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Lay Abstract

Have you ever wondered how a single cell can become a full grown organism? Well it starts when an egg and sperm fuse together. As time passes this single cell divides over and over again until an organism is formed. During this developmental process, somehow the cells know exactly where they are and what they need to become so that they form the organism. However, we don't fully understand this process and this is what we hope to answer with our research: How do the cells know where they are and what they need to become during development?

We study this process in the fruit fly. Although fruit flies might not look a lot like us, during early embryonic development we are quite similar, so we can try to answer these questions in fruit flies and what we find might be relevant to other organisms like us.

During development, the first element that an embryo needs to know is the orientation of its body, where the head and tail, the left and right and the back and front of the body will be. We concentrate on studying how the head to tail axis, which we call the anterior-posterior axis, is formed.

To know where the head is going to be, the embryo releases proteins called morphogens that broadcast instructions to other genes so that cells know where they are and what they should become. We study a morphogen called Bicoid. Its concentration is high in the anterior, the region that will become the head of the embryo, and lower as you move towards the posterior where the tail will form. Bicoid activates a gene called hunchback, which ends up dividing the embryo in two large parts, the top and the bottom. However, Bicoid's message fades away during each cell division and needs to be read again at the beginning of each new nuclear cycle. So how is the message read and how long does this process take? This last question is particularly critical during the period of very fast cell division.

My thesis tries to answer this question. We found out that it takes 3 minutes for a nuclei to read the Bicoid concentration, activate hunchback and express it correctly. However, in contrast to what was believed before, or namely, that only Bicoid was involved in this process, we found out that other players are involved in helping relay this message. This way hunchback can accurately divide the body in two parts exactly in the middle and without mistake in such a short period of time. iv

Abstract

During development, cell differentiation frequently occurs upon signaling from concentration or activity gradients of molecules called morphogens. These molecules control in a dose-dependent manner the expression of sets of target genes that determine cell identity. A simple paradigm to study morphogens is the Bicoid gradient, which determines antero-posterior patterning in fruit fly embryos. The Bicoid transcription factor allows the rapid step-like expression of its major target gene hunchback, expressed only in the anterior half of the embryo. The general goal of my thesis was to understand how the information contained in the Bicoid morphogen gradient is rapidly interpreted to provide the precise expression pattern of its target. Using the MS2 system to fluorescently tag specific RNA in living embryos, we were able to show that the ongoing transcription process at the hunchback promoter is bursty and likely functions according to a two-state model. At each nuclear interphase, transcription is first observed in the anterior and it rapidly spreads towards the posterior, as expected for a Bicoid dose-dependent activation process. Surprisingly, it takes only 3 minutes from the first hints of transcription at the anterior to reach steady state with the setting of a sharp expression border in the middle of the embryo. Using modeling taking into account this very fast dynamics, we show that the presence of only 6 Bicoid binding sites (known number of sites in the hunchback promoter) in the promoter, is not sufficient to explain the establishment of a sharp expression border in such a short time. Thus, either more Bicoid binding sites or inputs from other transcription factors could help reconcile the model to the data. To better understand the role of transcription factors other than Bicoid in this process, I used a two-pronged strategy involving synthetic MS2 reporters combined with the analysis of the hunchback MS2 reporter in various mutant backgrounds. I show that the pioneer factor Zelda and the Hunchback protein itself are also critical for hunchback expression, maternal Hunchback acting at nuclear cycle 11-12, while zygotic Hunchback is acting later at nuclear cycle 13-14. The synthetic reporter approach indicate that in contrast to Hunchback and Caudal, Bicoid is able to activate transcription on its own when bound to the promoter. However, the presence of 6 Bicoid binding sites only leads to stochastic activation of the target loci. Interestingly, the binding of Hunchback to the Bicoid-dependent promoter reduces this stochasticity while Caudal might act as a posterior repressor gradient. Confronting these experimental data to theoretical models is ongoing and should allow to better understand the role of transcription factors, other than Bicoid, in hunchback expression at the mechanistic level. 

