetic genes [START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF][START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF]. AtMYB5 encodes a transcription factor that acts as a negative regulator of trichome branching and plays a role in the correct formation of the seed coat, and possibly the formation of the the underlying endosperm layers. Loss of function mutations lead to defects in seed coat mucilage, columella cells as well as trichome [START_REF] Li | The Arabidopsis MYB5 transcription factor regulates mucilage synthesis, seed coat development, and trichome morphogenesis[END_REF] and decreased PA content [START_REF] Gonzalez | Regulation of the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings[END_REF]. 2.4: List of selected genes co-expressed with TT10 -developmental set. The genes co-expressed with TT10 found with Expression Angler in the AtGenExpress Developmental Set. The first 20 genes are listed, followed by the selection of putative transcription factors position number in grey background. Other member of the laccase family have also been found (position 74).

Analysis of TT10 expression in mutants involved in flavonoid biosynthesis

Although TT10 is involved in one of the last known steps of flavonoid biosynthesis pathway, it is rather considered as a modification enzyme [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Nevertheless, the regulation of TT10 expression could be related to some of the known biosynthetic genes. TT10 mRNA accumulation was analyzed in the mutants known to regulate flavonol and tannin biosynthetic genes. MYB11/PFG2, MYB12/PFG1 and MYB111/PFG3 have been shown to be involved in flavonol biosynthesis in vegetative tissues [START_REF] Mehrtens | The Arabidopsis transcription factor MYB12 is a flavonol-specific regulator of phenylpropanoid biosynthesis[END_REF][START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF]. Recently MYB12 has been shown to be necessary for quercetin-3-O-rhamnoside and biflavonol accumulation, but not tannins in Arabidopsis seeds (Jean-Marc Routaboul, unpublished results). We have also included the mutant and over-expressor of AtMYB4, which encodes a transcriptional 2.2. FINDING TRANSCRIPTION FACTORS 39 repressor of the C4H gene, involved in the biosynthesis of flavonoid precursors [START_REF] Meissner | Function search in a large transcription factor gene family in Arabidopsis: assessing the potential of reverse genetics to identify insertional mutations in R2R3 MYB genes[END_REF][START_REF] Jin | Transcriptional repression by AtMYB4 controls production of UV-protecting sunscreens in Arabidopsis[END_REF]. The myb12 mutant accumulates almost 20% less TT10 mRNA than the control wild-type plants and similar results were obtained for the triple mutant myb11,12,111 (Fig. 2.15). However, the variation between the biological repetitions can reach up to 25%, therefore smaller differences should be considered as not significant before confirmation with second biological repetition. TT10 expression is almost 30% reduced in over-expressor of AtMYB4, but not modified in the myb4 mutant. This weak difference in the over-expressor, could be due to lower of the flavonoid precursor. TT10 expression in tt1, tt16 and ttg2 mutants was already analyzed [START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF], but semiquantitative RT-PCR did not show significant differences. We confirmed those results with quantitative RT-PCR. As explained before (section 2.2.1), TT10 expression could be regulated by those mutants in the endothelium, but we could still detect transcript present in the outer integument or the replum. The metabolomic analysis of those mutants does not correspond to the tt10 mutant phenotype, and it is described elsewhere [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF][START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF]. 

Candidate genes related to stress response which could be involved in the regulation of TT10 expression

The interest in the possibility of a stress-related regulation of the TT10 emerged from the in silico analysis of the promoter sequence (section 2.1.2). Briefly, it was considered, that TT10 expression during seed development could be related to the stress response and/or protective function of the flavonoids. Expression in response to biotic and abiotic stress could depend on the crosstalk between hormone signaling pathways regulated by abscisic acid, salicylic acid (SA), jasmonic acid (JA) and ethylene, as well as ROS signaling pathways [START_REF] Fujita | Crosstalk between abiotic and biotic stress responses: a current view from the points of convergence in the stress signaling networks[END_REF]. Based on this assumption and putative cis-acting regulatory elements found in the sequence of the TT10 promoter, we decided to study TT10 expression in several mutants which have been shown to be key components of the SA, JA and ethylene signaling networks. Expression of many pathogen related (PR) genes in response to salicylic acid can be directly regulated by WRKY70 [START_REF] Li | The WRKY70 transcription factor: a node of convergence for jasmonatemediated and salicylate-mediated signals in plant defense[END_REF][START_REF] Li | WRKY70 modulates the selection of signaling pathways in plant defense[END_REF], or mediated by NPR1. In response to pathogen attack, many other WRKY transcription factors are activated by NPR1/TGA complex [START_REF] Eulgem | Networks of WRKY transcription factors in defense signaling[END_REF]. We included AtWRKY23 in our study, because plants overexpressing that gene accumulate more quercetin-3-O-rhamnoside, that could indicate involvement in flavonol metabolism and link their role with stress response (Godelieve Gheysen, personal communication). Recently AtWRKY23 has been shown to be involved in pathogenesis of cyst nematode Heterodera shachtii [START_REF] Grunewald | A role for AtWRKY23 in feeding site establishment of plant-parasitic nematodes[END_REF]. Another reason to investigate involvement of SA are recent studies, demonstrating the importance of SA for seed quality, e.g. protein translation, priming of seed metabolism, synthesis of antioxidant enzymes and mobilization of seed storage proteins [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF]. Part of this study was carried out with plants carrying the bacterial gene NahG, encoding SA hydrolase. Those plants are deprived of an active form of salicylic acid [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF] and for that reason they were included in the present study. To question the role of the stress response which could be also mediated by jasmonic acid, two mutants were used. The first one, called jasmonate resistant 1 (jar1 ) is impaired in JA perception [START_REF] Staswick | Methyl jasmonate inhibition of root growth and induction of a leaf protein are decreased in an Arabidopsis thaliana mutant[END_REF]. Loss of function mutants are defective in a variety of responses to jasmonic acid. JAR1 is involved in pathogen defense, sensitivity to ozone, and wound responses [START_REF] Lorenzo | Molecular players regulating the jasmonate signalling network[END_REF]. The second one, coding for bHLH family transcription factor is AtMYC2 known as jasmonate insensitive 1 (jin1 ). It has been shown to be a key component of the JA pathway and to act as a general integrator of different environmental stresses [START_REF] Lorenzo | JASMONATE-INSENSITIVE1 encodes a MYC transcription factor essential to discriminate between different jasmonate-regulated defense responses in Arabidopsis[END_REF][START_REF] Lorenzo | Molecular players regulating the jasmonate signalling network[END_REF]. We have also used the constitutive triple response1 (ctr1) mutant, which is a negative regulator of the ethylene signaling pathway, to check if TT10 expression could be regulated by this hormone [START_REF] Kieber | CTR1, a negative regulator of the ethylene response pathway in Arabidopsis, encodes a member of the raf family of protein kinases[END_REF][START_REF] Guo | The ethylene signaling pathway: new insights[END_REF]. The amount of TT10 transcript was not modified in those mutants, except for npr1-1 and npr1-5 where it was reduced (Fig. 2.16). Surprisingly even in the ctr1 mutant plant, which had reduced growth phenotype and small siliques, TT10 accumulated like in the control wild-type plants. We have reproducibly observed 50-70% decrease of TT10 mRNA level in npr1-1 and npr1-5. Surprisingly, another allele npr1-2 is not showing any difference. However, it has to be noticed that npr1-5 is in Nossen accession. Taking into account the natural variation demonstrated for TT10 transcript accumulation (see 2.3.1) appropriate control for that sample is missing.

The analysis of flavonoid composition of mature seeds did not revealed any significant differences with the wild type for wrky23, wrky70 and ctr1 mutants (Fig. 2.17). Surprisingly, the jar1 mutant accumulates less quercetin-3-O-rhamnoside and biflavonols and exhibits no significant difference in soluble PAs. It suggests that the expression of flavonol biosynthetic genes or any other process leading to their accumulation is affected in that mutant. 
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Figure 2.17: Flavonoid composition of mature seeds of the mutants -stress related candidates. Analysis of flavonol derivatives and tannins by LC-MS and after acid-catalyzed hydrolysis, respectively. Plants were grown in the greenhouse at the same time. Values represents averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside. The wrky23 allele is N661317. CHAPTER 2. RESULTS

Yeast one hybrid screening -fishing out transcription factors binding TT10 promoter

In parallel to the above-described approaches, a transcription factor library created by the REGIA consortium (Paz-Ares and Consortium, 2002) was planned to be screened to find transcription factors binding to the TT10 promoter. For yeast one-hybrid experiments, the pTT10_3 promoter fragment found in the dissection experiment to be required for GUS activity in the seed coat (see 2.1.3.1) was used. Briefly, the promoter fragment was PCR-amplified with primers including SmaI and SacII restriction sites (Appendix Tab. 5.5) and subcloned into pCR®-Blunt II-Topo®. The SmaI -SacII fragments were cloned into the MCS site of the pHISi vector in front of the HIS3 gene. Integrity of the constructs was confirmed by restriction analysis and sequencing. In the next step, Saccharomyces cerevisiae, haploid MATα yeast strain EGY48 was transformed. The procedure requires that this strain can form diploid form with the yeast strains of the REGIA library clones carrying the cDNA of the transcription factor (see 3.1.3.2 and 3.1.6). The diploid clones carrying the transcription factor binding to the sequence of interest -pTT10_3 promoter fragment, could express the HIS3 gene and grow on the selective medium. However, in many cases, one of the native yeast transcription factors can activate this expression (autoactivation). For that reason, before library screening, it is necessary to check, if yeast can grow on the selective medium. For the TT10 promoter fragment studied, all the yeast clones tested were growing on the selective medium SD-ura-his (see Fig.

2

.18) Still, in the case of autoactivation, sometimes it is possible to screen the library, if the interaction is not too strong and 3-amino-1,2,4-triazole (3-AT) a competitive inhibitor of the HIS3 gene product can be used to control leaky expression of HIS3 gene. However, in the case of the TT10 minimal promoter, even 5mM concentration of 3-AT was not sufficient. To overcome this problem, smaller promoter fragments could be used. Promoter region considered to be required for the seed coat specificity and other required for the remaining GUS activity in the funiculus were cloned and tested as described above. Those two fragments also resulted in the yeast clones growing on the selective medium, even in the presence of 5mM 3-AT. The TT10 promoter fragments tested were not compatible with the yeast one-hybrid system and it was not possible to screen the REGIA library of transcription factors (Fig. 2.18). (B) EGY48 yeast strain carrying pTT10_3/pHISi vector integrated in the ura3 genomic region. Growth on the full (YPD) and selective medium (SD-ura, SD-ura-his). 3-AT, 3-amino-1,2,4-triazole.
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Insights from natural variation

Differences for TT10 transcript accumulation among accessions have been demonstrated by [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], showing low level of TT10 mRNA in Ler in comparison with Col-0 and Ws-4. Recently, two populations of recombinant inbred lines (RILs), Cvi-0 x Col-0 and Bay-0 x Sha were studied for flavonoid composition in mature seeds. Consistent with the results of quantitative trait locus (QTL) mapping, a gene in the TT10 interval was found to be responsible for the variation of insoluble proanthocyanidin, quercetin-3-O rhamnoside and biflavonol accumulation (Jean-Marc Routaboul, unpublished results). Three more accessions (Cvi-0, Bay-0 and Sha) were included in this study.

The objective of this part of the work, was to unravel the molecular basis of the observed differences in TT10 transcript accumulation. Gene expression and therefore promoter regions are thought to be fundamental factors in adaptive evolution. It has been demonstrated that functional changes in promoters can arise from a few mutations and that the promoter regions are major determinant of the functional genetic variation [START_REF] Bentsink | Cloning of DOG1, a quantitative trait locus controlling seed dormancy in Arabidopsis[END_REF][START_REF] De Meaux | Cis-regulatory evolution of chalcone-synthase expression in the genus Arabidopsis[END_REF]. As a starting point we assumed that differences in TT10 transcript accumulation would possibly be due to polymorphism in its promoter sequence. TT10 promoter activity was studied as well as the link between transcript accumulation and flavonoid composition.

Differences in TT10 transcript accumulation

The TT10 transcript accumulation was studied in 6 Arabidopsis accessions using quantitative Real Time PCR (qRT-PCR). This technique was preferred for its high sensitivity to detect small differences in gene expression. The expression of flavonoid biosynthetic genes and flavonoid accumulation are known to be affected by environmental conditions (e.g. light). For that reason, plants were were grown at the same time in soil in the greenhouse in order to collect appropriate material. Open flowers were marked and siliques which were developed from them were collected 7 days after flowering (DAF). This time point was chosen because of the the first maximum of TT10 expression in siliques (see section 2.1.1 and 3.2.5).

The qRT-PCR analysis revealed that TT10 expression level is within that of the reference gene ELONG-ATION FACTOR 1αA4 in Ler, Cvi-0 and Sha accessions, whereas it was twice more in Col-0 and Ws-4 and almost twice more in Bay-0 (Fig. 2.19 A.). The differences observed cannot be explained by primer efficiency which is comparable in all accessions (Appendix, Table 3.7), nor by the differential expression of the reference gene EF1. Similar results were obtained when TT10 expression was normalized with two other reference genes, APT1 (adenine phosphoribosyltransferase) and TUB4a (tubuline beta-4 chain). Expression of the APT1 and TUB4A in siliques is presented in Appendix, Figure 3.3. The whole experiment was repeated three times resulting in nine data points used for the Student t-Test statistical analysis [START_REF] Kirkman | Statistics to use[END_REF]. For Ws-4, Col-0 and Bay-0, seven points were considered, because two others were out of the two standard deviation difference range from the mean. The experiment was accompanied by comparison of the developmental stages of the seeds in the silique material used for the RNA extraction (Fig. 2.19 B.). The microscopic analysis revealed no striking differences in embryo development, which were in the range of an early to late heart stage in all accessions. Plants from which samples were collected for the qRT-PCR were further grown for analysis of flavonoid composition in mature seeds (see 2.3.3). A. 

Analysis of promoter sequences

To try to explain the differences observed in TT10 transcript accumulation, it was decided to compare the 2.0-kb region of the promoter which corresponds to the fragment studied with the GUS reporter gene. This region should contain all the cis-regulatory elements required not only for the tissue specificity, but also other elements, which could affect the level of gene expression. The primers used for the cloning of the 2.0-kb TT10 promoter [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] With the set of primers used for promoter dissection (2.1.3.1), it was possible to amplify the pTT10_3 -465bp fragment, but not the 1.0-kb or 1.5-kb. PCR amplified fragments were cloned into pCR®-Blunt II-Topo® and sequenced. Two clones from two genomic DNA extractions for each of the accessions were sequenced to result in the consensus sequences aligned in Figure 2.20 and discussed in the text below. Two other approaches used to amplify 2.0-kb or longer TT10 promoter region are described later (section 2.3.2.3).

CHAPTER 2. RESULTS

Focus on the proximal part of the promoter

Analysis of the 465bp sequence of the TT10 promoter of 6 Arabidopsis accessions: Ws-4, Ler, Col-0, Cvi-0, Bay-0 and Sha, revealed no major differences. Several common single nucleotide polymorphisms (SNPs) and one in-del were found. The analysis of the motifs affected by the SNPs is based on the in silico analysis and is referring to the Col-0 sequence. Each substitution is mentioned below, with the position in the promoter, the accession and eventually the consequences it could have. (TAAAATAT), which could be involved in ethylene response [START_REF] Matarasso | A novel plant cysteine protease has a dual function as a regulator of 1-aminocyclopropane-1-carboxylic Acid synthase gene expression[END_REF]. The nearby T to A (-87; Ws-4, Ler, Bay-0 and Cvi-0) modification is changing the context of the MYB site, but the MYBCORE motif is still recognized. The G to A substitution (-34) abolished recognition of the SORLREP3AT motif in Bay-0 accession. One SNP was found in the 5'UTR region at position +8 (G to A) and it could change context of the W-box and GT1CONSENSUS motifs. The T to G substitution at -277 (Cvi-0) position does not seem to affect any known cis-acting regulatory element. All the SNPs described are indicated with the asterixes on the sequence alignment below. Minimal promoter (pTT10_3 -465bp) was sequenced from six Arabidopsis accessions. Asterixes (*) are showing the single nucleotide polymorphisms (SNPs) and delta (Δ) is for the deletion. 5'UTR is underlined and transcription initiation site is marked +1. Putative cis-acting regulatory elements in the zones of the SNPs are presented, with arrows over the motif sequence, based on the Col-0 sequence analysis used as a reference. Differences due to the SNP's are discussed in the text. (For the detailed analysis of the putative CAREs, see Fig. 2.6 and section 2.1.2).

SNP vs. TT10 transcript accumulation

It was mentioned at the beginning of this section, that functional changes in promoters can arise from a few mutations. It does not seem likely that at this point of the study, we could associate certain nucleotide variations observed among accessions with low or high level of TT10 transcript accumulation.

Analysis of long promoter fragments

The elements required for high level of gene expression could be different from the elements required for the tissue specificity of the promoter. They are located upstream the 465bp analyzed here. The results of the MUG experiment with the dissected promoter fragments (see section 2.1.3.3) support the hypothesis that the motifs required for a strong gene activation are upstream from the pTT10_3 promoter fragment. Two approaches have been used to clone 2.0-kb sequence of TT10 promoter region in various accessions.

BAC library screening

In a previous study [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], the TT10 promoter from Columbia accession has been amplified on the MDN11 BAC template. Here, the failure to amplify the 2.0-kb promoter fragments, could be caused by the technical difficulty of the PCR on genomic DNA. Fortunately, the Ler and Cvi libraries were available from Wim Soppe's Group at the Plant Breeding and Genetics Department in Max Planck Institute of Cologne (MPIK). The BAC libraries were screened for the bacterial clone(s) carrying the TT10 genomic regions at the MPIK.

Briefly, two probes have been prepared, one in 5' and one in 3' region of the TT10 coding sequence.

This approach allowed to ensure high specificity of screening, and simultaneously decreased the probability of cross hybridization with the sequence of the other member(s) of the laccase family. Screening resulted in 8 signals/bacterial clones for Cvi and 14 for Ler. Both BAC libraries have ± 10 time coverage of the Arabidopsis genome, therefore this number of hybridization signals could be an indication for good clones.

The PCR on bacterial colonies with the 3Fw/3Rev primers which are TT10 specific, gave a product of an expected size for all of them. The BAC DNA was extracted from Cvi F.22/4 and Ler D.11/3 clones.

Surprisingly, the attempts to amplify TT10 promoter fragment on the BAC templates gave the same results as with the genomic, pTT10_3 being the longest fragment possible to amplify.

Going further in the promoter: amplification of longer fragments

Not being able to amplify bigger fragment than 465bp, could be due to the sequence polymorphism which was different from the one in the Col-0. Several primers have been designed upstream in the promoter region: -2.5-kb, -3.0-kb, -3.5-kb, -4.0-kb, -4.5-kb and -8.5-kb (CATMA primer in the 3'UTR of At5g48110 gene). The Col-0 genomic DNA was used as a template to validate primers and to set PCR conditions for AccuTaq(TM) LA DNA Polymerase (Sigma), which is suitable for long PCR amplifications up to 20-kb.

Finally, a single band product has been obtained for Ler with the pTT10 -4.5-kb primer and for Cvi with the At5g48110 CATMA F primer (Fig. 2.21). Both PCR products were smaller than the band obtained for the Col with the respective primer, suggesting insertion in the Col-0 sequence and/or deletions in Ler and Cvi. PCR products have been cloned into pCR®-Blunt II-Topo® for sequencing.

Sequencing of the borders of PCR fragment amplified in Ler accession revealed that the corresponding fragment contains TT10 promoter region. However, before the time when all the technical difficulties were resolved, in June 2007 comparison of the 2.2-kb Columbia and 1.5-kb Ler sequence of the TT10 promoter revealed more than 700bp deletion and several smaller in-dels differences between those accessions [START_REF] Ishihara | Analysis of Two Single Trait Loci Affecting Flavonol Glycoside Accumulations in Arabidopsis thaliana Natural Variations[END_REF]. The SNPs in the proximal 465bp were as described above.

Cloning of the PCR fragment amplified in Cvi accession was of very low efficiency, because of very big size. Sequencing of the PCR fragment in the only one clone obtained, revealed that the sequence did not correspond to the TT10 promoter region. Identity of the the fragment amplified in Cvi background should be confirmed.

Size (kb): 

Flavonoid composition in matures seeds of various Arabidopsis accessions

Previous studies uncovered many quantitative differences of flavonoid composition among accessions [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]; Routaboul, unpublished results) which could be an adaptive trait of the plants living in different environments. Transparent Testa 10 mutant (tt10-2 ) has been shown to accumulate 4.6-fold more soluble proanthocyanidins (soluble PAs) than the corresponding (Ws-4) wild-type plants. The analysis of CHAPTER 2. RESULTS flavonols revealed that quercetin-3-O-rhamnoside (Q-3-OR) is 50% more, whereas biflavonols are 12-fold less abundant in tt10-2 mature seed. Here we were trying to associate the amount of those compounds with TT10 transcript accumulation (see section 2.3.1). Six Arabidopsis accessions, and seven tt10 mutant alleles were grown at the same time in the greenhouse in the long day conditions. Flavonoids were extracted from freshly harvested seeds and measured, combining acid-catalyzed hydrolysis and liquid chromatography-mass spectrometry (LC-MS), as described elsewhere [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]. The visual inspection of seed color, confirmed the pale-brown color of all the tt10 alleles and pictures are presented in Appendix Fig. 5.2 (A.). Moreover, the Col-0 seeds seemed to be slightly darker than those of Ler and Cvi-0, whereas those of Ws-4, Bay-0 and Sha slightly brighter. The amount of all the flavonoids measured is comparable among accessions tested. The exception was Cvi-0, which accumulated much more soluble PAs, whereas almost no Q-3-OR and biflavonols. In contrast the Col-0 accession accumulated less soluble PAs and Q-3-O-R than other accessions, but the amount of biflavonols was not affected (Fig. 2.22 (A)).

All the tt10 alleles accumulates more soluble PAs and Q-3-OR, but less biflavonols, than the corresponding wild-type plants, as expected.

Flavonoid composition vs. transcript accumulation

Unfortunately we did not find correlation between the amount of the TT10 mRNA (section 2.3.1 and Fig. 2.19) and flavonoid composition of the mature seeds (section 2.3.3 and Fig. 2.22).

INSIGHTS FROM NATURAL VARIATION
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Functional complementation of Ler accession with Col-0 TT10 genomic region

In this section, to asses if the level of TT10 expression in Ler could be increased by the expression of Col-0 TT10 gene, namely a 8.0-kb TT10 genomic construct which was previously used to complement the tt10 mutant [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. This construct contains the full TT10 coding sequence and more than 2.0-kb promoter fragment. Analysis of the independent transformant lines shows that the TT10 transcript amount can reach much higher levels than the one detected in Ler or Col-0 wild-type plants (Fig. 2.23). This could be explained by multiple T-DNA inserts. Analysis of segregation for hygromycin resistance showed that for most of the lines more than 90% of T2 plants were resistant to the antibiotic suggesting at least two loci, and only Ler C' was segregating 3:1 ratio (resistant : not resistant).

Flavonoid composition analysis revealed no decrease in the soluble PAs fraction in any of the transgenic lines (Fig. 2.24). Surprisingly, one of the lines (Ler A) contained even more soluble PAs than the control Ler wild-type plants. Four lines accumulated much less Q-3-O-R than Ler and Col-0, which could suggest that a 'complementation' occurs, but at the same time there was also a significant decrease in the biflavonol amount. The abundance of other flavonoids was not modified in the transformants lines. Transformant seeds at harvest seemed to be darker than those of the Col-0 wild-type plants (Appendix, Fig. 5.2). Experiment was repeated twice with the same tendency of the transcript accumulation between the lines. RNA was extracted from siliques 7DAF of the T2 antibiotic resistant plants. The order of the lines is set from left to right according to TT10 transcript accumulation level. Analysis of flavonol derivatives by LC-MS and tannins after acid-catalyzed hydrolysis. Values represent averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside.
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Functional analysis of the Columbia promoter in other backgrounds

To investigate further if the expression of the TT10 gene could be cis-or trans-regulated, we have studied activity of the TT10 promoter fused to the GUS protein, in other accessions. Wild-type Ler, Ws-4, Cvi-0 and Bay-0 plants were transformed with pTT10_5 and pTT10_6 promoter fragments and the GUS activity was studied revealing no qualitative differences. Moreover, the dissected promoter fragments were also studied in Ws-4 background, confirming previous quantitative results obtained in Col-0 background (see 2.1.3 and 2.1.3.1). We did not obtain any transformants for Sha.

CHAPTER 2. RESULTS

Stress induction of the TT10 promoter activity

Several aspects, namely in silico analysis (see 2.1.2), strong GUS staining in aborted seed [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] and the putative function of TT10 (discussed in 2.1.2 and 2.2.5), motivated our interest in the hypothesized role of stress conditions regulating TT10 gene expression. [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] and Liang et al.

(2006a) discussed the differences observed for TT10 transcript accumulation in roots reported by [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF], as being due to the stressing conditions during plant growth. Moreover, preliminary results

with the pTT10:GUS/pBIB-Hyg in Ws-4, #21 plants were strongly suggesting that TT10 could be ectopically induced in certain conditions. However, many conditions tested did not result in the reproducible GUS activity with pTT10:GUS/pBIB-Hyg in Ws-4, #21 plants as well as other transformant lines used.

Conditions of the experiments and final observations are described below.

Abiotic stresses

Analysis of the publicly available transcriptomic data (Genevestigator, 07.02.2007), suggested, that TT10 could be ectopically induced by various biotic and abiotic stresses. The highest upregulation of TT10 expression was found for osmotic, salt, drought, heat, wounding and oxidative stresses, whereas highest downregulation was observed in sucrose, methyl jasmonate, ABA, senescence and hydrogen peroxide treatments. However, only the logarithmic differences presenting the fold induction between the samples and controls were taken in account. Absolute values and number of repetition were not considered.

Because most of the transcriptomic data were obtained with 7 and/or 14-15 days old seedlings, that developmental stage was also used in stress experiments aiming at finding ectopic GUS activity driven by the TT10 promoter. Conditions of the experiment are described here because they are important factors which could affect ectopic GUS activity. Briefly, depending on the experiment plants were grown on either filter paper wetted with water or agar solidified B5 medium supplemented with 1% sucrose or liquid 0,5x B5 medium supplemented with 0,5% sucrose. After sowing, plates were stratified for 4 days and then grown in the phytotron at 16h light / 8h dark photoperiod, except for etiolated and constant light grown plants (Fig. 2.25). Stock solutions of hormones were prepared in ethanol or DMSO and diluted in water or culture medium. All the solutions for in vitro culture were filter-sterilized, except B5 medium which was autoclaved.

Concentrations of hormones and other chemicals were based on the information found for the appropriate transcriptomics experiment, but also 10 to 100 times higher (Tab. 2.5).

- Seedlings were also submitted to progressive dehydration (Fig. 2.26), grown on the vertical plates or exposed to UV light under the flow hood and then GUS-stained within 4-24 hours after the treatment.

None of those treatments resulted in clear inducible GUS pattern. However, it is possible, that TT10 promoter could be ectopically induced because the blue staining was sometimes observed. Three patterns were observed. The first one considered plants grown in multiwell plates in liquid medium (Fig. 2.27 C.), where plantlets exhibited GUS activity in the root tip. It seems that it could be nutritionally related and depend on the density of sowing and developmental stage of the plantlets. The second pattern also considered the root tip, which is very often blue-stained in the seedlings grown on filter paper (Fig. 2.26). This staining also seems to be sowing-density dependent, however it could also be related to mechanical stress and root outgrowth into the filter. The third, often observed GUS activity, concerns plantlets grown on solid medium (Fig. 2.27 D.). The blue staining was sometimes observed in plantlets grown in vitro for 14 days or more.

It seems to be associated with the vitrified tissues of the seedling. Surprisingly, those GUS patterns were observed only in Col-0 background. Sometimes, faint GUS activity was also observed in the upper part of the roots of plants grown in soil (Fig. 2.27 B.). Progressive dehydration (Fig. 2.26) was established to check if the limiting water availability could result in induction of the GUS activity driven by the TT10 promoter.

However, the preliminary results obtained in this system with the pTT10:GUS/pBIB-Hyg in Ws-4 (#21) did not result in any GUS induction in other transgenic lines and was later not reproducible with #21 either.

Wounding and biotic stresses

Many of the transgenic lines analyzed, carrying GUS construct with various lengths of the TT10 promoter sometimes result in blue staining in rosette leaves. This suggested, that TT10 could be ectopically induced by unknown factors in that organ. Rosette leaves at various stages of development were pierced with a metal needle and GUS stained within 3-48 hours after. Although, blue staining was sometimes detectable, it was never associated with the wounded tissue (Fig. 2.27 A.). Moreover, GUS activity was never detected in wounded stem nor senescing leaves (data not shown). Because all the plants were grown in the greenhouse, this exceptional spotty GUS staining could be associated with bacteria which could grow on leaves and exhibit β-glucuronidase activity.

A. In seeds we could also detect transcript of LAC3, LAC5 and LAC12. This expression was on the limit of detection and always much weeker than LAC15. On the other hand in siliques, LAC4 and LAC5 expression was on the comparable level with LAC15, whereas much weeker, we could also detect LAC12, and on the limit of detection LAC11 and LAC17. In seeds we could also detect transcript of LAC3, LAC5 and LAC12. This expression was on the limit of detection and always much weeker than LAC15. On the other hand in siliques, LAC4 and LAC5 expression was on the comparable level with LAC15, whereas much weeker, we could also detect LAC12, and on the limit of detection LAC11 and LAC17. Data are presented in log10 scale to highlight fold differences in the expression level of the laccase family gene members. Data used for the graph were retrieved via eFP browser and correspond to AtGenExpress: Developmental series (siliques and seeds), hybridization slides: ATGE_77_D, ATGE_77_E, ATGE_77_F, ATGE_82_A, ATGE_82_B and ATGE_82_C.

Flavonoid composition of mature seeds of the laccase mutants

LAC15/TT10 has been shown to be involved in flavonoid metabolism and is required for the brown color of the wild-type Arabidopsis seeds [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Although it is the only laccase mutant easily distinguishable for its tt phenotype [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Cai | Mutant identification and characterization of the laccase gene family in Arabidopsis[END_REF], we decided to precisely analyze several laccase mutants for their flavonoid composition. Metabolomic analysis of the composition of the mature seeds confirmed the flavonol and PA phenotype of tt10 mutant, whereas no significant differences in flavonoid composition were observed for lac3, lac5 and lac12 mutants (Fig. 2.29). It seems that the laccases tested are not involved in flavonoid oxidation, or their role is minor and could be masked by the presence of TT10. It would be interesting to analyze flavonoid composition of the laccase double mutant with tt10.

IDENTIFICATION OF LACCASES EXPRESSED IN SEEDS
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Figure 2.29: Flavonoid composition of mature seeds of the laccase mutants. Analysis of flavonol derivatives by LC-MS and tannins after acid-catalyzed hydrolysis. Values represent averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside.

Promoter GUS activities

Several laccase promoters were cloned in collaboration with Serge Berthet (Secondary Cell Wall and Lignification Group, INRA-IJPB, Versailles) and help from Christian Dubos. Here we present the results for those which were found to be expressed in seeds: LAC3, LAC5 and LAC12 to validate the expression data, study tissue-specific expression and investigate promoter activity, after fusion with the uidA reporter gene.

The genomic sequences of the laccase promoters were retrieved from TAIR and used to design primers.

It was considered that 2.0-kb sequence downstream from the translation initiation site of the gene should contain all the elements required for the tissue specificity of gene expression. However, in case of LAC3 and LAC12, the neighboring gene was located too close and only the sequence up to the 3'UTR of that genes were considered. The respective promoter fragments (LAC3 1.44-kb, LAC5 1.9-kb, LAC12 1.65-kb) have been PCR-amplified with the primers containing attB1 and attB2 GATEWAY® recombination sites (see Appendix Tab. 5.10) and introduced into the pDONR207 vector by BP recombination. Then promoter fragments were transferred into binary vector pBI101GUS-GTW by LR recombination [START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cell-specific accumulation of flavonoids in Arabidopsis thaliana[END_REF][START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF]. The integrity of all the constructs have been checked by sequencing and plants have been transformed. Presented characterization of each of the promoter patterns is based on the analysis of the GUS activity in 8 independent transformant lines. All the plants have been genotyped for the presence of corresponding constructs. The same promoter activity pattern was observed in T2 plants. In this study we wanted to have a full overview of the GUS activities driven by the laccase promoters, therefore all the plant organs are presented. However, the focus was given on the seed GUS activity.

CHAPTER 2. RESULTS

LAC3

The LAC3, transcript was detected only in the seedling root [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF] and in the developing seed (this study). The 1.44-kb LAC3 promoter resulted in detectable GUS activity mainly in secondary roots (Fig. 2.30 H.) and seedling root (Fig. 2.30 I.). Localized blue staining was also detected in the sepal and petal abscission zones of the receptacle (Fig. 2.30 F. and G.). No GUS activity was detected in various stages of the flower and seed development, even when no potassium ferricyanide and potassium ferrocyanide were used.

LAC5

The LAC5 transcript seems to be abundant in the whole plant [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF]. However it was hardly detectable in developing seeds and only at the late stages of silique development (see 2.5.1). The GUS activity driven by 1.9-kb LAC5 promoter seems to be associated with aging of the various plant organs (Fig. 2.31). The blue staining is not visible in young flower buds, but the progression of GUS activity is observed from the open flower stage onward, first in the sepals and later petals (Fig. 2.31 A. and B.). Strong blue staining of the stigma and filament, was observed at the open flower and young silique stage, when stamens were still attached (Fig. 2.31 B. and C.). It seems that staining intensity increases with the age of the silique (Fig. 2.31 D.), however strong GUS activity is also detected in abnormal siliques (Fig. 2.31 E. and F.) and aborted seeds (Fig. 2.31 H.). Surprisingly, some blue staining was also detectable in the funiculus of the neighboring seeds the development of which seems to be normal (Fig. 2.31 G.). Stronger staining of the funiculus was observed in old siliques (14-20 DAF). It is important to note that no GUS staining was detected in developing seeds. Faint blue signal was observed in the longitudinal sections of the stem (Fig. 2.31 L.). No GUS activity was detected in rosette and cauline leaves (Fig. 2.31 M. and N.), however in older leaves blue staining seems to colocalize with the dying/senescing tissue (Fig. 2.31 O. and P.). Strong GUS activity was observed in the hypocotyl and root of the seedling (Fig. 2.31 K.) grown in vitro. Sometimes faint blue staining was observed in the secondary roots of the plants grown in the soil (Fig. 2.31 Q.).

LAC12

The LAC12, transcript was detected only in the stem [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF] and at low level in developing siliques and seeds (see 2.5.1). The 1.65-kb promoter of LAC12 resulted in strong GUS activity in stem and root (Fig. 2.32 E. and J.). No GUS activity was detected in upper part of the stem and inflorescence (Fig. 2.32 A.) and most of the leaves (Fig. 2.32 B. and E.). Surprisingly, in all independent transformant lines, some of the leaves had detectable GUS activity in the main vessel (pointed by arrow at Fig. 2.32 C.) or at the border of the leaf (Fig. 2.32 D.). In seedlings blue, staining was easily visible at the hypocotyl and in patchy pattern in roots (Fig. 2.32 M.). The GUS staining in the siliques (Fig. 2.32 F. to I.) is first detectable at the abscission zone (Fig. 2.32 F., H. and magnified in I.). Some staining was also observed at the upper part of the silique, in the replum (Fig. 2.32 G.). GUS activity was also detected at the micropyle of the seed (Fig. 2.32 L.). It seems that some GUS activity was also present in the seed coat, however it was extremely weak (Fig. 2.32 K.).

Summary

The reporter gene activity driven by the laccase promoters resembles their transcript accumulation. Even though we have detected some transcript of LAC3, LAC5 and LAC12 in developing seeds (section 2.5.1), only promoter of LAC12 gave detectable GUS activity in seeds. It is possible, that during seed excision, the The laccase promoter activity is compared to that observed and discussed previously for LAC15/TT10 (Tab. 2.6). It seems that TT10 is the only laccase significantly present in Arabidopsis seeds, which would explain that a mutant in that gene results in a clear phenotype. It would be interesting to check if any other laccase driven by the TT10 promoter could oxidize flavonoids and complement transparent testa 10 phenotype. It seems that some of the function of laccases could be redundant or at least partially overlapping, however, probably due to the tissue specificity only LAC15/TT10 can oxidize flavonoids in Arabidopsis and ensure brown color of the wild-type seeds. Group, Institut des Sciences du Végétal, CNRS, Gif-sur-Yvette. Manipulation and characterization of the cell suspension was one of the secondary objectives of this thesis. Several preliminary results are discussed in this section. The ultimate goal would be to use cell suspension as a simplified system to study flavonoid biosynthesis and metabolism.

Plant Organ

Flavonoid pathway genes in cell suspension

The first step to study flavonoid biosynthesis in the simplified system was to check which, if any, genes of the pathway are expressed in cell suspension. To prepare material for RNA extraction, cell suspension was transferred to an Eppendorf and centrifuged to remove supernatant and freezed in liquid nitrogen. However, the material prepared that way was not possible to grind due to the remaining liquid which after freezing consolidated the sample. Therefore cell lysis was further done by sonication to destroy the cells and release the nucleic acids for further extraction according to the manual of the Total RNA extraction kit (Sigma). Surprisingly, the RNA yield was comparable for sonicated and liquid nitrogen freezed samples (Fig. 2.33 A.). It seems that freezing and normal condition lysis are sufficient to extract good quality RNA from the cell suspension used in our laboratory. RT-PCR revealed that several genes of the flavonoid biosynthetic pathway were expressed and TT10 is among them (Fig. To further investigate which genes of the flavonoid pathway were expressed, sequences of the primers used to prepare the probes in the CATMA arrays, were retrieved from the CATMA GST database. Those primers guarantee gene specificity and result in a 200 -500bp PCR product. The list of the primers, for which specificity was validated on the genomic DNA is listed in Appendix, Table 5.14. This project was discontinued, due to the focus on the analysis of the developmental and stress regulation of TT10 gene expression.