Résumé

La différenciation des cellules au cours du développement est souvent déclenchée par des gradients de concentration ou d'activité de molécules appelées morphogènes. Ces molécules contrôlent de façon dosedépendante les ensembles de gènes déterminant l'identité cellulaire. Un paradigme simple pour l'étude des morphogènes est le gradient de Bicoid, qui détermine l'identité cellulaire le long de l'axe antéro-postérieur chez la mouche du vinaigre. Le facteur de transcription Bicoid permet l'expression rapide de son principal gène cible, hunchback, dans la moitié antérieure de l'embryon dans un domaine d'expression avec une bordure très franche. L'objectif principal de ma thèse était de comprendre comment l'information graduelle inscrite dans le gradient de concentration de Bicoid est rapidement interprétée pour permettre la formation de la bordure du domaine d'expression de son gène cible.

En utilisant le système MS2 rendant fluorescents des ARN spécifiques dans les embryons vivants, nous avons montré que la transcription au promoteur d'hunchback est « bursty », reflétant vraisemblablement le fonctionnement d'un promoteur à deux états. A chaque interphase, la transcription est d'abord détectée à l'antérieur et se propage rapidement vers le postérieur, comme attendu pour un processus dépendant de la dose de Bicoid. De manière surprenante, il suffit de 3 minutes, après la première détection de transcription à l'antérieur, pour que l'expression soit stabilisée et que la bordure franche du domaine d'expression soit précisément positionnée au milieu de l'embryon. Le développement de modèles théoriques prenant en compte la rapidité de cette dynamique, montre que, seuls, 6 sites de liaison à Bicoid (nombre de site connus dans le promoteur d'hunchback) ne sont pas capables d'expliquer la formation de cette bordure franche dans un délai aussi court. Ainsi, soit une augmentation du nombre de sites de liaison à Bicoid, soit l'implication d'autres facteurs de transcription doit être prise en compte pour réconcilier données expérimentales et modélisation. Afin de mieux comprendre le rôle des facteurs de transcription autres que Bicoid dans ce processus, j'ai utilisé une double stratégie impliquant des gènes rapporteurs MS2 synthétiques combinés à l'analyse du gène rapporteur hunchback MS2 dans des contextes génétiques mutants. J'ai pu montrer que le facteur de transcription « pionnier » Zelda et la protéine Hunchback elle-même sont critiques pour l'expression du gène hunchback, la composante maternelle d'Hunchback agissant plutôt aux cycles nucléaires 11-12, alors que la composante zygotique agirait plus tard aux cycles nucléaires 13-14. L'analyse des gènes rapporteurs synthétiques indique que, contrairement à Hunchback et Caudal, Bicoid est capable d'activer la transcription à elle seule en se fixant sur le promoteur. Toutefois, la présence de 6 sites de liaison à Bicoid ne permet qu'une activation stochastique du gène cible. De façon intéressante, la fixation d'Hunchback sur un promoteur régulé par Bicoid réduit cette stochasticité alors que Caudal agirait comme un gradient postérieur répresseur. La confrontation de ces données expérimentales aux modèles théoriques est en cours et devrait permettre de mieux comprendre le rôle de chacun de ces facteurs autres que Bicoid dans l'expression d'hunchback d'un point de vue mécanistique.
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One of the first features that any embryo needs to establish is the axes of its body and their respective orientation, in other words, where its head/tail (anterior/posterior), back/front (dorsal/ventral), and left/right parts of its body will be. While most animals (vertebrates, annelids, and some arthropods) specify cellular location in the embryo by sequentially adding segments to their body during growth, some recently evolved insects form segments while simultaneously subdividing the embryo (Jaeger, 2011).

For example, in Drosophila melanogaster, also known as the fruit fly, the future head/tail (antero-posterior axis) is determined by maternal ribonucleic acids (RNAs) that are laid and anchored at each extremity of the mother's egg (oocyte). After fertilization, these RNAs are translated into gradients of proteins called morphogens, which diffuse from the source of synthesis and broadcast information to the cells about their spatial location in the form of their concentration. In response to that information, the cells can then activate expression of different target genes (the gap genes) which will help divide the body in large domains along the anteriorposterior (AP) axis, and further activate other sets of genes (pair-rule) into smaller domains that will themselves further activate other sets of (segment polarity) genes, dividing segments into smaller regions. Finally, the cells in each region will get distinct signals and express specific sets of genes (homeotic genes) which will reflect its position along the AP axis and determine its identity and function (Fig. 1). In this way, when morphogenesis happens, each cell knows where

it is and what it should become. Cells can then move to form the right organ in that specific place, and start robustly shaping the living organism [START_REF] Martinez-Arias | Molecular Principle of Animal Development[END_REF].

Figure 1. Drosophila embryonic development at a glance: By convention the anterior pole is on the left, the posterior on the right, the dorsal side is up and the ventral side is down. The early embryonic patterns are established by maternal genes that form morphogen protein gradients. One such protein is Bicoid, a transcription factor that activates gap genes like hunchback, which in turn define broad territories in the embryo. This then enables the activation of the pair-rule genes (eve, ftz), which further divide the body into smaller regions. The segment polarity genes then divide the embryo into segmented units (wg), which define the spatial domain of the homeotic genes (abd-A), with each segment conferring a unique identity. Reproduced with permission from [START_REF] Martinez-Arias | Molecular Principle of Animal Development[END_REF].

My research focuses on the very first 2 hours of the anterior axis development in the fruit fly. It aims to understand how the signal contained in the smooth concentration gradient formed by Bicoid (Bcd), a protein morphogen involved in anterior formation, activates one of its target gapgenes, hunchback (hb), whose RNAs are expressed in a domain harboring a step-like expression border dividing the body in half after only a very short time.

Drosophila melanogaster life cycle

Drosophila melanogaster, commonly known as the fruit fly, has been used as a powerful model organism to study development. This insect undergoes a complex metamorphosis through its life cycle. Emerging from the fusion of an oocyte and a spermatozoid, an embryo develops in 24 hrs and hatches into a crawling larva which will spend around 24 hours in three successive larval stages. At the end of the last larval stage, the larva stops moving and becomes a pupa in which metamorphosis will occur and from which the adult fly will emerge. During each part of the life cycle different developmental processes can be studied (Fig. 2a). For example, during the embryonic stage, scientists aim to understand how spatial patterns emerge, how segmentation arises and how cells get to know their location and function. In the pupal stage, on the other hand, they aim to understand how more complex organs and systems are formed like the nervous system or the imaginal discs which will give rise to the adult appendages. In the adult fly, behavior or immunity can be studied, among other things [START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF]. In all the stages of development, the function of specific proteins can be studied via the effect of mutations on the individual and its progeny.

Oogenesis

Female flies have a pair of ovaries, each composed of ~15 ovarioles which contain a linear sequence of egg chambers at different developmental stages. Each egg chamber produces a single egg. It is composed of 16 germline cells (15 nurse cells and one oocyte) which are surrounded by ~600 somatic follicle cells [START_REF] Bastock | Drosophila oogenesis[END_REF]. The egg chamber arises from the germarium, hosting at its tip the germline stem cells, which divide asymmetrically to give rise to a germline stem cell and a cystoblast. After 4 uncomplete divisions, this cystoblast will give rise to the 15 nurse cells and one oocyte connected by cytoplasmic bridges. Once differentiated, the new egg chamber buds off from the adjacent egg chambers staying linked by stalk cells [START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF]. In the next stages, the egg chamber rotates (Fig. 2b), polarizing its actin cytoskeleton, which leads to its adherence to the extracellular matrix and allows the egg chamber to elongate [START_REF] Bastock | Drosophila oogenesis[END_REF]. As the egg chamber elongates, the border cells containing the polar cells start migrating towards the oocyte. This leads to periodic basal actomyosin contractions which activate polarization of maternal mRNAs [START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF]. Motor proteins travelling along the microtubules help transport these polarized maternal mRNAs to a specific pole of the oocyte. As an example, bcd mRNAs are transported by Dyneins towards the anterior pole of the embryo, while nanos (nos) is tethered to its posterior end [START_REF] Gilbert | Developmental Biology[END_REF]) (Fig. 2b). Finally, to form the mature egg, follicle cells synthesize yolk polypeptides, transport them to the oocyte, and produce the egg shell. Meanwhile, other maternal RNAs such as hb or caudal (cad) mRNAs are produced in the nurse cells and dumped into the oocyte cytoplasm through the cytoplasmic bridges. These maternal mRNA distribute evenly in the oocyte where they remain translationally quiescent until fertilization and egg laying [START_REF] Gilbert | Developmental Biology[END_REF][START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF]. [START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF].

Early embryonic development

Drosophila melanogaster early embryonic development is under the control of maternally supplied RNAs (maternal RNAs), which are translated upon egg laying [START_REF] Lefebvre | Flying the RNA Nest: Drosophila Reveals Novel Insights into the Transcriptome Dynamics of Early Development[END_REF].