Chapter 3

Materials and Methods

Materials

Plant Material

Arabidopsis thaliana L. Heynh. (thale cress) is a small flowering plant that is used as a model organism to study plant biology it is also a model for molecular and genetic analyses of the flavonoid biosynthesis pathway (Winkel-Shirley, 2001b;[START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]. Arabidopsis is a member of the Brassicaceae (mustard) family, which includes cultivated species (e.g. cabbage, cauliflower, rapeseed, radish). Small size, rapid life cycle, sequenced genome, many available protocols and other resources are making Arabidopsis a suitable tool to study gene expression. More details about Arabidopsis can be found at TAIRhttp: //www.arabidopsis.org/portals/education/aboutarabidopsis.jsp.

Arabidopsis thaliana -wild type accessions

On the course of evolution Arabidopsis thaliana was dispersed among many habitats, where isolated populations have accumulated mutations in their genome. The mutations which are the result of the adaptation to the environment are now used to study the molecular basis of gene expression. The wild type accessions used in our experiments are listed in the Table 3.1.

Arabidopsis thaliana -mutants

To facilitate gene discovery and to speed up progress in acquiring knowledge about plant biology, a collections of mutants has been created. In my studies, I used the collection of mutants previously studied in the laboratory, as well as new candidate mutants which were acquired at Nottingham Arabidopsis Stock Centre (NASC) and at the Versailles Arabidopsis thaliana Resource Center. Transparent testa mutant 47.1/Cvi-1 has been kindly provided by Dr. Wim Soppe MPI Cologne, Germany. After allelism test at the Seed Biology laboratory, the line was designated tt10-7. The myb4 mutant was kindly provided by Dr. Cathie Martin and all pfg mutants by Dr. Bernd Weisshaar. The laccase mutant lines lac3, lac5 and lac12 were provided by Dr. Lise Jouanin. Details of the mutant lines are listed in Tables 3.2 and3 Table 3.1: Wild type accessions of Arabidopsis thaliana used in this work. Several information about the wild type accessions of Arabidopsis thaliana are presented: i) abbreviated name of the accession, ii) place of origin and general habitat information, iii) NASC ID number. Ws-4 is the parental line for Versailles T-DNA tagged lines. Information about location and habitat for this line are assumed to be like for Ws-0 (N1602). Landsberg erecta, Ler -0 (NW20) originates from original Landsberg ecotype -La-0 (N1298) after mutagenesis. Col-0 is coming from the name of university where these Arabidopsis seeds were taken from, to make a stock and store accessions. It originates from the Landsberg nonirradiated population. Sha, Shahdara, called also Shakdara. m -meters For details about the lines see: NASC at http://arabidopsis.info/. presents information about the mutant lines used in the study. For the clarity of the presentation, mutants presented in the table are divided in sub-groups, according to the experiments where they were used and how they are described in the Results. First column is giving the name of the mutated gene, second AGI reference number. Exact identification of the line (allele) is possible with the NASC ID. Transcription factor family, or short description of the protein is also given. The background of each mutant is indicated. Mutagen agent and when appropriate T-DNA insertion details are given. Literature refers to the first description of the mutant allele or when important features of the mutation were described. Mutant collections of the SALK and Versailles institutes were described by [START_REF] Alonso | Genome-wide insertional mutagenesis of Arabidopsis thaliana[END_REF] and [START_REF] Bechtold | In planta Agrobacterium-mediated gene transfer by infiltration of adult Arabidopsis thaliana plants[END_REF] respectively. N.B. Mutant lines from the Versailles collection are in Ws-4 background, formerly Ws-2 as stated in publications cited. i) Pro35Sdual:uidA used as positive control in the GUS assays [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF],

ii) pTTG2:GUS (line 5) to check TTG2 promoter activity in the testa during seed development [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]; provided by Dr. David R. Smyth),

iii) pTT10:GUS/pBIB-Hyg #3, #16, #21, #22; all in Ws-4 background [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], used as positive control for the TT10 promoter activity studies and to prepare crosses (#21, see Table 3.4D.) with the candidate regulatory mutants . pTT10:GUS/pBIB-Hyg is also referred to as pTT10_6 meaning 2.0-kb TT10 promoter.

iv) p35Sdual:MYB4 to check TT10 expression in MYB4 overexpressing plants [START_REF] Jin | Transcriptional repression by AtMYB4 controls production of UV-protecting sunscreens in Arabidopsis[END_REF]; provided by Dr. Cathy Martin), v) NahG (Ler ) to analyze the involvement of SA in TT10 expression [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF]; gift of Dr.

Xinnian Dong).

Transgenic lines prepared in this study are listed in the tables below:

A.

Ws 3.4: Transgenic lines generated during this work. Tables (A) and (B) are summarizing the number of independent transformants analyzed depending on vector and accession. Each line has been genotyped for the presence of the corresponding construct and a uidA gene. T2 plant segregation for antibiotic resistance was analyzed. In bold is given the name of the construct referring to its length (see Results, section 2.1.3.1). (A) TT10 promoter dissection, (*) - [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], (B) TT10 promoter 'sub'-dissection and site-directed mutagenesis, (C) Ler -0 plants transformed with 8-kb genomic (Col-0) region of the TT10 gene. T2 plants were antibiotic resistant, (D) Plants with transgene pTT10:GUS/pBiB-Hyg #21 introduced by cross (see above 3.1.1.3 iii)) into tt1, tt16 and ttg2 mutants (see Table 3.3). Selection was based on antibiotic resistance and transparent testa and glabra (ttg2 ) phenotypes. Promoter -GUS constructs cloned during this work are listed as a pool, where X in the name of the construct means promoter fragments from 1 to 5 (for details see Results, section 2.1.3.1), Y is for site-directed mutagenesis constructs and control of pTT10_3, and Z = Y + negative control of pTT10_2. TT10 promoter cloned from different accessions are referring to 465bp = pTT10_3 promoter amplified on genomic DNA of Ws-4, Ler -0, Col-0, Cvi-0, Bay-0 and Sha. Promoters of the LAC3, LAC4, LAC5 and LAC12 were amplified on the Col-0 genomic DNA and are listed together. GATEWAY ™ vectors can be multiplied only in Escherichia coli, DB3.1 strain. resistance), cloned in HindIII restriction site with the average insert size 142kb. In the Ler 114 BiBAC2 (Kanamycin selection) library fragments were cloned in BamHI manner, with 162kb average size of the insert.

Plasmids and expression vectors

Transcription factor library

To identify transcription factors binding to the promoter in a yeast one hybrid experiment, a transcription factor library created by REGIA (REgulatory Gene Initiative in Arabidopsis) consortium was used. Library 

Methods

Handling of bacteria

3.2.1.1 Culture Bacteria are grown in LB medium (Luria-Bertaniă: 5g • l -1 yeast extract, 10g • l -1 bacto-tryptone, 10g • l -1
NaCl) at 37°C for E. coli and 28°C for A. tumefaciens. If needed, the medium is supplemented with antibiotics (purchased from Duchefa, Haarlem, Netherlands), as shown in Table 3.6. The medium can be liquid or solidified with 1.6 % Bacto agar. Final concentration (mg/l) Bacteria Solvent Table 3.6: Antibiotics

Preparation and transformation of electro-competent bacteria

A bacterial culture initiated in 5 ml LB medium is incubated overnight at 37°C, under agitation at 220 rpm. One ml of this pre-culture is used to inoculate a 500 ml LB culture which is grown until reaching the exponential phase of growth (OD 600nm = 0.4 -0.6). Bacteries are centrifuged 10 min at 6000 rpm and the pellet resuspended in 500 ml 10% sterile glycerol previously cooled at 4°C. Four successive centrifugations are realized with a progressive reduction of glycerol volume used for resuspension: 250, 125, 5 and 1 ml.

Bacteries are aliquoted as 10 μl fractions and stored at -80°C.

Handling of yeast

Culture

For routine culture, yeasts (Saccharomyces cerevisiae) are grown in YPD medium (10g • l -1 yeast extract, 20g • l -1 bacto-peptone; 10g • l -1 ăglucose; Clontech, Mountain View, USA) at 28°C. The medium can be liquid, or solidified with 2,4 % Bacto agar. For transformant selection, culture is realized in minimal SD (synthetic defined) medium (Clontech) without uracil and/or histidine.

Preparation and transformation of yeast

The LIAC/SS carrier DNA/PEG method [START_REF] Gietz | Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method[END_REF] was applied (see The TRAFO page at http://home.cc.umanitoba.ca/ gietz/method.html for details). Briefly, 5 ml YPD culture is inoculated and grown o/n with shaking at 28°C. This culture is used to inoculate 50 ml YPD medium which is grown until reaching a cell density of 2 • 10 7 cells • ml -1 (quantity for 10 transformations). After harvest and rinsing in water, the cells are resuspended in 500 μl 100 mM lithium acetate (LiAc) at 2 • 10 9 cells • ml -1 .

The transformation mix consists ină: 240 μl PEG (50% w/v), 36 μl 1.0M LiAc, 50 μl SS-DNA as carrier (2.0 mg • ml -1 ), x μl plasmid DNA (0.1-10 μg), 34 -x μl sterile bidistilled water). After aliquoting in 50-μl fractions, cells are pelleted. 355 μl TRAFO mix and 5 μl plasmid DNA are added on the pellet and vortexed.

The mix is incubated at 28°C for 30 min before being heat-shocked at 42°C for 30 min. After pelleting and resuspension in water, 2-200 μl of the mix is plated on selection medium.

Handling of Arabidopsis thaliana

Seed sterilization

The sterilization solution is prepared by dissolving a tablet containing 1.5 g active chloride (Inovchloreă; Inov'Chem, Brest, France) in 50 ml distilled water and 5 ml of this solution is diluted in 45 ml 96°ethanol (final solution exhibiting 1°active chloride). Seeds are incubated during 10 min in the sterilization solution, rinsed 2 times with 96°ethanol and finally dried overnight under a flow hood.

Plants growth conditions in vitro

Seeds are sown on 'Arabidopsis' medium, containingă 3•1g.l -1 Gamborg's B5 medium (macro-and microelements, vitaminsă; Duchefa, Netherlands), 1% (w/v) sucrose, 1% (w/v) agar and 5ml • l -1 pH indicator BCP (bromocresol purple) at 0.16 %, everything being autoclaved 20 min at 120°C. Seeds are stratified during 3 days at 4°C in the dark to break dormancy and synchronize germination and afterwards transferred in a growth cabinet (16h light at 20°C / 8h dark at l8°C; 60% relative humidity; 200 mE •m -2 •.s -1 light intensity at the Petri plate level) to get plantlets. For the analysis of antibiotic resistance, seeds are germinated on 'Arabidopsis' medium supplemented with relevant antibiotics, as shown in Table 3.6. Around 12 days after transfer of germination plates to light, resistant versus sensitive plantlets can be numbered.

Plants growth conditions in greenhouse

Plants are grown in soil (Tref Substrates) and regularly watered with a nutritive solution (Fertil). A photoperiod of 13h with a minimal light intensity of 100 mE • m -2 • .s -1 is ensured by additional lightning.

Temperature is around 22°C during the day and 18°C during the night. Hygrometry is not controlled.

Crosses

A flower bud from the mother plant is opened by inserting the tip of one pair of forceps between petals and sepals. All immature anthers are removed with the other pair of forceps. An anther is taken from an open, mature flower from the father plant and tapped on the stigma until covering it with pollen grains. The cross is marked with a colored thread and documented (mother, father, date, color code).
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Plant transformation by the floral dip method

Plant transformation was performed as described by [START_REF] Clough | Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana[END_REF]. Arabidopsis adult plants were dipped into a solution containing Agrobacterium, 5% sucrose, and 50 ml • l -1 of the surfactant Silwet (Witco, Geneva, Switzerland).

Maintenance of cell suspensions

Cells have been maintained in JPL medium [START_REF] Jouanneau | Croissance et synthèse des proteines de suspensions cellulaires de tabac sensibles à la kinétine[END_REF] under continuous light at 22˚C and subcultured at one-week intervals with 10% culture in 100 ml fresh medium.

Genotyping

Genotyping of the transformant and the mutant lines was applied whenever it was necessary to screen plants for the presence of a desired insert. PCR was done with a gene-specific primer and a vector specific primer.

Transient expression of promoter:GUS constructs in Arabidopsis protoplasts

Protoplasts were isolated from Arabidopsis cell suspensions, and GUS constructs were transiently expressed in protoplasts by PEG-mediated transformation as described in [START_REF] Marmagne | Identification of new intrinsic proteins in Arabidopsis plasma membrane proteome[END_REF]. Briefly, Arabidopsis suspension cells were digested in Gamborg's B5 medium supplemented with 0.17 M glucose, 0.17 M mannitol, 1% cellulase, and 0.2% macerozyme. The protoplasts were purified by floatation in Gamborg's B5 medium supplemented with 0.28 M sucrose.

For transformation, 0.2 • 10 6 protoplasts were mixed with 5 μg of plasmid DNA in a solution containing PEG 6.000 25%, 0.45 M mannitol, 0.1 M Ca(NO), pH 9, and incubated in the dark for 20 min. Then the PEG was washed twice with 0.275 M Ca(NO) and the protoplasts were re-suspended in Gamborg's B5 medium supplemented with 0.17 glucose, 0.17 mannitol, and maintained in this medium until microscopic observation.

DNA methods

Isolation of plasmid DNA from E. coli

Plasmid DNA was purified with the Qiagen Plasmid Maxi/Midi kit (Qiagen, Hilden, Germany) or GenElute T M Plasmid Miniprep kit (Sigma, USA), following the manufacturer's recommendations.

DNA fragments purification

DNA fragment after restriction were purified with GeneElute T M Agarose Spin Columns (Sigma), or JET-SORB (Genomed) kits according to the manual's instructions.

Isolation of genomic DNA from plants

The protocol uses the detergent properties of CTAB (cetyltrimethylammonium bromide) leading to cell lysis and to protein and polysaccharide denaturation. Around 3 g rosette leaves are ground in liquid nitrogen and transferred in a Falcon tube containing 11 ml extraction buffer (2% CTAB w/v, 1.4M NaCl, 20 mM EDTA, 0.2% β-mercaptoethanol v/v, 100 mM Tris-HCl pH 8.0) and incubated 30 min at 60°C with shaking.

Organic residues (lipids, chlorophylls, . . . ) are extracted with 11 ml chloroform/isoamylalcool (24:1 v/v) and eliminated by centrifugation (10 min, 10.000g). Nucleic acids from the supernatant are precipitated with 1 vol. isopropanol after o/n incubation at 4°C and centrifugation (20 min, 400g). The pellet is CHAPTER 3. MATERIALS AND METHODS resuspended in 500 μl water and RNAs are eliminated by incubating at 37°C during 30 min with 30 μl RNaseA (Sigma) at 10 mg • ml -1 . After deproteinisation by centrifugation (10 min, 10.000g) in 1 vol. phenol/chloroform/isoamylalcool (25:24:1 v/v/v) and then 1 vol. chloroform/isoamylalcool (24:1 v/v), DNA is precipitated by 1 vol. isopropanol and 0.1 vol. sodium acetate, then rinsed with 70% ethanol and resuspended in 100 μl water.

Rapid DNA extraction for genotyping

This protocol was used for DNA extraction for plant genotyping. Briefly, young leaf 5-7 mm in diameter was ground in liquid nitrogen in an Eppendorf tube. 60 μl 250 mM NaOH was added and sample was boiled for one minute. To neutralize, 60 μl 250 mM HCl and 30 μl Tris-HCl 0.5 N, pH 8.0-Triton 0.25% v/v are added. Sample is boiled for one minute and centrifugated (2 min, 12000g) to pellet lysis remainings. 1 μl of the supernatant is used in standard PCR reaction.

Polymerase chain reaction (PCR)

PCR [START_REF] Mullis | Specific enzymatic amplification of DNA in vitro: the polymerase chain reaction[END_REF] was employed to amplify DNA fragments for cloning, for genotyping of transgenic Arabidopsis plants, and for screening of transformed bacterial colonies, as well as performing site-directed mutagenesis. General cycling conditions were: 94°C to 98°C for 2 minutes, 35 cycles of 94°C for 30 seconds, 55°C to 65°C for 30 seconds and 72°C (1kb/minute), and a final extension step of 72°C for 1 minute.

PCR for cloning

When a fragment was going to be cloned, a proof-reading DNA polymerase was used. A normal reaction of 50μl contained 1X enzyme buffer, 0.2mM of each dNTP, 10 pmol of forward primer, 10 pmol of reverse primer, 1 unit of DNA polymerase, DNA template and water. Cycling conditions for Phusion High-Fidelity DNA polymerase (Finnzymes, Finland) were: 98°C for 30 seconds of initial denaturation followed by, 35 cycles of 98°C for 7 seconds, 55°C for 15 seconds and 72°C for up to 3 minutes (1kb/20 seconds), and a final extension step of 72°C for 1 minute. AccuTaq T M LA DNA polymerase (Sigma, USA) was used for amplification of long DNA fragments, with cycling conditions: 98°C for 1 minute of initial denaturation, followed by 35 cycles of 94°C for 15 seconds, 55°C for 20 seconds and 68°C for up to 20 minutes (1kb/minute), and a final extension step of 68°C for 10 minutes. Reaction buffer composition was optimized for magnesium concentration (2-4 mM) and supplemented with DMSO (1-4% final concentration) according to the manufacturer manual.

PCR on bacterial colonies

Colony PCR was applied whenever it was necessary to screen bacterial colonies for the presence of a desired insert. Colony PCR was done with a gene-specific primer and a vector specific primer. A typical 20 μl reaction consisted of 1X Taq DNA polymerase buffer, 0.2mM of each dNTP, 10 pmol of forward primer, 10 pmol of reverse primer, 0.25 unit of Taq DNA polymerase (New England Biolabs) and water. The PCR mix was distributed into reaction tubes but no template DNA was added. Instead a sterilized toothpick was used to touch a bacterial colony on a plate and then the colony was mixed with the PCR mix in each tube.

Cycling conditions were almost the same as the general cycling conditions, the only change was in the first step, that was established as 95°C for 5 minutes.

PCR fragments purification

PCR fragment purification was done with GeneElute T M Agarose Spin Columns (Sigma), or MinElute PCR purification Kit (Qiagen) kits according to the manual's instructions.
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Sequencing

Sequences were realized at the Seed Biology Laboratory, on an Applied Biosystems Abi Prism 310 Genetic Analyzer sequencer using the BigDye-terminator v3.1 chemistry.

Site-directed mutagenesis

The QuikChange® Site-Directed Mutagenesis Kit from Stratagene was used according to manufacturer instructions (from 30 ng of the original plasmid). Primers were design using the primerX software available at the http://www.bioinformatics.org/primerx/.

RNA methods

RNA isolation and cDNA synthesis

Frozen tissues were ground in liquid nitrogen and total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions, completed with a on-column DNAse treatment (Qiagen DNase 'Rnase-free') to avoid DNA contamination. The only change to the protocol was addition of polyvinylpyrrolidone (Sigma) for tissue grounding. The RNA extracts were treated with 30 U of RNase-free DNase I (Qiagen) and were eluted with 40 μl of diethyl pyrocarbonate-treated water. For RT-PCR studies, DNA-free RNA was converted into first-strand cDNA using the SuperScript pre-amplification system for first-strand cDNA synthesis (Gibco BRL) with oligo(dT)22.

N.B. For the purpose of reliable results, high quality RNA is obligatory. RNA integrity was checked on agarose gel and ratio of the 28S/18S has been verified, and only samples with ratio above 1.8:1 were used.

Quantification of the RNA was made with NanoDrop (Thermo scientific, Fisher).

To ensure reliable comparison of gene expression between Arabidopsis accessions and mutants open flowers were marked and siliques at the same developmental stage were collected (Fig. 3.2). For all comparison studies plants were grown in the greenhouse at the same time. Samples, were collected from three plants, except At5g62320/MYB99 where only one homozygous plant was available. RNA was extracted from three siliques from three different plants, collected and immediately frozen in liquid nitrogen. In each experiment the same amount of RNA was used for cDNA synthesis. Three technical replicates of qRT-PCR were realized for each cDNA synthesis.

RT-PCR

The cDNA samples were diluted 10-and 100-fold, and 1 μl of dilution was amplified in a 20-μl standard PCR mixture. First expression of the control gene EF1 was checked and that depending on the gene expression level, PCR reactions were carried out on different cDNA dilutions.

Quantitative real-time RT-PCR (qRT-PCR)

qRT-PCR was carried out as described in [START_REF] Baud | Structure and expression profile of the sucrose synthase multigene family in Arabidopsis[END_REF], the reaction was performed on the LightCycler Instrument (Roche, Meylan, France) with the LightCycler-FastStar DNA Master SYBR Green I kit for PCR (Roche) according to the manufacturer's protocol. Each reaction was performed with 5 μl of 1:10 to 1:100 dilution of the first cDNA strands in a total volume of 20 ml. The reactions were incubated at 95 °C for 8 min to activate the hot start recombinant Taq DNA polymerase, followed by 45 cycles of 10 s at 95 °C, 6 s at 55 °C, and 20 s at 72 °C. The primer set for the TT10 gene, namely 3Fw-TT10 and 3Rev-TT10 (see Appendix,Tab. 5.11) was previously designed by Lucille Pourcel (unpublished results). The specificity of CHAPTER 3. MATERIALS AND METHODS the PCR amplification was checked with a heat dissociation protocol (from 65 °C to 95 °C) following the final cycle of the PCR. PCR products were then purified and sequenced (Pourcel, unpublished). The efficiency of the primer set was calculated by performing real time PCR on several dilutions of first strands (see section 3.2.5.5). The results obtained for the different tissues analyzed were standardized to the constitutive EF1 gene expression level [START_REF] Liboz | The four members of the gene family encoding the Arabidopsis thaliana translation elongation factor EF-1 alpha are actively transcribed[END_REF]. We confirmed that the level of EF1 expression was comparable between accessions studied by analysis of expression of two other reference genes (see 3.2.5.4).

A. In qRT-PCR, expression of the gene of interest is presented as an amount of the control gene, which amount is thought to be equal among the samples (e.g. tissues; accessions in this study). Here we demonstrate, that the expression of two other reference genes is comparable between the samples. We can assume that together with Elongation Factor 1αA4, (At1g07920, At5g60390) they are reliable control genes and can be used for normalization of gene expression in qRT-PCR experiment.

Primer efficiency

Quantitative RT-PCR results could be artefactual due to the polymorphism in the primer binding sites and/or secondary structures of the cDNA. By showing that the primer efficiency is comparable between the samples, we assumed that the amplification was not affected by those factors in Arabidopsis accessions analyzed. Table 3.7: Efficiency of the 3Fw/3Rw set of primers. The efficiency of the 3Fw/3Rw set of primers is comparable and close to 100% in all the Arabidopsis accessions tested. The efficiency was calculated by the curve fitting for the pair of primers used to study TT10 gene expression. The highest cDNA dilution sample (x100000) was not included.
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Histochemical methods for GUS detection and quantification

Histochemical detection of GUS activity

The histochemical analysis of GUS activity was performed as described by [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Tissues were prefixed in 90% (v/v) ice-cold acetone:water for 30 min at 4°C. After three rinses in 0.1 M phosphate buffer, pH 7.2 (PB), they were transferred in a PB solution containing 2 mM 5-bromo-4-chloro-3-indolylβ-D-glucuronide (Duchefa, Haarlem, The Netherlands), 0.1% (v/v) Triton X-100:water, 0.5 to 10 mM each of potassium ferrocyanide and potassium ferricyanide, depending on the construct, and 10 mM Na-EDTA. Vacuum was applied for 1 h before incubating for 12 h at 37°C in the dark. Chlorophyll was removed by room temperature incubation in 70% (v/v) ethanol:water. Afterward, stained tissues were either cleared with a chloral hydrate solution (chloral hydrate:distilled water:glycerol (8:2:1,w/v/v) as whole mounts or embedded in resin after fixation. Namely, developing seeds for resin embedding were fixed in 2% (v/v) glutaraldehyde and 1% (v/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. After incubation at 4°C for 24 h, samples were washed in phosphate buffer, dehydrated using a series of graded ethanol solutions, and embedded in Technovit 7100 resin (Heraeus Kulzer, Wehrheim, Germany) according to the manufacturer's instructions. Sections (4-7 μm) were made on a rotary Jung RM 2055 microtome (Leica Microsystems, Heidelberg, Germany) equipped with metallic blades (Heraeus Kulzer). Observations were performed with an Axioplan 2 microscope (Zeiss, Jena, Germany) equipped with bright-field optics. Microscopic observations were performed with Nomarski differential interference contrast optics.

Quantification of GUS activity (MUG assay)

The fluorometric assay was performed as described by [START_REF] Jefferson | GUS fusions: beta-glucuronidase as a sensitive and versatile gene fusion marker in higher plants[END_REF] on extracts made from transgenic and control plants. The reaction product of the assay, namely 4-methylumbelliferone, was measured kinetically, in duplicate, using a fluorometer (Fluoroskan II; Labsystems, Helsinki, Finland). Protein concentration was estimated for each extract using the method of [START_REF] Bradford | A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of protein dye-binding[END_REF].

Results of measured GUS activity are expressed in pmol/min/mg protein and are representation of experiment which was repeated twice with the same tendency. For each construct 2 or 3 independent transformant lines were studied. Two samples for each line were analyzed separately (sample consist of three siliques of the same age collected from 3 plants). Standard deviation bars are representation of the differences for all the samples of the certain construct.

Analysis of seed flavonoids

The results of metabolomic analysis of flavonoid composition presented, was done by Jean-Marc Routaboul.

The analysis of flavonoid composition from mature seeds was modified from [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF] as follows. Fifteen mg of seeds were ground for 1 min at maximum speed using a FastPrep-24 sample preparation system (MP Biomedical) in 2ml-tube containing 1 1/4 inch ceramic sphere and 1 ml acetonitrile / water (75:25; v/v). For some experiments, a solvent designed to maximize procyanidins extraction was used (MeOH / Acetone / water / TFA, 32:40:28:0.05; v/v/v/v). Samples were sonicated for 20 min at 4°C and centrifugated at 13000rpm for 10 min. Following centrifugation, the pellet was extracted further with 1 ml acetonitrile / water (75:25; v/v) overnight at 4°C. The two extracts were pooled. An aliquote of the final extract was filtered on a 0.45µM syringe filter before being analyzed by mass spectrometry. The pellet was preserved for insoluble PA analysis.

Analyses of soluble and insoluble PAs were carried out according to [START_REF] Porter | The conversion of procyanidins and prodelphinidins to cyanidins and delphinidins[END_REF], with minor changes, on 500 μl aliquots of the final extracts and on the entire remaining pellets, respectively. Three ml
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Discussion, Conclusions and Perspectives

Regulation of TT10 gene expression

The modalities of gene expression and regulation of gene expression are related to the gene function. Housekeeping genes are typically constitutively expressed at relatively constant level across many or all known conditions. On the other hand, inducible genes are the ones, which expression is either responsive to the cell cycle, developmental stage or environmental change. Those regulation systems would ensure, that the functional protein is produced where and when it is needed. In case of TRANSPARENT TESTA 10 gene, it seems that the expression is tightly regulated during plant development and is mainly restricted to developing seeds and siliques. It has been shown that TT10 is expressed in two layers of the seed coat, where it colocalizes with, and is involved in metabolism of flavonols and tannins [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF]. It has also been reported that the tt10 mutant exhibits a delay in root elongation and seeds accumulated nearly 30% less extractable lignin than the wild type (Liang et al., 2006a). In the present study we were mainly interested in how TT10 expression is regulated during plant development, however previously raised concept of stress induced regulation [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF]Liang et al., 2006a) was also investigated.

Transcript accumulation

Previous studies reported TT10 transcript in root, leaf, stem and flowers [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF][START_REF] Cai | Mutant identification and characterization of the laccase gene family in Arabidopsis[END_REF]Liang et al., 2006a;[START_REF] Se | MicroRNA-mediated systemic down-regulation of copper protein expression in response to low copper availability in Arabidopsis[END_REF], however in the present study we were able to detect TT10 mRNA only in flower, developing siliques and seeds, what is consistent with the results of [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Surprisingly, we have found that during silique development expression was bi-phasic with the maximum of transcript accumulation at 7 and 15 DAF. This feature could be explained by gene expression, first in the endothelium layer, and second peak could be due to the expression in the outer integument 1 (oi1). However, promoter activity studies revealed, that GUS staining in oi1 was already detectable at 8 DAF [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], and this study). Most probably, the first peak of expression could reflect TT10 expression in seeds, whereas the second peak could come from the expression in the valve or replum, because RNA was extracted from the whole siliques (without receptacle and peduncule). Another possible explanation for the intermediate decrease of transcript amount, would be the massive transcriptional reprogramming of gene expression, which is observed during the transition stage of the seed development [START_REF] Borisjuk | Seed development and differentiation: a role for metabolic regulation[END_REF]. Moreover, [START_REF] Ruuska | Contrapuntal networks of gene expression during Arabidopsis seed filling[END_REF] have shown several distinct expression patterns of 88 CHAPTER 4. DISCUSSION, CONCLUSIONS AND PERSPECTIVES gene expression during Arabidopsis seed filling. It would be interesting to compare TT10 expression profiles in dissected seeds and other components of the silique to find out if the observed bi-phasic expression is due to the different time of expression in those organs.

Developmental vs. stress regulated expression

Quantitative RT-PCR used in this study did not reveal any TT10 transcript accumulation in other tissue than siliques and seeds. Previously observed expression in other organs [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]Liang et al., 2006a) may be due to some 'stress' or different plant culture conditions. [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF] could detect TT10 mRNA in leaves and seedling, using 40 cycle PCR amplification. However, this system set for high sensitivity of transcript detection, could result in artifacts. In comparison, the 35-cycle PCR used here to study the expression profiles of the laccase family genes in seeds, revealed that TT10 is the most expressed laccase in developing seeds (see section 2.5.1), whereas a 40-cycle PCR resulted in detectable signals for all the samples (data not shown). According to Liang et al. (2006a), the weak expression of AtLAC15 in roots observed by Cai and Wu (unpublished data), was confirmed by Arabidopsis microarray data (www.

arabidopsis.org, no precise data set was cited). Present analysis of the transcriptomic data (see 2.1.1.2), found TT10 expression only in developing siliques, seeds and pollen. However, this could be due to very strict cut-off values. Curiously, TT10 signature tag in the massively parallel signature sequencing (MPSS, http://mpss.udel.edu/at/, [START_REF] Meyers | Arabidopsis MPSS. An online resource for quantitative expression analysis[END_REF], was found in only one out of two 21 day root samples, and moreover not in 24-48 hours post-fertilization silique sample [START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF]. On the basis of these data, the presence of TT10 in roots and leaves is questionable.

Reporter gene activity driven by the TT10 promoter gave further support for the expression data. GUS activity, as previously reported by [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], was mainly detected in the seeds, replum and transmitting tissue. Faint staining was also observed in the abscission zone of the petals and sepals, but not in the petals and sepals themselves (see Fig. 2.7). Similar GUS pattern was also reported by Liang et al. (2006a), regarding silique staining. However GUS activity was not reported in young siliques as well as precise information about the staining in the seed coat was missing.

To investigate potential stress-induced regulation of TT10 gene expression, several experiments have been undertaken (see section 2.4). First analysis of publicly available transcriptomic data, as well as comments reported in the discussion by [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], suggested that some stress conditions could modify TT10 expression. Nevertheless, when strict cut-off and standard deviation filtering was used, TT10 signal was below the detection level (discussed in Results 2.1.1.2 and 2.4). Moreover, in similar conditions as the ones described for the microarrays, transgenic seedlings carrying promoter fused to the reporter gene did not result in any detectable GUS staining. Surprisingly, in some cases blue staining was observed in the root tip and vitrified plantlets grown in vitro, but not in a reproducible manner. It would be possible that TT10 could be expressed in the root tip, but in our experiments, proper combination of the developmental stage/treatment were not clearly identified to name the stress which could be involved. A possible induction could be due to oxidative or osmotic stress, because most of the experiments were carried out in the liquid medium and seem to be density of sowing dependent. The experiments carried out on the filter paper also resulted in blue staining of the root tip, which could be due to mechanical stress in this case.

Until now, TT10 has been shown to be involved in flavonoid metabolism in seeds [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF].

Therefore it could also be involved in flavonol metabolism in roots, or other defense or detoxificationrelated process. Recently Liang et al. (2006b) have shown that ZmLAC1 expression was induced in roots under salt stress conditions in seedlings grown in hydroponics. Moreover, several Arabidopsis laccase gene 4.1. REGULATION OF TT10 GENE EXPRESSION 89 transcript increased under PEG solution, which caused inhibition of root growth (Liang et al., 2006b). In our conditions we were able to detect induction of GUS activity driven by TT10 promoter neither in salt stress nor in seedlings grown with mannitol. Both PEG and mannitol treatments are commonly used to mimic osmotic stress conditions [START_REF] Bouchabke-Coussa | ESKIMO1 is a key gene involved in water economy as well as cold acclimation and salt tolerance[END_REF]. It is possible that GUS activity is very weak and/or that when whole seedlings were floating in the culture solution, detectable gene induction due to stress conditions does not occur. Moreover stress response could be affected by sucrose which was always present in the growth media. It is possible that in Arabidopsis, other laccases but not TT10 are induced in roots in response to salt stress and/or osmotic stress.

The function of laccases is associated with defense against pathogen attack and wound healing [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF]). However we were not able to detect GUS activity in wounded organs (leaves, stems).

Previously, strong GUS activity was observed in aborted seeds [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Trying to find a link between this phenomenon with stress response, we have emasculated Arabidopsis flowers which developed in seedless siliques in which strong GUS staining was observed in degenerated ovules (data not shown). It seems that activation of TT10 expression does not require either pollination or fertilization, which is surprising, because unfertilized ovules do not synthesize any PAs [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Most of our experiments suggest that TT10 expression is mainly under developmental regulation. Those results are in agreement with some previous studies that had shown that polyphenol oxidase (PPO) genes are mostly expressed in young developing tissues, with expression declining as development continues. Anyway, examples of strictly developmentally regulated as well as stress-induced PPO gene expression are well documented [START_REF] Goldman | A tobacco flower-specific gene encodes a polyphenol oxidase[END_REF]Constabel et al., 2000 and references therein). We could still consider that level of TT10 expression during seed and silique development could be stress-modulated. Nevertheless, it would be good to accompany studies of GUS induction by measurement of RNA accumulation, because elements required for stress response could be located outside the promoter, e.g. in the first intron [START_REF] Rombauts | Computational Approaches to Identify Promoters and cis-Regulatory Elements in Plant Genomes[END_REF][START_REF] Rose | Promoter-proximal introns in Arabidopsis thaliana are enriched in dispersed signals that elevate gene expression[END_REF].

It is important to add that some experiments aiming at comparing TT10 expression between various accessions were realized on silique samples collected from plants grown in the a growth chamber with controlled environmental conditions. In those samples, detected amounts of TT10 mRNA were comparable between accessions (data not shown). We could consider that the growth conditions in the culture chamber were more stable than those in the greenhouse, where temperature, light intensity and humidity variations could influence TT10 expression. It would be interesting to compare TT10 transcript accumulation in plants grown in various light intensities or photoperiods. We could hypothesize that response of different accessions is not the same and that those differences could be a result of plant adaptation to their habitats. Last but not least, it is important to note that all dissected promoter fragments studied in protoplasts resulted in detectable GUS activity. It may be only coincidence, but it could also indicate, that TT10 promoter contains cis-acting regulatory elements which are involved in stress response caused by protoplasting/wounding [START_REF] Takeda | Assignment of UVB-responsive cis-element and protoplastization-(dilution-) and elicitor-responsive ones in the promoter region of a carrot phenylalanine ammonia-lyase gene (gDcPAL1)[END_REF]. Interestingly, laccase activity was required for the cell-wall reconstruction in regenerating tobacco protoplasts (de Marco and Roubelakis-Angelakis, 1997).

Regulatory components

A promoter is a functionally defined 5' part of the gene required for its transcription. It can be divided in the core part, which is required for assembly of the RNA polymerase II complex at the right position for directing basal level of transcription and the distal parts containing elements regulating spatio-temporal expression. Regulatory elements can also be located downstream, for instance in the first intron of the CHAPTER 4. DISCUSSION, CONCLUSIONS AND PERSPECTIVES gene itself. It is not precisely defined and is species-dependent how far upstream or downstream regulatory elements and enhancers are located. Moreover, the three dimensional organization of DNA and chromatine structure constitutes and important part of gene regulation (reviewed in [START_REF] Rombauts | Computational Approaches to Identify Promoters and cis-Regulatory Elements in Plant Genomes[END_REF].

The TT10 promoter studied by [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] corresponds to a 2.0-kb region upstream from the translation initiation site, including 5' UTR. Interestingly, recently published results demonstrated that a 1.5-kb TT10 promoter fragment without 5' UTR was able to drive GUS expression in a tissue specific manner (Liang et al., 2006a). Moreover Liang et al. (2006a) considered 161bp upstream from the translation initiation site as 5'UTR, not the 34bp which were previously defined by RACE PCR [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. During this PhD, we wanted to precisely define a 'minimal' promoter containing all the elements sufficient for the spatiotemporal transcription of the gene in the seed coat. We were also interested in identifying transcription factors which could bind specific DNA sequences in the 'minimal' promoter. Promoter dissection and all the other results giving insight into the regulation of TT10 expression are discussed below.