During this period, the nuclei are located in the center of the embryo and divide rapidly going though succesive S phases and mitoses (no G2 phase). These rapid divisions occur synchronously and without cytokinesis, forming a syncytial pre-blastoderm (Fig. 3) [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF]. After 8 extremely fast nuclear cycles (nc) of ~8 min/each, nuclei start to migrate from the center to the cortical region of the embryo. The first hints of zygotic transcription are detected at nc 8: this marks the onset of the zygotic genome activation and it is accompanied by a gradual lengthening of the nuclear cycles [START_REF] Lefebvre | Flying the RNA Nest: Drosophila Reveals Novel Insights into the Transcriptome Dynamics of Early Development[END_REF]. At nc 10 (after 9 nuclear divisions), the (2 9 ~ 500) nuclei have reached the periphery of the cell forming a single layer and this distribution facilitates their imaging in living embryos [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF][START_REF] Perez-Romero | Live Imaging of mRNA Transcription in Drosophila Embryos[END_REF]. While nc 10 lasts 10 minutes, nc 13 lasts 25 minutes and is the last synchronous cycle of the syncytial blastoderm [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF][START_REF] Gilbert | Early Drosophila Development[END_REF]. During these early stages, the embryo undergoes a transition during which the control of its further development is transferred to the zygotic genome [START_REF] Lefebvre | Flying the RNA Nest: Drosophila Reveals Novel Insights into the Transcriptome Dynamics of Early Development[END_REF]. At nc 14, which lasts more than one hour, the cellularization process begins through invagination of the cell membrane around each nucleus. Once this process is completed, the embryo reaches the cellular blastoderm stage and starts to undergo gastrulation [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF][START_REF] Gilbert | Developmental Biology[END_REF]. The horizontal bar shows the duration of each nc: S phase (green), mitosis (red), and G2 (blue). Nuclear cycle 14 is the first to present a G2 phase and asynchronous division time. The preblastoderm and blastoderm stages are indicated with white boxes. The timing of notable morphological events is demarcated in gray boxes: migration of the nuclei to the periphery, germline emergence by pole cell individualization, cellularization and gastrulation (marked by the formation of the ventral and cephalic furrows). Finally the approximate number of genes for which zygotic transcripts have been detected is represented by the purple curve at the bottom. Reproduces with permission from [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF].

Anterior-Posterior cell fate specification

The determination of polarity axes (Anterior-Posterior, Dorso-Ventral, Left-Right) is essential for development. As mentioned above, it is generally under the control of gradients of molecules called morphogens. The existence of these substances was first proposed by Thomas Morgan in the early 20 th century [START_REF] Morgan | Experimental embryology[END_REF]. The term was used by Alan Turing before their actual discovery, although he thought of them as "a system of chemical substances, reacting together and diffusing through a tissue" or embryo (Fig. 4A) [START_REF] Turing | The Chemical Basis of Morphogenesis[END_REF]. The definition of a morphogen was later revisited by Lewis Wolpert who proposed them to be molecules/substances with two specific properties: i) a morphogen is distributed as a concentration or an activity gradient; ii) a morphogen is able to induce different cell fates at different concentrations. A morphogen provides positional information to each nucleus/cell, which "measures" the morphogen concentration (or activity) supposedly through a threshold mechanism, allowing the expression of specific sets of target genes responsible for nucleus/cell identity. This model is known as the French Flag model [START_REF] Kerszberg | Specifying positional information in the embryo: looking beyond morphogens[END_REF][START_REF] Wolpert | Positional Information and the Spatial Pattern of Cellular Differentiationt[END_REF] (Fig. 4B). One important prediction that arises from this model is that a change in the morphogen concentration should induce a shift in cell fate determination along the axis. The first identified substance shown to have the two essential morphogen properties and fulfilling Wolpert's prediction was Bicoid, which defines polarity along the anterior axis of the fruit fly embryo [START_REF] Driever | The bicoid protein determines position in the Drosophila embryo in a concentration-dependent manner[END_REF], 1988a). The morphogen (yellow dots) is secreted from its source nuclei/cell (yellow) and forms a concentration gradient within the responsive nuclei/cell/tissue. Nuclei/cells exposed to morphogen concentrations above threshold 1 activate certain genes (red), while nuclei/cells exposed to intermediate concentrations (between thresholds 1 and 2) activate a different set of genes (pink) and also inhibit the genes induced at the higher concentrations. Those nuclei/cells encountering low concentrations of morphogen (below threshold 2) activate a third set of genes (blue). This model relies on long range interactions between cells. Reproduced with permission from [START_REF] Gilbert | Developmental Biology[END_REF].