Promoter and Cis-acting regulatory elements

Thanks to the 5' promoter dissection, a 194bp (between pTT10_3 and pTT10_2 ) region required for seed coat specific expression has been identified. The results of the promoter sub-dissection could further narrow down that region to 63bp (between pTT10_3 and pTT10_3C ; see section 2.1.3.5). Moreover, site-directed mutagenesis suggests that the putative cis-acting regulatory element recognized as MYB2 binding site located in that region could be functional. This hypothesis is supported by the fact that several flavonoid biosynthetic genes are regulated by MYB genes [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF] and another member of the laccase family has been recently demonstrated to be regulated by MYB58 and MYB63 transcription factors [START_REF] Zhou | MYB58 and MYB63 Are Transcriptional Activators of the Lignin Biosynthetic Pathway during Secondary Cell Wall Formation in Arabidopsis[END_REF]. Results of site-directed mutagenesis suggested also that a DOF binding site for plant specific zinc finger transcription factors could be required for TT10 expression. Those are 4 bp motifs, associated with carbon metabolism genes and frequently found in the genome [START_REF] Bibliography Yanagisawa | Dof1 and Dof2 transcription factors are associated with expression of multiple genes involved in carbon metabolism in maize[END_REF].

In the TT10 promoter there are 5 DOF repeats within a 150 bp region, which seems to be more than average distribution of that motif in the Arabidopsis genome. In site-directed mutagenesis experiment, one of the substitutions was made in the DOF motif overlapping with I-box motif (see M4 on Fig. 2.6), which is a conserved sequence in promoters of light regulated genes [START_REF] Terzaghi | Light-Regulated Transcription[END_REF]. It would be therefore interesting to further investigate the importance of both the DOF and I-box box binding motifs.

Realizing the promoter dissection experiment we have observed that the detectable GUS activity in seeds was abolished with 271bp (pTT10_2 ) promoter fragment, but faint staining was still detectable in the funiculus. [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF] suggested that micropyle and chalaza zone could be particularly important to protect seed from pathogen invasion and to ensure moderate desiccation of the seed during maturation.

Funiculus and seed abscission zone are in direct contact with chalaza, therefore it could be possible that to ensure proper protection of that zone, expression of the TT10 could be regulated differently in this area.

The role of TT10 in this region as well as in the replum would rather be involvement in lignification of the dehiscence zones of the seed and silique. Moreover, this could be achieved in concert with other laccases and contribute to the pod shatter and seed dispersal [START_REF] Liljegren | SHATTERPROOF MADS-box genes control seed dispersal in Arabidopsis[END_REF].

It seems that element(s) required for high level of gene expression are localized upstream from the region required for tissue specificity. Existence of enhancer element(s), stabilizing the complex involved in the spatio-temporal regulation of gene expression would not be surprising [START_REF] Rombauts | Computational Approaches to Identify Promoters and cis-Regulatory Elements in Plant Genomes[END_REF]. An alternative explanation would be that TT10 expression is regulated by two different mechanisms in the endothelium and outer integument layer 1. Analysis of GUS activity was mainly done by observation of the whole mount samples, therefore absence of GUS activity in endothelium would be masked by strong staining in the outer integument. Preliminary results of the GUS activity with the seed sections did not clearly answer this question (data not shown). Liang et al. (2006a) showed GUS activity driven by the TT10 promoter without the 5'UTR. It suggests that the 5'UTR region of the promoter is not required for the GUS activity and that weak GUS activity observed for the constructs with pBI101-GTW vector, are rather vector-related. Similar drawback, with short promoter sequences was also observed for TT2 and TT16 (Christian Dubos, personal communication).

One more interesting aspect of the TT10 promoter could be discussed on the basis of the transient activity of all the promoter fragments studied in protoplasts. Even the shortest 171bp promoter fragment contained all the elements required for the GUS expression in this system. A possible explanation would be that protoplasting or the culture conditions are creating stressful conditions sufficient for ectopic GUS activity (de Marco and Roubelakis-Angelakis, 1997; [START_REF] Takeda | Assignment of UVB-responsive cis-element and protoplastization-(dilution-) and elicitor-responsive ones in the promoter region of a carrot phenylalanine ammonia-lyase gene (gDcPAL1)[END_REF]. On the other hand, cells grown in the cell suspension are not differentiated and we could imagine that they miss negative regulator such as MYB4 or MYBL2 [START_REF] Jin | Transcriptional repression by AtMYB4 controls production of UV-protecting sunscreens in Arabidopsis[END_REF][START_REF] Dubos | MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana[END_REF] which are normally present in the plant. It would be interesting to determine if the putative MYB2 binding site is functional and if an unidentified complex MYB/bHLH could regulate expression of TT10. One more indication for possible involvement of such a complex is in silico identified putative MYC2 binding motif around 150bp from MYB2 site. [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF] had found the combination of that motifs in many ABA responsive genes. Of interest is also the fact that the expression of several pathogen-related genes is upregulated in plants overexpressing MYC2/MYB2 [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF]. Taking into account that TT10 is a laccase involved in flavonoid biosynthesis, it is possible that one of the MYB family transcription factors is involved in its regulation. The reasons are multiple.

Analysis of the phylogenetic relationship of the MYB TF involved in flavonoid biosynthesis shows that they form cluster [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF]. Moreover, the genes regulating the early steps of the phenylpropanoid CHAPTER 4. DISCUSSION, CONCLUSIONS AND PERSPECTIVES pathway (MYB75/PAP1, MYB90/PAP2 ) or flavonols (MYB11, MYB12, MYB111 ) are even more closely related and are forming clades in this cluster. We could expect that one of the MYBs in this cluster could be involved in regulation of TT10 expression. Interestingly, by co-expression analysis we have found MYB5 TF, which is also in this clade. Moreover, two other MYB TF, MYB58 and MYB63, have been recently

shown to regulate expression of LAC4 [START_REF] Zhou | MYB58 and MYB63 Are Transcriptional Activators of the Lignin Biosynthetic Pathway during Secondary Cell Wall Formation in Arabidopsis[END_REF]. Those MYBs cluster together, but not with the above-mentioned TF involved in the regulation of phenylpropanoid genes [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF]. Based on all those data, we can make hypothesis that TT10 could be regulated by one of the MYB transcription factors.

However, if it would be one more related to the MYBs involved in regulation of the flavonoid biosynthetic genes or one(s) regulating LAC4 is difficult to predict.

One more important point needs to be added to the study of the involvement of the MYB transcription factors in the regulation of the TT10 expression. Two mutants chosen from the co-expression studies, myb76 and myb99 showed decrease in TT10 transcript accumulation. It is possible that this slight decrease is not sufficient to observe some impact on flavonoids, because analysis of the flavonoid composition of mature seeds from those plants did not reveal any differences compared with wild-type. It might be that regulation of TT10 expression is ensured by several transcription factors with redundant function and therefore studies should consider multiple mutants in these regulatory genes. It would be interesting to check if TT10 expression could be further down-regulated in double/triple mutants of the MYBs being in the same clades with myb76 and myb99 [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF]. It could be also interesting to see, if the GUS pattern driven by the TT10 promoter is modified in those mutants. Regarding the putative MYB binding sites found by in silico analysis, it could be also interesting to check if they could bind to the TT10 promoter.

Candidate transcription factors for developmental regulation

In silico analysis and promoter dissection studies were aiming at localizing regions in the upstream sequence of the TT10 gene which could contain cis-acting regulatory elements and together with the TATA box would constitute the promoter of the gene. In parallel, we have also looked for transcription factors which could be involved in the regulation of TT10 expression. Some results were already obtained by [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], showing that TT10 is not regulated by the complex regulating BAN expression [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Bibliography Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF][START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cell-specific accumulation of flavonoids in Arabidopsis thaliana[END_REF].

Results obtained during this work, are consistent with the preliminary data indicating that TT1, TT16 and TTG2 could regulate TT10 [START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF]. In this case, the introduction of the promoter:GUS cassette into the regulatory mutant backgrounds was done by crossing, not by transformation [START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF], therefore any problem due to the influence of the insert position on promoter activity has been minimized. Moreover, the observation of GUS activity on seed sections revealed delayed TT10 promoter activity in tt1 and tt16 mutants. This could be explained by defects in endothelium development in the seeds of those plants [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. A similar pattern of promoter activity was observed in the endothelium of the ttg2 mutant, which seems to be normally developed. However, the cells could be not properly differentiated [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]. The TTG2 gene has been also shown to be involved in mucilage accumulation and its promoter activity was reported to be active in the whole seed coat [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of Arabidopsis, encodes a WRKY transcription factor[END_REF]. We have shown that it is only active in endothelium and mucilage layers. We could consider that TT10 expression is regulated by those genes in the endothelium. However, the observed modification of the GUS pattern could be an indirect effect. Promoter activity in the outer integument 1 layer could be regulated differentially from the one in endothelium, because the GUS activity in that layer seems to be not affected in tt1, tt16 and ttg2 mutants. It is possible that the regulation of gene expression in the seed 4.1. REGULATION OF TT10 GENE EXPRESSION 93 coat is very complex, e.g. regulation of the BAN gene in the endothelium seems to be different from that in micropyle and chalaza zones [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Taking in account that TT10 is also involved in flavonol metabolism [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], we could expect that its expression in the outer integument 1, is similar to the one of genes of that branch of the flavonoid pathway. Expression of TT10 was only slightly reduced in myb11, myb12, myb111 which are mutants in genes known to be required for flavonol biosynthesis in vegetative parts [START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF] and seeds (Routaboul, unpublished results).

Current model for the regulation of PA biosynthesis in the seed coat involves TT2, TT8 and TTG1 which are required for the BAN expression for example. Moreover, TTG2 seems to act downstream from TTG1, whereas TT16 upstream from TT2, and TT1 seems to be necessary for BAN expression in a few cells at the endothelium base. Also fertilization is required for PA accumulation in general [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Taking in account that TT10 expression is not modified in tt2, tt8, and ttg1 mutants and only slightly modified in tt1, tt16 and ttg2, we should rather expect distinct regulators.

Interestingly, Arabidopsis lacks polyphenol oxidases of the catechol oxidase (CO) type [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Therefore we may hypothesize that laccase such as TT10 has been recruited evolutionary to compensate for the lack of CO. This is relevant with the fact that both TT10 and COs have flavonoids as substrates. TT10 is not directly involved in the biosynthesis of flavonoids, but only in the oxidative polymerization of the final products [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], therefore regulation of its expression could evolve as a special function of one of the laccase family genes in lack of the catechol oxidases in Arabidopsis [START_REF] Constabel | Polyphenol oxidase from hybrid poplar. Cloning and expression in response to wounding and herbivory[END_REF][START_REF] Thipyapong | Antisense downregulation of polyphenol oxidase results in enhanced disease susceptibility[END_REF][START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. It would be interesting to find out if the TT10 function could be replaced by other laccases as well as a catechol oxidases from other species.

Candidate transcription factors for stress regulation

Previously discussed potential stress regulation of TT10 led us to study of transcript accumulation in mutants in genes involved in pathogen and stress response (see section 2.2.5). We did not observe any significant differences in the amount of TT10 mRNA in any of the mutants considered, except npr1-1.

Surprisingly, transcript accumulation in npr1-2 allele was comparable to the wild type. However both alleles studied come from the EMS mutagenesis and in both of them protein is detected [START_REF] Cao | The Arabidopsis NPR1 gene that controls systemic acquired resistance encodes a novel protein containing ankyrin repeats[END_REF][START_REF] Somssich | Closing another gap in the plant SAR puzzle[END_REF]. Moreover, it has been shown that npr1-1 mutant was non-functional with respect to systemic acquired resistance, but in an NPR1-GFP overexpressor line carrying npr1-1 mutation, the npr1-1 protein was part of the detectable oligomeric complex. The npr1-2 mutation resulted in a cysteine to tyrosine conversion and is thought to result in a non-functional protein (summarized in [START_REF] Somssich | Closing another gap in the plant SAR puzzle[END_REF]. NPR1 function is well studied and it is thought to play an important role in the cross-talk between salicylic and jasmonic acid-dependent defense pathways [START_REF] Somssich | Closing another gap in the plant SAR puzzle[END_REF][START_REF] Dong | NPR1, all things considered[END_REF][START_REF] Pieterse | NPR1: the spider in the web of induced resistance signaling pathways[END_REF]. It would be possible that the mutation in the npr1-1 line resulted in inactivation of the protein domain required for recruitment of factors involved in TT10 expression. We have found that TT10 expression was also decreased in npr1-5 allele.

However recently we realized that this mutant contains a T-DNA insertion carrying kanamycin resistance gene and the PR-1a:tms2 reporter gene and is in Nossen background. Taking into account the natural variation occurring for TT10 gene expression, we were not able to conclude on that result. It would be necessary to check other alleles of the npr1 mutant. It might be also interesting to include mutants in TGA proteins which belong to bZIP family of transcription factors. These TFs has been shown to interact with NPR1 (reviewed in [START_REF] Pieterse | NPR1: the spider in the web of induced resistance signaling pathways[END_REF] and [START_REF] Dong | NPR1, all things considered[END_REF].

We have found several putative W-boxes in the TT10 promoter sequence, which are binding sites for WRKY TFs. This family of TF is involved in regulation of plant defense processes [START_REF] Pandey | The role of WRKY transcription factors in plant immunity[END_REF]. Moreover, elicitor-induced expression of transcription factors and metabolic reprogramming of Several laccases have been shown to be induced by that treatment [START_REF] Naoumkina | Elicitor-induced transcription factors for metabolic reprogramming of secondary metabolism in Medicago truncatula[END_REF]. Interestingly a laccase has recently been proposed as a candidate gene to explain a QTL for resistance to nematode in soybean [START_REF] Iqbal | Multigeneic QTL: The Laccase Encoded within the Soybean Rfs2/rhg1 Locus Inferred to Underlie Part of the Dual Resistance to Cyst Nematode and Sudden Death Syndrome[END_REF]. Other recent report demonstrated that knocking down expression of WRKY23 resulted in lower infection of the cyst nematode Heterodera schachtii [START_REF] Grunewald | A role for AtWRKY23 in feeding site establishment of plant-parasitic nematodes[END_REF]. Moreover plants overexpressing WRKY23 were accumulating more quercetin-3-O-rhamnoside (Godelieve Gheysen, personal communication). Following the indications that laccase could be involved in nematode resistance, and that WRKY23 was shown to mediate infection rate of the cyst nematode we were interested in possible relation with TT10. Analysis of the transcript accumulation revealed, that TT10 expression was not modified in three alleles of the wrky23 studied. We could assume that WRKY23 is not involved in regulation of TT10 expression. However all the lines studied had T-DNA insertion in the promoter region of the gene and they are not knockouts [START_REF] Grunewald | A role for AtWRKY23 in feeding site establishment of plant-parasitic nematodes[END_REF]. It is possible that even low expression was sufficient to sustain TT10 transcription at the wild-type level.

Studies of TT10 expression in other mutants affected in plant defense genes did not reveal any differences in the transcript accumulation. However, all our experiments concerned not stressed plant. We could expect that in those conditions plants would have some basic level of pathogen related genes, which expression is only induced in response to environmental challenges. Induction of the defense genes would be part of plant plasticity and adaptation strategy, therefore it would be interesting to test how expression of TT10 and flavonoid biosynthetic genes is maintained in those mutants under various stresses (e.g. in response to pathogen attack, dehydration, different light intensities).

Last, during our quest to find regulator of TT10 expression, we have observed that the jar1 mutant which is affected in jasmonic acid perception [START_REF] Lorenzo | JASMONATE-INSENSITIVE1 encodes a MYC transcription factor essential to discriminate between different jasmonate-regulated defense responses in Arabidopsis[END_REF], was accumulating less quercetin-3-Orhamnoside and biflavonols, which could suggest some involvement in the biosynthesis of those flavonols.

Interestingly, jar1 is located in the interval found in the QTL mapping for the flavonoid composition in mature seeds (Jean-Marc Routaboul, unpublished results).

What have we learned from natural variation?

Study of natural variation is a novel approach to discover new functions especially those involved in adaptation to a specific habitat. Phenotypic differences are often due to allelic variations at several loci and the contribution of each locus to the phenotype can be quite small [START_REF] Weigel | Natural Variation in Arabidopsis. How Do We Find the Causal Genes?[END_REF]. It has been previously shown that single nucleotide polymorphism between gene alleles could result in differential gene expression or protein activity [START_REF] De Meaux | Allele-specific assay reveals functional variation in the chalcone synthase promoter of Arabidopsis thaliana that is compatible with neutral evolution[END_REF][START_REF] Bentsink | Cloning of DOG1, a quantitative trait locus controlling seed dormancy in Arabidopsis[END_REF][START_REF] Loudet | Natural variation for sulfate content in Arabidopsis thaliana is highly controlled by APR2[END_REF]. Here we wanted to find out if level of TT10 expression, which varies between accession, could be attributed to polymorphism in cis-acting regulatory elements in the promoter. We have found several SNPs in Arabidopsis accessions studied, but we were not able to link them with the level of transcript accumulation, nor flavonoid composition of matures seeds.

Comparison of long promoter sequences between Col-0 (2.2-kb) and Ler (1.5-kb) revealed several indels and more than 700bp deletion in Ler accession [START_REF] Ishihara | Analysis of Two Single Trait Loci Affecting Flavonol Glycoside Accumulations in Arabidopsis thaliana Natural Variations[END_REF]. Interestingly we have found that ATCOPIA42 transposon identified in TT10 promoter by FLAGdb++ server [START_REF] Samson | FLAGdb++: a database for the functional analysis of the Arabidopsis genome[END_REF], may correspond to this large deletion (see Appendix, Fig. 5.7). It seems that, in Ler, the transposon was excised or inserted in Col-0. We were not able to identify the remaining LTR sequences. It is important to note that the transposon is located in the region which was found to be required for high GUS expression.

Interestingly the transposon region in the TT10 promoter is methylated (see section 4.1.3.7, Chromatine structure), suggesting that it may be inactive. Indeed in plants, silent transposable elements are methylated [START_REF] Rabinowicz | Genes and transposons are differentially methylated in plants, but not in mammals[END_REF]. It is difficult to predict which effect transposons can have on gene expression. Both situations were reported, one with which transposon promoters can activate neighboring gene expression and act as an enhancer, and the other with which they can also act as insulators, and result in a decrease or complete block of gene expression [START_REF] Dorsett | Distant liaisons: long-range enhancer-promoter interactions in Drosophila[END_REF][START_REF] Valenzuela | Chromatin insulators[END_REF]. It would be interesting to check what is the effect of the transposon present in TT10 promoter on its expression.

The study of the TT10 Col-0 promoter in other accessions backgrounds (see section 2.3.5) revealed that tissue specific activity was not altered. Moreover, fragments studied in the promoter dissection experiment (see section 2.1.3.1) pointed at the same region being required for the seed coat activity of the promoter in Col-0 and Ws-4. Interestingly also the upstream element required for high GUS activity in Col-0 background is also required for strong GUS induction in Ws-4. Those results suggest that the differences in the transregulation (i.e. due to transcription factor) are not likely because cis-acting regulatory elements in the promoter sequence from Col-0 accessions are recognized by transcription factors in other accessions and result in the same tissue specific promoter activity.

Transcription factor library screening

In case of yeast one-and two-hybrid screening auto-activation is a technical problem encountered with some promoters and proteins. Very often it can be overcome by adding 3-AT, the competitive inhibitor of the HIS3 product. However in small scale experiments, the concentration could be raised up to 25-50mM [START_REF] Bibliography Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF][START_REF]Yeast protocols[END_REF]. For screening of the REGIA transcription factor library it was not advised to use more than 5mM 3-AT because of the the sensitivity of the yeast and lack of detection of weak interactions. We have tried to use smaller fragments of the TT10 promoter, but this strategy did not eliminate the auto-activation. It would be good to consider even smaller promoter fragments e.g. 63bp (region between pTT10_3 and pTT10_3C ) promoter fragment containing the MYB2 binding site or even isolated motifs identified in the site-directed mutagenesis experiment. Another solution could be use of another MATα yeast strain which could enable to study longer promoter fragments [START_REF]Yeast protocols[END_REF].

Yeast one-hybrid screen, could give an indication of the class/family of the transcription factors which could be involved in regulation of the target gene expression. However later on their functionality should be confirmed in planta. In some cases, interaction found in yeast, would not be possible in planta, because of differential spatio-temporal presence of the transcription factor and expression of the gene considered in the experiment.

Co-expressed genes

We have analyzed TT10 expression and flavonoid composition of mature seeds of several mutants chosen on the basis of co-expression analysis. Apart from myb76 and myb99, all the other mutants analyzed accumulated wild-type amount of TT10 mRNA and flavonoids. However other group of genes co-expressed with TT10 during plant development have been proposed and should be more relevant, because they are co-expressed during seed development (see section 2.2.3.3). Interestingly, among those new candidates was MYB5, which may be the most promising candidate to study. The relevance of the other genes should be considered based on the literature studies.

It is important to keep in mind that co-expressed genes are not necessarily involved in regulation of TT10 expression. It is possible that TT10 and co-expressed genes are regulated by the same factor. To test this hypothesis it would be required to compare their promoter sequences for presence of the common cis-acting regulatory elements. On the other hand, the list of the co-expressed genes miss those which are expressed in several tissues. Recently small RNAs (smRNAs) have been recognized as one of the players for regulation of gene expression in plants. Depending on the formation process, smRNAs can be divided in several classes as recently reviewed by [START_REF] Voinnet | Origin, biogenesis, and activity of plant microRNAs[END_REF]. smRNAs regulate gene expression in a process called post-transcriptional gene silencing (PTGS), RNA silencing or RNA interference (RNAi). Many plant responses related to adaptation to changing environment have been shown to be regulated by smRNAs [START_REF] Voinnet | Post-transcriptional RNA silencing in plant-microbe interactions: a touch of robustness and versatility[END_REF]. Interestingly, several laccases have been shown to be predicted targets of miR397 (LAC2, LAC4 and LAC17), miR408 (LAC3, LAC12 and LAC13) and miR857 (LAC7) [START_REF] Jones-Rhoades | MicroRNAS and their regulatory roles in plants[END_REF], which are induced in seedling grown in hydroponics conditions with copper-depleted medium [START_REF] Se | MicroRNA-mediated systemic down-regulation of copper protein expression in response to low copper availability in Arabidopsis[END_REF]. Those miRNAs are thought to be involved in the regulation of expression of non essential copper proteins (Abdel-Ghany and Pilon, 2008). There are no predicted miRs for LAC15. Surprisingly Abdel-Ghany and Pilon (2008) reported that LAC15 was ubiquitously expressed and its transcript level was moderately affected by copper availability in the growth medium. Moreover, it was observed that LAC15 expression was 5-100-fold higher (depending on the plant organ tested) in plants grown with high copper concentration compared to the no copper condition [START_REF] Se | MicroRNA-mediated systemic down-regulation of copper protein expression in response to low copper availability in Arabidopsis[END_REF]. It is possible, that in the plants grown in the hydroponic conditions with various concentration of copper available, TT10 expression could be induced. However, the only organs in which TT10 expression was assessed were leaf, stem, root and flower. In all cases expression was very low in range of 100-10000-fold lower that the reference gene actin [START_REF] Se | MicroRNA-mediated systemic down-regulation of copper protein expression in response to low copper availability in Arabidopsis[END_REF].

We could question the significance of those results because of very low level of TT10 expression in those experiments. Moreover no miRNA was predicted to target TT10. On the other hand it could explain that in our conditions, plants grown in soil had limited availability of copper and therefore we were unable to detect TT10 transcript in tissues other than siliques.

Promoters are often regarded as linear stretches of DNA, whereas regulation of gene expression is enabled by interaction of all the components in the three dimensional structure. DNA is packed into chromatin and often access to the DNA template for transcription is limited. Moreover DNA methylation has been shown to repress transcription initiation [START_REF] Rombauts | Computational Approaches to Identify Promoters and cis-Regulatory Elements in Plant Genomes[END_REF]. We checked publicly available data (http: //epigenomics.mcdb.ucla.edu/, UCSC Genome Bioinformatics) for the DNA and histone methylation of the TT10 gene and promoter. These data revealed two methylated regions in the promoter and histone H3K27m3 methylation at the beginning of the fifth exon and on the border between the fifth exon and fifth intron. The experiments were carried out with whole seedlings (10-14 days) or aerial part of 5-week-old plants [START_REF] Zhang | Genome-wide high-resolution mapping and functional analysis of DNA methylation in arabidopsis[END_REF][START_REF] Zhang | Whole-genome analysis of histone H3 lysine 27 trimethylation in Arabidopsis[END_REF]. For the map of methylated regions see Appendix, Fig. 5.6. Interestingly, recent work has shown that a high level of ≈24 nt small interfering RNA is present in Ler accession compared to Col-0. These siRNAs were directing DNA methylation and heterochromatinization at the hAT transposon element adjacent to the promoter of FLOWERING LOCUS C gene in Ler, whereas the same element was not affected in Col-0 [START_REF] Zhai | Small RNA-Directed Epigenetic Natural Variation in <italic>Arabidopsis thali-ana</italic>[END_REF]. Methylation could be one of the mechanisms to switch off TT10 expression in plant organs other than siliques and seeds or affect the level of its expression in various accessions. We have achieved not only to bring the TT10 transcript level to the one observed in Col-0, but we also observed until 40-fold higher expression in one line. Normally the soluble fraction of PAs is regarded as not or slightly oxidized and not cell-wall nor protein-bound, whereas after oxidation they are regarded as insoluble/non extractable. By overexpressing TT10, we were expecting to increase oxidation and to extract less soluble PAs from the 'complemented' lines. Visual inspection of the seeds revealed that they were darker than the Ler wild-type control, but surprisingly none of the lines accumulated less soluble PAs.

Interestingly, four transgenic lines accumulated less Q-3-O-R, but expected increase in biflavonol amount was not observed. The results obtained are puzzling and difficult to interpret. Moreover increase of the transcript accumulation may not always be correlated with the amount of active protein, therefore further comments are only hypothetical.

The most important fact was that in none of the lines studied a decrease of soluble PA fraction was observed. We could hypothesize that the wild-type TT10 expression is sufficient to metabolize tannins available in Ler and for some unknown reason oxidation can not go beyond that limit. Indeed, TT10 has been shown to trigger oxidative polymerization of tannins and flavonols, but subsequent reactions on which color and probably the extractability of the oxidized phenols depends are still not well studied [START_REF] Nicolas | Polyphenols and enzymatic browning[END_REF][START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. It is highly probable that not only oxidation but also subsequent steps leading to formation of the insoluble fractions of PAs are driven enzymatically. However, this process could also be spontaneous due to the highly chemically reactive nature of intermediate quinones.

Because of the natural variation observed for TT10 expression we were also interested in the effect of mutation in TT10 gene in other Arabidopsis accessions. Those studies clearly confirm the involvement of TT10 in oxidation of tannins and flavonols, because all the alleles of tt10 mutant accumulated more soluble tannins and quercetin-3-O-rhamnoside (Q-3-O-R) but less biflavonols than respective wild-type plants.

Interestingly Cvi, normally accumulates much more tannins than other accessions, but almost no Q-3-O-R and biflavonols. As expected the tt10-7 mutant allele (in Cvi background) accumulates more soluble PAs and Q-3-O-R like other tt10 mutant alleles. Regarding low level of biflavonols in the Cvi, one would expect that Q-3-O-R are not synthesized. However, detection of Q-3-O-R in the tt10-7 mutant suggests that other enzyme or other unknown feature would be required to act in concert with TT10 to synthesize biflavonols. It is also possible that in Cvi, biflavonols are further metabolized what would explain that they are detectable in very low amount in this accession.

It is clear that TT10 is involved in tannin and flavonol oxidation, however it seems that some differences between accessions could have arisen in respect to the amount and classes of the flavonoids accumulated [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]Routaboul et al., 2006 Jean-Marc Routaboul, unpublished results). There are still many aspects of flavonoid metabolism to be discovered to fully understand their accumulation and oxidation.

Other functions?

Liang et al. (2006a) reported the involvement of TT10 in lignin metabolism in seeds and root elongation.

It is possible that TT10 is involved in the lignification not only in the seeds, but also in the replum where its promoter activity was observed. It is also possible that in certain conditions TT10 could be involved in

Regulation in the multi-gene family

It seems that laccases have acquired their specific functions very early during evolution and they are involved in resistance to various stresses [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF][START_REF] Thipyapong | Antisense downregulation of polyphenol oxidase results in enhanced disease susceptibility[END_REF]. One of the functions related to plant defense would be oxidation of flavonoids [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Interestingly in Arabidopsis genome no typical catechol oxidases were found [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF][START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF]. Laccases have a broad spectrum of substrates and they can oxidize ortho-and para-diphenols. Therefore, they could be involved in various aspects of phenylpropanoid metabolism [START_REF] Mayer | Laccase: new functions for an old enzyme[END_REF][START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF]. [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF] have proposed that in absence of catechol oxidase, laccases may have evolved to fulfill this lack (i.e. catalyzing o-diphenol oxidation).

Interestingly, in this study we showed that TT10 is the only member of the family expressed in seeds.

This fact answers the question why a single mutant in this laccase gene results in a clear phenotype. It seems that TT10 is a laccase specialized in flavonoid oxidation by co-localizing with the substrates in plant tissues.

Strong GUS staining driven by TT10 promoter in aborted seeds was previously associated with senescence/cell death [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF]. Interestingly, during the characterization of expression profiles and GUS activity driven by promoters of other laccases, we have observed that the LAC5 promoter resulted in strong GUS activity in degenerated ovules and aborted seeds. It seems that in such a case of developmental defect, TT10 together with LAC5 could be involved in protection of a fragile zone caused by cell death. Analysis of the transcriptomic data suggests that LAC5 is highly induced during senescence (data not shown) and profile of GUS activity in aborted seeds observed for TT10 and LAC5 highly resembles that of SENESCENCE ASSOCIATED GENE 12 promoter (data not shown).

It is possible, that in certain conditions several laccases act in concert to ensure sufficient protection of plant. Other example of overlapping expression of several laccases would be silique replum in which in addition to TT10, GUS activity driven by the promoters of LAC5, LAC12 (this study), LAC4 (data not shown) and LAC2 (Serge Berthet, unpublished results) were also detected. This function of the laccase in various organs could overlap and therefore studies of single mutants would not result in identification of significant phenotypes, with TT10 being an exception.

Final remarks

We should acknowledge the involvement of the TT10 in plant protection against various stresses/environmental challenges. It would rather be a preformed defense by preparation of the oxidized flavonoid shield -seed coat -to protect the embryo, than direct response to pathogen attack. Regulation of the TT10 expression and importance of flavonoid oxidation still needs to be further investigated. Moreover studies of other members of laccase family will bring interesting information about evolutionary specialization of gene function by tissue specific gene expression. The PLACE database [START_REF] Higo | Plant cis-acting regulatory DNA elements (PLACE) database: 1999[END_REF] was queried with 2000bp TT10 promoter sequence. The putative cis-regulatory elements retrieved with the Signal Scan [START_REF] Prestridge | SIGNAL SCAN: a computer program that scans DNA sequences for eukaryotic transcriptional elements[END_REF] program are listed in the Table 5.1.

The CARE location is given in the order of occurrence on the promoter sequence (from -1964-kb to +36bp). 

GATA promoter motif

Primers

All the primers were purchased from SIGMA. They were desalted, except primers used for the site-directed mutagenesis which were PAGE-purified. Primers were delivered lyophilized and dissolved in water after arrival to obtain 100μM stock solution. 

CATMA GST At5g03260

CATMA GST At5g05390

CATMA GST At5g07130

CATMA GST At5g09360

CATMA GST At5g60020

CATMA GST At5g48100

CATMA GST At5g58910

Table 5.9: Primers used to study laccase family genes expression. CATMA GST primers are coming from the CATMA project: http://www.catma.org/database/ At1g34790 CATMA1a33100 At5g35550 CATMA5a30760

Table 5.14: CATMA GST primers used to study expression of flavonoid biosynthesis genes. Alignment of the Col-0 wild-type intergenic region -2.2-kb to -1.0-kb of TT10 promoter. In-del is a promoter fragment identified by Hirofumi Ishihara which is not present in Ler. Atcopia42 is a transposon sequence retrieved from FLAGdb++ found in TT10 promoter region.

Transposon in TT10 promoter
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  letters for the protein TT10 written in capital letters, italics for the gene tt10 written in small letters, italics for the mutant in the gene pTT10:GUS transcriptional fusion of the TT10 promoter and reporter gene uidA T1 primary transformants T2 second generation of the T-DNA transformed plants In the degenerated motifs, letters stand for nucleotides: N: A, C, G or T; R: A or G; W: A or T; Y: biology Formation of the seed is crucial in the life cycle of higher plants. Seeds serve several functions, among which the keys are nourishment of the embryo, dispersal to a new location, and dormancy to survive during unfavorable conditions. A typical seed of angiosperms, including Arabidopsis is constituted by the embryo enclosed in the endosperm, which supplies nutrients and a seed coat (integuments, testa) which provides protection (see Fig. 1.1 A.).

  1.1 A.), however further modifications are leading to the formation of the mature seed coat (see Fig. 1.1 B.). At the late stages of seed development, structure of the epidermal cells which were accumulating starch and forming mucilage is preserved. Other layers are crushed together by that time, PAs are released from the endothelial cells and impregnate the adjacent cell layers. The mature seed coat protects the embryo, contributes to seed dormancy by creation of a physicochemical barrier and helps seed dispersal. Many studies demonstrated that phenolic compounds, especially flavonoids play an important role in plant protection against environmental constraints (e.g. resistance to pathogens and herbivores, UV radiation) and also contribute to the germination-inhibiting 2 CHAPTER 1. INTRODUCTION effects. Seed coat development has been recently reviewed in Haughn and Chaudhury (2005), and Debeaujon et al. (2007).

Figure 1 . 1 :

 11 Figure 1.1: Testa structure and flavonoid localization in Arabidopsis seed. (A) Anatomy of a developing seed at the heart stage of embryo development (longitudinal section). Cells accumulating either proanthocyanidins or flavonols are highlighted in black or gray, respectively. The endothelium corresponds to the ii1 layer. (B) Cross section of a mature testa. c, chalaza; cl, columella; cpt, chalazal proliferating tissue (nucellus); ct, cuticle; cv, central vacuole; cw, cell wall; e, embryo; h, hyaline layer; ii, inner integument; m, micropyle; mu, mucilage; oi, outer integument; pe, peripheral endosperm (aleurone layer); ps, pigment strand; s, suspensor; vb, vascular bundle. Bar = 40 μm in A and 7 μm in B. (Adapted from Debeaujon et al., 2007).

Figure 1 . 3 :

 13 Figure 1.3: Flavonoid biosynthesis pathway in Arabidopsis. Three major flavonoid end-products are formed: colorless proanthocyanidins (condensed tannins), which brownish upon oxidation by the TT10 / LAC15 laccase and are seed-coat specific, flavonol derivatives (colorless) which are ubiquitous and can be dimerized by TT10 to form biflavonols, and anthocyanins (purple), which are only in vegetative parts. Enzymes are presented in capital letters. Regulatory factors are in bold capital letters and circled. Corresponding mutants are in italics green. Abbreviations: ANR, anthocyanidin reductase; CE, condensing enzyme; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol reductase; F3H, flavonol 3-hydroxylase; F3'H, flavonol 3'-hydroxylase; FLS, flavonol synthase; GT, glycosyltransferase; LAC, laccase; LDOX, leucoanthocyanidin dioxygenase; OMT, O-methyltransferase; PFG, production of flavonol glycosides; RT, rhamnosyltransferase; tt, transparent testa; ttg, tt glabra. (Adapted from[START_REF] Lepiniec | Genetics and biochemistry of seed flavonoids[END_REF][START_REF] Pourcel | Identification du gene TT10 codant une laccase. Caracterisation de sa fonction dans l'oxydation des flavonoides de la graine chez Arabidopsis thaliana[END_REF][START_REF] Stracke | Differential regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in different parts of the <i>Arabidopsis thaliana</i> seedling[END_REF].

Figure 1 . 4 :

 14 Figure 1.4: Enzymatic reactions for polyphenoloxidases (laccase, catechol oxidase).Polyphenoloxidases (PPOs) are oxidoreductase enzymes acting on diphenols in presence of molecular oxygen (O 2 ). Laccase (LAC) is able to oxidize both ortho-and para-diphenols. Catechol oxidase (CO) is able to oxidize ortho-diphenols. (Adapted from[START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF].
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 15 Figure 1.5: Seed coat pigmentation in Arabidopsis: illustration of a browning process. (a) Pictures showing the apparition of a brown pigmentation in the testa of the wild-type genotype (WT) during seed desiccation. The brown pigment is absent from the transparent testa 10 (tt10 ) mutant defective for a laccase enzyme. (b) Mutant tt10 seeds slowly get brown after harvest until resembling WT seeds. Bar = 550 μm. (c) Schematical drawing pointing to the occurrence of brown pigmentation during Arabidopsis seed development. daf, days after flowering. (Adapted from Pourcel et al., 2007).

Figure 1 . 6 :

 16 Figure 1.6: Seed coat sections showing the co-localization of TT10 promoter activity, mRNA expression and protein activity with flavonoid substrates (5-daf seeds). (A) Promoter activity (pTT10:uidA); (B) In situ hybridization with TT10 cDNA probe; (C) Immunolocalization of TT10 protein with anti-HA antibody (pTT10:TT10:3xHA); (D) Protein oxidative browning activity in presence of epicatechin substrate; (E) Schematic representation of the integumentary structure showing flavonoid localization. B. and C. are unpublished data from Lucille Pourcel. A., D. and E. are from Pourcel et al., 2005. Abbreviations: em, embryo; ii, inner integument; oi, outer integument; PAs, proanthocyanidins; HAhemagglutinin.

Figure 1

 1 Figure 1.7: Spatial pattern of TT10 promoter activity in WT seeds. Comparison with BAN and MYBL2 promoter activities. (A) to (F) Expression of the ProTT10:uidA cassette in developing seeds at 1 DAF A, 3 DAF C and D, 8 DAF E and F, and in an aborted seed B. GUS activity is observed with Nomarski optics on whole mounts for A to C and F, and on sections for D and E. (G) Pattern of pBAN activity in developing seed at 4 DAF. (H) Pattern of pMYBL2 activity in developing seed at 4 DAF. Abbreviations: c, chalaza; em, embryo; e, endothelium; ii, inner integument; m, micropyle; oi, outer integument. Bars = 24 μm for F and K; 70 μm for A to D, G and H. Adapted from Pourcel et al., 2005: A to F; Debeaujon et al., 2003: G and Dubos et al., 2008: H.