Genes involved in Anterior-Posterior patterning

The determination of the fruit fly embryo anterior-posterior (AP) axis is mainly defined by four maternal RNAs: bcd, nos, hb and cad. In a mature oocyte, the bcd RNAs are anchored at the anterior pole of the embryo while nos RNAs are anchored at the posterior pole. In contrast, hb and cad RNA are initially evenly distributed along the AP axis (Fig. 5A). Upon egg laying, these RNAs are translated. Unlike their RNAs, the Bcd and Nos proteins are free to diffuse in the syncytial embryo from their respective places of synthesis (where their RNAs are anchored).

They form opposing concentration gradients (Fig. 5B). Both these proteins are translation regulators: Bcd represses the translation of cad mRNA in the anterior while Nos represses the translation of hb mRNA in the posterior (Fig. 5C) [START_REF] Johnston | The origin of pattern and polarity in the Drosophila embryo[END_REF]. The whole process leads to the localized expression of Bcd and maternal Hb in the anterior, and of Nos and maternal Cad in the posterior. The Bcd protein is a homeodomain-containing transcription factor (TF) (Driever & Nüsslein-Volhard, 1988a;[START_REF] Hanes | DNA specificity of the bicoid activator protein is determined by homeodomain recognition helix residue 9[END_REF], which regulates the anterior organization of the embryo by activating the expression of target genes responsible for anterior development such as hb [START_REF] Driever | The bicoid protein is a positive regulator of hunchback transcription in the early Drosophila embryo[END_REF]). As mentioned above, Bcd also represses cad mRNA translation by binding through cad 3'UTR and this leads to the expression of the Cad protein in a posterior gradient (Fig. 5C) [START_REF] Rivera-Pomar | RNA binding and translational suppression by bicoid[END_REF]. In embryos from bcd mutant females, the head and the thorax do not form (they are replaced by a duplication of the most posterior part of the tail, the telson) indicating that Bcd is necessary for head and thorax formation.

Reciprocally, the injection of purified bcd RNA in the anterior of embryos from bcd mutant females or in the posterior of wild-type embryos induces the formation of anterior structures [START_REF] Driever | Autonomous determination of anterior structures in the early Drosophila embryo by the bicoid morphogen[END_REF]. By increasing the amount of Bcd in the embryo using transgenic additional copies of the bcd genes in the female, C. Nüsslein-Volhard and W.

Driever demonstrated that an increase in Bcd induces a shift of the whole fate map of the embryo towards the posterior and thus that Bcd behaved as a morphogen according to the prediction of the French Flag model (Driever & Nüsslein-Volhard, 1988a;[START_REF] Wolpert | Positional Information and the Spatial Pattern of Cellular Differentiationt[END_REF]. As shown by allelic series, Bcd has an organizing activity: high concentrations produce the most anterior head structures, slightly lower concentrations produce the segmented head structures, even lower concentrations produce the thorax (Fig. 6 red panel) [START_REF] Johnston | The origin of pattern and polarity in the Drosophila embryo[END_REF]Porcher & Dostatni, 2010).

hb is a gap gene that is activated by Bcd in a large domain ranging from the anterior tip to the middle of the embryo, where it has a very sharp and precisely positioned expression border [START_REF] Crauk | Bicoid determines sharp and precise target gene expression in the Drosophila embryo[END_REF]Porcher et al., 2010). When hb transcriptional regulation by Bcd was discovered, it was proposed that its expression pattern resulted from the presence of high-affinity binding sites for Bcd in the hb promoter, allowing expression even at low concentrations of Bcd [START_REF] Driever | The bicoid protein is a positive regulator of hunchback transcription in the early Drosophila embryo[END_REF][START_REF] Struhl | The gradient morphogen bicoid is a concentration-dependent transcriptional activator[END_REF]. The existence of high affinity binding sites for Bcd in the hb promoter was proven experimentally by [START_REF] Struhl | The gradient morphogen bicoid is a concentration-dependent transcriptional activator[END_REF]. Bcd and maternally provided Hb act synergistically to activate hb expression zygotically (Simpson-Brose et al., 1994). In turns, Bcd and Hb (maternal and zygotic) act synergistically to promote the transcription of other head gap-genes such as buttonhead and orthodentical (Fig. 6 red panel) [START_REF] Gilbert | Developmental Biology[END_REF]Simpson-Brose et al., 1994). [START_REF] Gilbert | Early Drosophila Development[END_REF].