Fig

  Fig. TT10 expression has been studied during plant development with the special atention for the development of the silique. The resulats presented are for the Col-0 accesion and are representetion of three biological repetitions. (Bar = 2cm)

Figure 2 . 1 :

 21 Figure 2.1: Expression pattern of the TT10 gene in developing siliques and seeds of wild-type Col-0 plants. TT10 gene expression in wild-type Col-0 plants was detected by quantitative RT-PCR and is presented as a percentage of the expression of the reference gene ELONGATION FACTOR 1αA4 (EF 1). For details see 3.2.5. (A) Picture illustrates siliques development and samples used for RNA extraction. Graph is representing one out of two biological repeats of the experiment. (B) TT10 gene expression in extracted seeds. Values represent averages ±SE of three technical replicates. Bar = 2 cm.

Figure 2 . 2 :

 22 Figure 2.2: TT10 expression visualized with eFP Browser.eFP Browser is presenting gene expression as a heat map placed on the graphic representation of the Arabidopsis organs -Developmental Map -AtGenExpress Developmental Set[START_REF] Schmid | A gene expression map of Arabidopsis thaliana development[END_REF]. Standard deviation filtering has been used to mask samples with the deviation greater than half of their expression value (grey). Signal threshold filtering has been set at 100 (expression potential) to eliminate samples where expression is considered to be below the detection level (yellow). Data are not available for separate siliques (white) from torpedo stage of embryo development onwards, where only dissected seeds were analyzed. Developing seed, silique and pollen where TT10 gene expression potential is > 100 (detectable) are painted in red. For details see: http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi and[START_REF] Winter | An "electronic fluorescent pictograph" browser for exploring and analyzing large-scale biological data sets[END_REF].

Figure 2 . 3 :

 23 Figure 2.3: Comparison of TT10 and BAN expression visualized with GeneCAT expression profiling tool. Graph presents expression level and tissues in which TT10 (closed squares -blue) and BAN (trianglesgreen) are expressed. Expression profiling tool uses RMA normalized data from 121 ATH1 microarrays generated during AtGenExpress project. For details see: http://genecat.mpg.de/cgi-bin/Ainitiator. py and Mutwil et al. (2008).

Figure 2 .

 2 Figure 2.4 is presenting the DIURNAL tool which was used to analyze if TT10 expression could be affected by the circadian rhythm/photoperiod. Interestingly, expression of the key enzyme of flavonoid biosynthesis, encoded by CHALCONE SYNTHASE (CHS ) is regulated by light and is presented as an example of gene expression affected by the circadian rhythm[START_REF] Thain | The circadian clock that controls gene expression in Arabidopsis is tissue specific[END_REF]. We can clearly see that its

Figure 2 . 4 :

 24 Figure 2.4: Comparison of TT10 and CHS expression visualized with DIURNAL. TT10 and CHS expression in long and short day is presented as a graphical output adapted from the DIURNAL gene expression analysis tool. TT10, closed green and open blue squares for long and short days respectively. CHS, closed red and open orange diamond/rhombus for long and short days respectively. Samples, 7-day-old seedlings were grown in MS agar medium supplemented with 3% sucrose. For details see: http://diurnal.cgrb.oregonstate.edu/diurnal_details.html and Mockler et al. (2007).

  kb TT10 promoter studied
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 25 Figure 2.5: TT10 genomic region and neighboring genes. The organization of the TT10 genomic region on chromosome 5 (top, blue rectangle) is presented. Transcription units are represented with arrows indicating the orientation of the transcripts. Bottom part is showing the gene structure where rectangles are representing exons and lines introns. UTR's, when present are shaded orange. Figure adapted from ATIDB.

Fig.Figure 2 . 6 :

 26 Fig. In Silico analysis of cis-regulatory motifs in AtTT10 promoter.

Figure 2

 2 Figure 2.7: Pattern of TT10 promoter activity in wild-type plants. (A) to (H) Expression of the pTT10_3:GUS/pBIB-Hyg cassette in wild-type Col-0 plants. (A) Inflorescence of 5-week-old plant; (B) dissected flower bud squared in (A); (C) to (H) various stages of developing siliques, (C) 4 DAF, (D) 5 DAF, (E) and (F) 8 DAF: (E) normal silique and (F) 'abnormal' silique with aborted seeds, (G) top and (H) bottom part of a 14-DAF silique (left) and a 18-DAF silique (right). Arrows are pointing week GUS staining. Stars highlight GUS staining in abscission zone of the petals. (I) pTT10_5:GUS/pBIB-Hyg, siliques ±14 DAF (left) and ±18DAF (right). (J) to (N) pTT10_6:GUS/pBIB-Hyg; (J) to (M) various organs of 5-weeks-old plant, (J) stem, (K) rosette leaf, (L) root, (M) cauline leaf; (N) 10 days old seedling. Different concentrations of potassium ferricyanide and potassium ferrocyanide were used to prevent GUS diffusion: A to H 1mM, I 2mM, J to N 0mM. Bars = 170μm B, 500μm C, 600μm D to F, 700μm G and H, 1mm J and N, 2mm A, I and K, 3mm L and M. DAF -days after flowering

Figure 2 .

 2 Figure 2.8: Comparison of GUS activity of 5'-dissected TT10 promoter in planta. The differences in a GUS activity, which was measured in siliques (7DAF) of T3 transformant lines in Col-0 background are shown. Promoter fragments studied and their lengths are represented by the open rectangles. Values represent averages ±SE of six technical replicates.
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 29 Figure 2.9: GUS activity driven by the the TT10 promoter in pCAMBIA binary vector. (A) Ectopic expression of the GUS gene driven by various TT10 promoter fragments illustrated with pTT10_3:GUS/pCAMBIA1300. (B) GUS activity driven by CaMV35S dual promoter in siliques (C) Map of the pCAMBIA 1300 vector. (D) Map of the T-DNA cassette showing the HptII -Hygromycin resistance gene and the CaMV35S promoter (red box). A KpnI-PstI insertion of the promoter:GUS constructs realized. LB/RB -left and right borders of the T-DNA insert. Arrow is pointing hypothesized involvement of CaMV35S enhancers in ectopic expression of the uidA gene.

Figure 2 .

 2 Figure 2.10: Pattern of TT10 promoter activity in seeds of the candidate regulatory mutant backgrounds. Expression of the pTT10:GUS/pBIB-Hyg cassette in developing seeds of the candidate regulatory mutant backgrounds (tt1 -left, tt16 -middle and ttg2 -right column). Promoter activity in the wild-type is depictured by pictures adapted from Pourcel et al. (2005). (A) to (C) Seeds at the globular stage of the embryo development (3-4 DAF); (D) to (F), (H) and (I) Heart stage (6-7 DAF); (G) Bending cotyledon (8-9 DAF). GUS activity was observed with Nomarski optics on sections A to C and G to I and whole mounts D to F. az, abscission zone; C, chalaza; end, endothelium; EM, embryo; M, micropyle; oi, outer integument; PS, pigment strand. Bars = 80μm A to C; 90μm D to F, H and I; 120μm G.

Figure 2 .

 2 Figure 2.11: Pattern of TTG2 promoter activity in wild-type seeds. Expression of the pTTG2::GUS/pBI101.1 cassette in developing seeds of wild-type plants. (A) Seeds at the globular stage of embryo development (3-4 DAF); (B) and (C) heart stage (6-7 DAF). GUS activity was observed with Nomarski optics on sections A and C and whole mount B. C, chalaza; end, endothelium; EM, embryo; M, micropyle; ml, mucilage layer; PS, pigment strand. Bars = 70μm A; 90μm B and C.

Figure 2 .

 2 Figure 2.12: Expression levels of candidate regulators of TT10 in developing seeds. The expression profiles were visualized with eFP Browser. Various signal (expression potential) threshold values have been set to facilitate comparison of gene expression levels. Standard deviation filtering has been used to mask samples with the deviation greater than half of their expression value (grey). Samples where expression is relatively low or considered to be below the detection level are colored in yellow. Data are not available for separate siliques (white) from torpedo stage of embryo development onwards, where only dissected seeds were analyzed. Developing seed, silique and pollen where the gene expression potential is > 100 (detectable) are painted in red.

Figure 2 .

 2 Figure 2.13: TT10 transcript accumulation in candidate regulatory mutant background -co-expressed candidates. TT10 gene expression detected by quantitative RT-PCR, presented as a percentage of the expression of the reference gene EF1. Graph represents values for one biological repetition and averages ± SE of three technical replicates. Dark and light grey boxes represent ± 1 SE and ± 2SE values respectively. Asterixes highlight samples where TT10 expression was more than ± 1SE different from the control.
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  similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G62080.1) 2 At4g36700 0.983|246273_at| cupin family protein 3 At3g01570 0.974|259167_at| glycine-rich protein / oleosin 4 At5g40420 0.973|249353_at| OLEO2_PA23__OLEO2 (OLEOSIN 2) 5 At5g44120 0.973|249082_at| CRU1__CRA1 (CRUCIFERINA); nutrient reservoir 6 At4g00220 0.969|255701_at| JLO_LBD30 (JAGGED LATERAL ORGANS) 7 At1g47540 0.969|262431_at| trypsin inhibitor, putative 8 At5g38160 0.969|249547_at| protease inhibitor/seed storage/lipid transfer protein (LTP) family protein 9 At3g25260 0.967|257841_at| proton-dependent oligopeptide transport (POT) family protein At3g63040 0.963|251202_at| unknown protein At5g03795 0.962|250893_at| oxidoreductase At5g44360 0.961|249043_at| FAD-binding domain-containing protein At4g28520 0.961|253767_at| CRU3_CRC__CRU3 (CRUCIFERIN 3) At1g62290 0.960|264741_at| aspartyl protease family protein At5g59170 0.960|247762_at| proline-rich family protein At5g50260 0.957|248545_at| cysteine proteinase, putative At3g27660 0.956|258240_at| OLEO4__OLEO4 (OLEOSIN4) At3g49300 0.954|252253_at| proline-rich family protein At5g62800 0.953|247421_at| seven in absentia (SINA) family protein At4g25140 0.953|254095_at| OLEO1__OLEO1 (OLEOSIN1) At3g26790 0.920|258258_at| FUSCA 3; DNA binding / transcription factor At5g10140 0.916|250476_at| FLC_AGL25_FLF_(FLOWERING LOCUS C) At3g20910 0.914|256806_at| CCAAT-binding transcription factor (CBF-B/NF-YA) family protein At4g31060 0.909|253575_at| AP2 domain-containing transcription factor, putative At5g17430 0.903|246426_at| DNA binding / transcription factor At2g40370 0.901|263825_at| Laccase 5; copper ion binding / oxidoreductase At2g27070 0.901|250612_s_at| ARABIDOPSIS RESPONSE REGULATOR 13; transcription factor/ two-component response regulator At5g10510 0.894|250426_at| AIL6__AIL6 (AINTEGUMENTA-LIKE 6) At3g13540 0.884|256985_at| AtM2_AtMYB5_ATMYB5__ATMYB5 (MYB DOMAIN PROTEIN 5); DNA binding / transcription factor At5g57390 0.884|247904_at| AINTEGUMENTA-LIKE 5; DNA binding / transcription factor Table
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 2 Figure 2.15: TT10 transcript accumulation in candidate regulatory mutant backgrounds. TT10 gene expression detected by quantitative RT-PCR is presented as a percentage of the expression of the reference gene EF1. Graph represents values for one biological repetition and averages ± SE of three technical replicates. Asterixes highlight samples where TT10 expression was more than ± 1SE different from the control.

Figure 2 .

 2 Figure 2.16: TT10 transcript accumulation in candidate regulatory mutant backgrounds -stress related candidates. TT10 gene expression detected by quantitative RT-PCR is presented as a percentage of the expression of the reference gene EF1. Values represent averages ± SE of three technical replicates. Asterixes highlight samples where TT10 expression was more than ± 1SE different from the control Experiments was repeated twice. (!) is pointing at the npr1-5 mutant which is in Nossen background.
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Figure 2 .

 2 Figure 2.18: Summary of yeast one-hybrid experiment. (A) Representation of the TT10 promoter region. Selected putative cis-acting regulatory elements are presented with symbols. Alfa and Beta -promoter regions required for the seed coat and funiculus activity respectively. Primers used for cloning are represented with arrows.(B) EGY48 yeast strain carrying pTT10_3/pHISi vector integrated in the ura3 genomic region. Growth on the full (YPD) and selective medium (SD-ura, SD-ura-his). 3-AT, 3-amino-1,2,4-triazole.

Fig.

  Fig. We wanted to confirm the differences in TT10 transcript accumulation. A. We started with comparisonn of the silique marking to collect the material at the same developmental stage. B. We verified the stage of developing seeds/embryos in siliques at 7daf by light microscopy observations. (arrows are pointing at 7daf siliques). C. Results of the quantitative RT-PCR. (scale bar in A is 2cm)

Fig.Figure 2 .

 2 Fig. We wanted to confirm the differences in TT10 transcript accumulation. A. We started with comparisonn of the silique marking to collect the material at the same developmental stage. B. We verified the stage of developing seeds/embryos in siliques at 7daf by light microscopy observations. (arrows are pointing at 7daf siliques). C. Results of the quantitative RT-PCR. (scale bar in A is 2cm)

  did not result in PCR amplification on the genomic sequence of any accession except the positive control Col-0. Multiple attempts and optimizations did not resolve this problem. For details of various modifications of the PCR conditions, different polymerases and genomic DNA extractions see3.2.4 and 3.2.4.5. 

  Deletion in position -384bp (Ws-4, Ler and Bay-0) is located in the MYB2 cis-acting regulatory element, nevertheless this motif is still recognized in silico in this sequence. The T to C substitution in -330bp (Ler ) position results in a loss of the I-box recognition. The next SNP, G to A substitution in position -262 results in loss of the MYC2 site which was found in Col-0, but not in the other accessions. Substitution C to T at -194 could change the context of the W-box recognition in Shahdara (Sha). Two base pair variation GG changed to TT -170/169 (Ws-4, Ler, Bay-0 and Cvi-0) results in the recognition of a new element called ANAERO1CONSENSUS (AAACAAA). This motif was found in silico in promoters of 13 genes induced in anaerobic conditions[START_REF] Mohanty | Detection and preliminary analysis of motifs in promoters of anaerobically induced genes of different plant species[END_REF]. Two next SNPs common for Ws-4, Ler, Bay-0 and Cvi-0, (T to C, -158; A to T, -146) are in the region of three cis-acting regulatory elements located nearby and result in the disparition of the ACTCAT and MYB motifs, and modified context of the W-box. Substitution C to T in Ws-4 at position -100 gives a new element found in PLACE database and called LECPLEACS2

Figure 2 .

 2 Figure 2.20: Promoter sequence alignment and comparison of the putative CAREs present in various accessions.Minimal promoter (pTT10_3 -465bp) was sequenced from six Arabidopsis accessions. Asterixes (*) are showing the single nucleotide polymorphisms (SNPs) and delta (Δ) is for the deletion. 5'UTR is underlined and transcription initiation site is marked +1. Putative cis-acting regulatory elements in the zones of the SNPs are presented, with arrows over the motif sequence, based on the Col-0 sequence analysis used as a reference. Differences due to the SNP's are discussed in the text. (For the detailed analysis of the putative CAREs, see Fig.2.6 and section 2.1.2).

Figure 2 .

 2 Figure 2.21: Polymorphism for length of TT10 promoter amplification. (A) Organization of the TT10 genomic region in Col-0 accession. 8.5-kb intergenic region is depictured with the dashed line (not in scale), the genes with open rectangles and primers with arrows indicating their orientation. For sequence of the primers, see Appendix, Tab. 5.4). (B) Arrows (not in scale) are representing a region which is amplified and expected PCR products size is given. (C) Agarose Gel migration of the PCR reaction and product visualization with ethidium bromide (colors inverted). n/a -no PCR amplification or smear without clear major band. PCR templates: Col -BAC MDN11; Cvi -BAC F.22/4; Ler -BAC D.11/3. Similar results were obtained on the genomic DNA of respective accessions.
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 2 Figure 2.22: Flavonoid composition of mature seeds of various accessions and tt10 alleles. (A) and (B) Flavonol derivatives were analyzed by LC-MS and tannins were measured after acid-catalyzed hydrolysis. Values represents averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside.

Figure 2 .

 2 Figure 2.23: TT10 transcript accumulation in Ler plants transformed with the Col-0 wild-type TT10 genomic region. TT10 gene expression detected by quantitative RT-PCR, presented as a percentage of the expression of the reference gene EF1. The control wild-type plants are represented by the full bars: Ler -black, Col-0 -grey; Ler transformants -white/open bars. Values represent averages ± SE of three technical replicates.Experiment was repeated twice with the same tendency of the transcript accumulation between the lines. RNA was extracted from siliques 7DAF of the T2 antibiotic resistant plants.

(Figure 2 .

 2 Figure 2.24: Flavonoid composition of mature seeds from Ler lines complemented with the Col-0 wild-type genomic region. The order of the lines is set from left to right according to TT10 transcript accumulation level. Analysis of flavonol derivatives by LC-MS and tannins after acid-catalyzed hydrolysis. Values represent averages ± SE of three independent measurements. G, glucoside; I, isorhamnetin; K, kaempferol; Q, quercetin; R, rhamnoside.

  Fig. Laccase family genes expression was analysed in developing seeds and siliques. The most expressed is LAC15.In seeds we could also detect transcript of LAC3, LAC5 and LAC12. This expression was on the limit of detection and always much weeker than LAC15. On the other hand in siliques, LAC4 and LAC5 expression was on the comparable level with LAC15, whereas much weeker, we could also detect LAC12, and on the limit of detection LAC11 and LAC17.

Fig.

  Fig. Laccase family genes expression was analysed basing on the avialable transcriptomic data. Here we present the results which corespods to developmental stages of the RT-PCR results presented above. Seed Stage 4 w/Siliques coresponds to 5daf, but those are whole siliques with seeds, whereas RT-PCR was prepared on isolated seeds. Seeds stage 8 w/o Siliques coresponds to the RT-PCR on 10daf seeds. Values are presented in logaritmic scale to show the differences in the gene expression. Bars going outside the shaded zone are showing strong expression on detectable amount of expression.
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 2 Fig. Laccase family genes expression was analysed basing on the avialable transcriptomic data. Here we present the results which corespods to developmental stages of the RT-PCR results presented above. Seed Stage 4 w/Siliques coresponds to 5daf, but those are whole siliques with seeds, whereas RT-PCR was prepared on isolated seeds. Seeds stage 8 w/o Siliques coresponds to the RT-PCR on 10daf seeds. Values are presented in logaritmic scale to show the differences in the gene expression. Bars going outside the shaded zone are showing strong expression on detectable amount of expression.

2. 5 .

 5 IDENTIFICATION OF LACCASES EXPRESSED IN SEEDS 61 sample was contaminated by some cells coming from replum or valve, what resulted in weak signal detected by RT-PCR.

Fig. GUSFigure 2 .

 2 Fig. GUS activity of pLAC3 analysed in Col-0 T2 generation. Presented pictures are representation of the consistent GUS patternern studied in 8 independent transformant lines. GUS activity varies in organs therefore different concentrations of Feri/Fero were used. Inflorescence (A), leaf (B, C), stem (C, D) and siliques (E, F) samples 1mM Ferii/Fero was used. For root (G.), because of very strong GUS activity, 2mM Feri/Fero was used.Seedling(I), no Feri/Fero.

FigFigure 2 .CHAPTERFigure 2 .

 22 Fig. GUS activity of pLAC5 analysed in Col-0 T2 generation. Presented pictures are representation of the consistent GUS patternern studied in 8 independent transformant lines. GUS activity varies in organs therefore different concentrations of Feri/Fero were used. Inflorescence (A,B), siliques (C-I), leaves (J-L) and stem (M) samples 1mM Feri/Fero was used. Roots (O, P), 2mM Feri/Fero was used. Seedilng (L) no Feri/Fero was used. Arrows are pointing the GUS which might not be visible due to the printing quality. (B. Vesels in sepals ; D.and detal I. aborted seeds; M. vasculature in stem; O. hairy roots -exceptional staining, due to the stress?) Bidzinski, Berthet, Dubos 2009

Figure 2 .

 2 Figure 2.33: Total RNA and flavonoid pathway genes expressed in the cell suspension. (A) Total RNA extracted from the cells grown in the suspension. Comparison of the extraction method efficiency. (B) RT-PCR detection of the genes involved in the flavonoid biosynthesis expressed in the cell suspension. EF -reference gene Elongation Factor 1αA4, CHS -Chalcone Synthase, CHI -Chalcone Isomerase, FLS1 -Flavonol Synthase 1, TT10 A/S -Transparent Testa 10 -ATG -STOP primers.
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 3 Arabidopsis thaliana -transgenic plantsTransgenic lines used in this study are mentioned below.

  consists of more than 2000 clones of a normalized full length open reading frame transcription factors in a yeast (Paz-Ares and Consortium, 2002).

Fig.Figure 3 . 2 :

 32 Fig. We wanted to confirm the differences in TT10 transcript accumulation. A. We started with comparisonn of the silique marking to collect the material at the same developmental stage. B. We

Figure 3 . 3 :

 33 Figure 3.3: Expression of APT1 and TUBULINE in siliques 7DAF. The expression of two reference genes, APT1 (adenine phosphoribosyltransferase, At1g27450) and TUBU-LINE (tubuline beta-4 chain, At5g44340) have been expressed as a percentage of the Elongation Factor 1αA4 gene expression.

Figure 4 . 1 :

 41 Figure 4.1: Organization of the regulatory elements in the TT10 Promoter. Figure is summarizing promoter regions found to be required for seed, funiculus and strong expression of the TT10 gene. Asterixes (*) are highlighting the alternative 5'UTR and TATABOXES considered by Liang et al. (2006a).

CHAPTER 4 .

 4 DISCUSSION, CONCLUSIONS AND PERSPECTIVES secondary metabolism have been demonstrated in Medicago truncatula cell suspension, in which WRKY transcription factors expression were one of the most affected by yeast elicitor and methyl jasmonate treatment.

4. 2 .

 2 TT10 AND FLAVONOID METABOLISM IN SEEDS 97 4.2 TT10 and flavonoid metabolism in seeds 4.2.1 TT10 and flavonoid metabolism Pourcel et al. (2005) have demonstrated that TT10 is involved in oxidative polymerization of flavonols and tannins. During this work we analyzed the correlation between TT10 expression levels and the amount of soluble tannins as well as accumulation of quercetin-3-O-rhamnoside (Q-3-O-R) and biflavonols. For that reason Ler accession has been transformed with Col-0 genomic sequence to increase the amount of TT10.
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 551 In silico analysis of the TT10 promoter TT10 (Col-0) promoter sequence used in this study: cis-acting regulatory DNA elements found in PLACE database using the Signal Scan

SALK_003193

  

Figure 5 . 6 :

 56 Figure 5.6: Methylation map of the TT10 gene region. Methylation map of the DNA in seedlings have been pictured by the Genome Browser at http:// epigenomics.mcdb.ucla.edu/ (UCSC Genome Bioinformatics).

Figure 5 . 7 :

 57 Figure 5.7: Alignment of transposon sequence.Alignment of the Col-0 wild-type intergenic region -2.2-kb to -1.0-kb of TT10 promoter. In-del is a promoter fragment identified by Hirofumi Ishihara which is not present in Ler. Atcopia42 is a transposon sequence retrieved from FLAGdb++ found in TT10 promoter region.
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 25 

: Concentration of hormones, salts and other treatments in stress experiments.

Table 2 .

 2 

			LAC3	LAC5	LAC12	LAC15
		Integuments			-	
	Seed	Micropyle Chalaza	-	-/ + stress	+ -	+
		Funiculus			-	
		Abscission zone			-	
		Flower bud	-	-	-	+
	Silique -Flower	Stigma/style -Transmitting tissue Abscission zone Receptacle Peduncle	-+ --	late stages / senescence +	especially abscision zone +	+ + --
		Stamen Pollen	-	+ filament -	-	-
	Other organs	Cauline/Rosette leaf, trichomes Stem Root	--secondary roots	old leaves + + +	+	-
	Seedling	Cotyledons Hypocotyl Root	-+	-+	-+	-

6: Comparison of laccase promoter activities.

Table 3 . 2 :

 32 Alleles of the tt10 mutant studied in this work. Tableissummarizing information about tt10 mutant alleles. Pictures of the mutant and corresponding wild type seeds are presented in Appendix, section 5.3. SALK institute: http://signal.salk.edu/.
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 33 Arabidopsis thaliana mutant lines used in this study. Table

Table 3 .

 3 3 Part 1.

Table 3 .

 3 3 Part 2.

Table 3 .

 3 5 presents plasmids used and created during this PhD.

	Vector name	Orignin / provided by	Used for	Selection / resistance
	pCR®-Blunt II-Topo®	Invitrogen	blunt end PCR products cloning	kanamycin
	pGEM-T	Promega	T-end PCR products cloning	B-galactosidase / ampicillin
	pBS-GUS	Debeaujon et al., 2003		ampicillin
	pTT10:GUS/pBS pTT10:GUS/pBIB-HYG 8-kb TT10/pBIB-HYG	Pourcel et al., 2005	template for TT10 promoter fragments amplification and site-directed mutagenesis plant transformation	ampicillin kanamycin; hygromycin in plants
	pBIB-HYG	Becker, 1990	SmaI/KpnI sub-cloning from pBS-GUS vector and plant transformation	kanamycin; hygromycin in plants
	pCAMBIA 1300	www.cambia.org	KpnI/PstI subcloning from pBS-GUS vector and plant transformation	kanamycin; hygromycin in plants
	pBI101GUS GTW	Invitrogen (Baudry et al. 2006)	attR1/attR2, Recombination (LR) from pDONR207 to prepare transcriptional fusions with GUS reporter gene	chloramphenicol / kanamycin; kanamycin in plants
	pDONR207	Invitrogen	attP1/attP2 -BP Recombination -PCR fragments entry vector	chloramphenicol / gentamycin
	pHISi	Clontech	SmaI/SacII, DNA / promoter fragments analysis in one hybrid experiments	Ampicilline in E.coli; Insertion in ura3 locus of the yeast, SD his-selection in the EGY48 strain
	pTT10_X:GUS/pTopo®		cloning of PCR fragments of TT10 promoter	kanamycin
			XhoI/NcoI promoter fragments cloning in	
	pTT10_X,Y:GUS/pBS		front of GUS reporter gene; transcient	ampicillin
			expression in protoplasts	
	pTT10_X:GUS/pBIB-HYG		plant transformation	kanamycin; hygromycin in plants
	pTT10_Y:GUS/pCAMBIA1300		plant transformation	kanamycin; hygromycin in plants
	pTT10_Z/pDONR207		sub-cloning	chloramphenicol / gentamycin
	pTT10_Z:GUS/pBI101GTW		plant transformation	chloramphenicol / kanamycin; kanamycin in plants
	pTT10_3(Accession)/pTOPO®	this work	cloning of PCR fragments of TT10 promoter from accessions; sequencing	kanamycin
			XhoI/NcoI promoter fragments cloning in	
	pTT10_3(Accession):GUS/pBS		front of GUS reporter gene; transcient	ampicillin
			expression in protoplasts	
	pTT10 4.5kb (Ler)/pTOPO®		cloning of PCR fragments of TT10 promoter from accessions; sequencing	kanamycin
	pLAC3, 4, 5 and 12/pDONR207		sub-cloning	chloramphenicol / gentamycin
	pLAC3, 4, 5 and 12/pBI101GTW		plant transformation	chloramphenicol / kanamycin; kanamycin in plants

Table 3 .

 3 5: List of vectors used in this study. Table summarizes plasmids used for molecular cloning, sequencing, transient expression and Arabidopsis transformation.

Table 5 .

 5 2: Putative cis-acting regulatory elements found in TT10 promoter with AtcisDB.

Table 5 .

 5 3: Primers used for promoter dissection to clone fragments in pBS-GUS vector.

	Name	5'-3' sequence	Orientation on promoter	Restriction site
	pTT10_6	gtaCTCGAGcacactgattttgcttggaatg	F	XhoI
	pTT10_5	gtaCTCGAGtccatcatgtcagcttac	F	XhoI
	pTT10_4	gtaCTCGAGtagaagatgacatgaagagg	F	XhoI
	pTT10_3	gtaCTCGAGattaacacaaaaacgtaacgag	F	XhoI
	pTT10_3C	gtaCTCGAGaaataaaggtaatgcttggcc	F	XhoI
	pTT10_3B	gtaCTCGAGaactagttgattgatgtcacg	F	XhoI
	pTT10_3A	gtaCTCGAGtactatatatgatataacatgtg	F	XhoI
	pTT10_2	gtaCTCGAGatacgactttactgttttcg	F	XhoI
	pTT10_1	gtaCTCGAGaagaagatgatgcttaccg	F	XhoI
	pTT10:ATG:GUS acaggacgtaCCATGGtggaagag	R	NcoI
	Name	5'-3' sequence	Orientation on promoter
	At5g48110 catma F tacttccaagctagtgaatgaagag	F	
	pTT10_ -4.5kb	cagcatgtatttctccatgag	F	
	pTT10_ -4.0kb	taaaccggtgatttttccgcc	F	
	pTT10_ -3.5kb	ttaaaccatttaacaactcaacc	F	
	pTT10_ -3.0kb	ttacaaaatgaaacgtatgcatg	F	
	pTT10_ -2.5kb	acaagcgtgaagaagactgg	F	
	pTT10_0.0kb	ataaattgaagaaggaatgtgac	R	

Table 5 .

 5 4: Primers used for amplification of long promoter fragments in Ler and Cvi accessions.

	Name	5'-3' sequence	Orientation on promoter	Restriction site
	pTT10_3_SmaI	gtaCCCGGGattaacacaaaaacgtaacgag	F	SmaI
	pTT10_2_SmaI	gtaCCCGGGatacgactttactgttttcg	F	SmaI
	pTT10_2_SacII	gtaCCGCGGagttaacgaaaacagtaaagtcg	R	SacII
	pTT10_1_SacII	gtaCCGCGGacaaaatatgttttcggtaagc	R	SacII
	pTT10 0.0 kb SacII gtaCCGCGGaagagttttagtaaattaattacc	R	SacII

Table 5 .

 5 5: Primers used to amplify promoter fragments for transcription factor library screening with pHISi vector.

	Name of the	
	construct and	5'-3' sequence
	primers used	
	M1 F	CTAAATTAACACAAAATTTTAACGAGTTTCGGAATA
	M1 R	TATTCCGAAACTCGTTAAAATTTTGTGTTAATTTAG
	M2 F	GTTTCGGAATATTTCTGCTATCCATTTATATAAAATAAAGG
	M2 R	CCTTTATTTTATATAAATGGATAGCAGAAATATTCCGAAAC
	M3 F	GCTTGGCCTAACATTTTTCATAAGTGATTT
	M3 R	AAATCACTTATGAAAAATGTTAGGCCAAGC
	M4 F	GTGATTTTATTTTATTTTTAGTAAAAATTTTGAACTAGTTGATTGATGTC
	M4 R	GACATCAATCAACTAGTTCAAAATTTTTACTAAAAATAAAATAAAATCAC
	M5 F	GAACTAGTTGATTGATGATAAAACTCTTACTATATATG
	M5 R	CATATATAGTAAGAGTTTTATCATCAATCAACTAGTTC

Table 5 .

 5 6: Primers used for site-directed mutagenesis on pTT10_3 promoter fragment in pBS-GUS vector.

	Name	5'-3' sequence	Orientation on promoter	Probe for:	Probe size
	MDN-ATG0 MDN-Rev 800 TT10	gcttaccgaaaacatattttgtaa caaaattatggggacttcatgg	F R	5' region	820bp
	3Fw-TT10 MDN-rv-0-long	gtataaaaatacaatgaccgtgcctagg gttatgacacaagattaatacattgtttatc	F R	3' region	990bp

Table 5 .

 5 7: Primers used for probes preparation for BAC library screening.

	Name	5'-3' sequence	Orientation on promoter	GATEWAY recombination site
	pTT10_3	attaacacaaaaacgtaacgag	F	attB1
	pTT10_3C	aaataaaggtaatgcttggcc	F	attB1
	pTT10_3B	aactagttgattgatgtcacg	F	attB1
	pTT10_3A	tactatatatgatataacatgtg	F	attB1
	pTT10_2	atacgactttactgttttcg	F	attB1
	LAC15_R1	tttggaagagttttagtaaattaattacc	R	attB2
	attB1:	ggggacaagtttgtacaaaaaagcaggct		
	attB2:	ggggaccactttgtacaagaaagctgggt		

Table 5 .

 5 8: Primers used for promoter dissection -GATEWAY® cloning.

	5.2. PRIMERS

Table 5 .

 5 10: Primers used for laccase promoter cloning.

	Name	5'-3' sequence	Orientarion on promoter	GATEWAY site recombination	Promoter Size
	LAC3 F1 LAC3 R1	aagtcaaacttcacgatttacg tgtttgcttcactgtgagaag	F R	attB1 attB2	1.44 kb
	LAC4 F2 LAC4 R1	gtttgatccagttttggttcg ctccctctctatctttctcttc	F R	attB1 attB2	1.95 kb
	LAC5 F2 LAC5 R1	caaattcagatgggaggtgg tgatgtgatttctgtaagcttc	F R	attB1 attB2	1.9 kb
	LAC12 F1 LAC12 R1	ggaatggttgattactattaagc taagtgtgtttaagctttgag	F R	attB1 attB2	1.65 kb
	attB1:	ggggacaagtttgtacaaaaaagcaggct		
	attB2:	ggggaccactttgtacaagaaagctgggt		

Table 5 .

 5 11: Primers used in quantitative RT-PCR.

	NASC	SALK

Table 5 .

 5 12: Primers used for genotyping of SALK T-DNA mutants. Primers used for genotyping were designed with T-DNA Primer Design available at http://signal.salk. edu/tdnaprimers.2.html.

	Name	5'-3' sequence	Used for:
	EF1 Alpha A4 UP EF1 Alpha A4 LOW	ATGCCCCAGGACATCGTGATTTCAT TTGGCGGCACCCTTAGCTGGATCA	expression control for RT-PCR
	nos3A	CATCGCAAGACCGGCAACAGG	constructs verification and
	pBIB Hyg	CCATGTAAGCCCACTGCAAGCTACC	sequencing in pBIB-Hyg vector
	UP	GTAAAACGACGGCCAGT	Used for pTOPO and pBS construct
	RP	GGAAACAGCTATGACCATG	verification and sequencing
	GUS1	CTGATCAATTCCACAGTTTTCGCG	Used for GUS constructs verification and sequencing

Table 5 .

 5 13: Other primers used in the study.

	5.2. PRIMERS

Identification of laccases expressed in seeds

Several research groups are interested in the function of the laccase genes [START_REF] Brown | Identification of Novel Genes in Arabidopsis Involved in Secondary Cell Wall Formation Using Expression Profiling and Reverse Genetics[END_REF][START_REF] Mccaig | Gene structure and molecular analysis of the laccase-like multicopper oxidase (LMCO) gene family in Arabidopsis thaliana[END_REF][START_REF] Cai | Mutant identification and characterization of the laccase gene family in Arabidopsis[END_REF][START_REF] Se | MicroRNA-mediated systemic down-regulation of copper protein expression in response to low copper availability in Arabidopsis[END_REF]. However, apart from LAC15/TT10 [START_REF] Pourcel | TRANSPARENT TESTA10 encodes a laccase-like enzyme involved in oxidative polymerization of flavonoids in Arabidopsis seed coat[END_REF], little is known about the their role in plant physiology. One of the secondary objectives of this thesis was to find out if other members of the laccase family, which in Arabidopsis consists of 17 members, were expressed in seeds and if they could be involved in flavonoid metabolism.

Expression data

The first aspect of this study was to identify the laccases which are expressed in Arabidopsis seeds. RNA was extracted from seeds of the Col-0 wild type plants dissected from siliques at 5 and 10 days after flowering (DAF). RT-PCR revealed that only LAC15/TT10 is significantly detected in Arabidopsis seeds (Fig. 2.28 A.). However in seeds at 10 DAF, a weak signal is also detected for LAC3, LAC5, LAC12, in order of decreasing signal strength. It is important to mention that a strong band of TT10 PCR product is detected with 32 cycles, whereas for other laccases even at 35 cycles only faint signal was detected (Fig. 2.28 A.).

The situation is different when RNA is extracted from the whole siliques at 10 DAF. In this case, LAC4 and LAC5 seem to be expressed at comparable levels to LAC15/TT10. A strong signal is also detected for LAC12, LAC11, LAC17, LAC3 in order of the signal strength.

We have also analyzed the expression of the laccase genes in the transcriptomic data available (Fig. 2.28 A. and B.). Comparison of those two samples clearly confirms that LAC15 /TT10 is the most expressed laccase in seeds. However, relatively strong signal was also detected for LAC5. All the other laccases seem to be not significantly expressed. It is important to note that strong signal for LAC4, LAC17 and LAC2 in the transcriptomic analysis, Seed Stage 4 with/whole silique, is also detected by RT-PCR in siliques 3-8 DAF (data not shown).

The expression remains strong for LAC4, was hardly detectable for LAC17 and below the detection level for LAC2, until 18 DAF. Later stages were not analyses (data not shown).

A.

B.

C. 

CAREs found in AtcisDB

The list of putative cis-acting regulatory elements had been obtained by querying AtcisDB Search Engine [START_REF] Molina | Genome wide analysis of Arabidopsis core promoters[END_REF] for locus ID At5g48100 (up dated 16.04.2009). The image of the genomic region of the At5g48100 locus is a visualization of the data presented in the table (adapted from AtcisDB). 
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