The Nanos posterior gradient represses maternal hb mRNA translation in an indirect way [START_REF] Irish | The Drosophila posterior-group gene nanos functions by repressing hunchback activity[END_REF]. In the anterior of the embryo, another protein, Pumilio, binds the Nos Response Element in the hb 3' UTR allowing normal polyadenylation and translation. In contrast, in the posterior of the embryo Nanos binds Pumilio and prevents it to bind to the hb 3' UTR thus preventing the polyadenylation of hb RNA, inducing the shortening of hb mRNAs poly A tails and preventing their translation (Fig. 5C) [START_REF] Wreden | Nanos and pumilio establish embryonic polarity in Drosophila by promoting posterior deadenylation of hunchback mRNA[END_REF]. As a consequence of their lack of translation in the posterior, hb maternal mRNAs are degraded. Importantly, embryos lacking the maternal contribution of hb and Nos survive to adulthood. This indicates that the maternal contribution of hunchback is not essential for development and that the main role of Nos in patterning the AP axis is to repress hb mRNA translation in the posterior [START_REF] Irish | The Drosophila posterior-group gene nanos functions by repressing hunchback activity[END_REF]. The repression of hb mRNA translation in the posterior is required for the expression of posterior gap-genes such as knips and giant (Fig. 6 blue panel) [START_REF] Gilbert | Early Drosophila Development[END_REF][START_REF] Lehmann | The maternal gene nanos has a central role in posterior pattern formation of the Drosophila embryo[END_REF].

Maternal to Zygotic transition

As we have seen, early embryonic development is under control of the maternal genome (maternal mRNAs and proteins expressed in females during oogenesis). Maternal genes enable the first mitotic divisions, which are extremely rapid, 8 nuclear divisions occurring in about 1 hour. During this period, the chromatin exists in a relatively simple state (no methylation and low acetylation marks) [START_REF] Lefebvre | Flying the RNA Nest: Drosophila Reveals Novel Insights into the Transcriptome Dynamics of Early Development[END_REF]. Maternal genes also enable the activation of zygotic genes. During this maternal stage, the Zelda pioneer TF has been shown to bind to enhancers of early transcribed developmental genes, favoring their expression [START_REF] Darbo | Transcriptional and epigenetic signatures of zygotic genome activation during early Drosophila embryogenesis[END_REF][START_REF] Foo | Zelda Potentiates Morphogen Activity by Increasing Chromatin Accessibility[END_REF]Liang et al., 2008a). This contributes to the first wave of zygotic activation at nc 8 (Fig. 7, light blue) with the transcription of a small set of genes (mostly segmentation genes) which is then followed by a second massive wave of zygotic transcription (Fig. 7, dark blue) starting at nc 13 and involving thousands of genes [START_REF] Tadros | The maternal-to-zygotic transition: a play in two acts[END_REF]. As time progresses, the maternal mRNA pool is progressively degraded (Fig. 7, red), resulting in a switch from maternal to zygotic genome control around the second hour of embryogenesis [START_REF] Lefebvre | Flying the RNA Nest: Drosophila Reveals Novel Insights into the Transcriptome Dynamics of Early Development[END_REF]. 

Noise and robustness during embryonic development

Embryonic development is highly dynamic yet very accurate and reproducible between individuals. When we look at the single cell level, gene expression is rather noisy. This noise comes from two different sources: intrinsic noise (from the stochasticity of reaction processes)

and extrinsic noise (from environmental fluctuations) (Yang et al., 2018). Therefore, how an embryo can develop so precisely and so robustly despite these significant sources of noise is rather intriguing. Gene-regulatory networks have been proposed to be the answer to that question [START_REF] Bentovim | Transcriptional precision and accuracy in development: from measurements to models and mechanisms[END_REF]. The Bicoid -hunchback system provides a simple model, which can be used to study the question of noise and robustness during development. In this system, the Bcd exponential decay concentration gradient is thought of as the input, which is transformed into a precise output, the step-like response of the hb mRNA or the Hb protein (Gregor et al., 2007a;Porcher et al., 2010).

The Bicoid gradient

The first direct visualization of Bcd gradient was demonstrated using immunohistochemistry and specific antibodies against Bcd (Driever & Nüsslein-Volhard, 1988a;[START_REF] Struhl | The gradient morphogen bicoid is a concentration-dependent transcriptional activator[END_REF].

Quantification of immunofluorescence allowed calculation of the exponential decay length of the gradient ( = 100 µm) in the concentration gradient function, C(x) = Co e -x/ [START_REF] Houchmandzadeh | Establishment of developmental precision and proportions in the early Drosophila embryo[END_REF]. The quantification of the absolute levels of Bcd in vivo and the determination of its concentration (Co) remained a challenge.

Bcd's distribution and dynamics were first studied in live embryos by Gregor and collaborators using a Bcd-eGFP fusion expressed under the control of the bcd regulatory sequences to visualize the spatial distribution of the protein (Gregor et al., 2007b). These experiments revealed that there was a ~4 fold difference in the nuclear versus cytoplasmic concentration of the Bcd protein during interphase (S-phase). They also showed that although Bcd nuclear accumulation disappeared during each mitosis, it was rapidly re-established during each interphase following nuclear envelope formation (Gregor et al., 2007b). Bcd nuclear accumulation and gradient shape could be detected as early as nc 6, but the gradient steady state was only reached at nc 11 [START_REF] Little | The Formation of the Bicoid Morphogen Gradient Requires Protein Movement from Anteriorly Localized mRNA[END_REF]. Once the steady state is reached, Bcd nuclear concentration remains constant until nc 14 with 10% accuracy at any given position along the AP axis between cycles for a given embryo, and with a 10% variation between embryos in the same cycle (Fig. 8A,C) (Abu-Arish et al., 2010;Gregor et al., 2007b;[START_REF] Gregor | Shape and function of the Bicoid morphogen gradient in dipteran species with different sized embryos[END_REF].

Protein diffusion plays a major role in the formation of morphogen concentration gradients, influencing the range and speed at which they are established. It also influences a morphogen function, limiting the speed and precision at which its concentration can be interpreted (Fradin, 2017). Bcd-eGFP diffusion coefficient (D) was initially measured in live embryos by Fluorescence Recovery After Photobleaching (FRAP) (Gregor et al., 2007b) and was found to be D = 0.3 µm 2 /s. Given the fast establishment of a steady gradient (~1 hour), this value was too slow to support the hypothesis that the formation of the gradient occurs by simple diffusion (Gregor et al., 2007b). However, Fluorescence Correlation Spectroscopy (FCS) studies later done by the Fradin group showed that these earlier FRAP experiments failed to properly detect rapidly moving Bcd molecules (Abu-Arish et al., 2010;Fradin, 2017;Porcher et al., 2010). In the cytoplasm, the average diffusion coefficient of Bcd as detected by FCS was in fact ~ 7µm 2 /s and 80% of the molecules were moving rapidly (Abu-Arish et al., 2010). This was later confirmed by the Wieschaus's group using photoconvertible proteins (Drocco et al., 2011). In the same work, the lifetime (τ) of the protein was shown to be about τ = 50 min (Drocco et al., 2011). These observations led to the conclusion that the establishment of the Bcd gradient likely occurs via the Synthesis-Diffusion-Degradation model (SDD model) championed by F. Crick [START_REF] Crick | Diffusion in embryogenesis[END_REF] and originally proposed in the case of Bcd by Driever and Nüsslein-Volhard (Driever & Nüsslein-Volhard, 1988a). When applied to Bcd gradient formation, this model assumes Bcd synthesis at a constant rate from a point source (the anterior pole where the maternal Bcd mRNAs are concentrated), free diffusion across the embryo (facilitated by the syncytial nature of the fly embryo), and degradation at a constant rate (the degradation is the inverse of Bcd's lifetime). The SDD model predicts that the gradient should be exponential, with a characteristic length ( = (D) 1/2 ) on the order of λ = 100 μm, in good agreement with experimental observations (Fig. -Arish et al., 2010;Drocco et al., 2011).
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Concerning the absolute concentration of Bcd in the embryo, two approaches both using the Bcd-eGFP gradients came to consistent measurements (same order of magnitude). T. Gregor and coworkers, compared the fluorescence intensity in the embryo with the fluorescence of a solution containing a known concentration of GFP and evaluated the absolute concentration of the fluorescent Bcd-eGFP at ~50 nM at the pole (Gregor, Tank, et al., 2007). Using FCS, the Fradin team, evaluated the concentration at the anterior pole to be ~140 nM (Abu-Arish et al., 2010;Porcher et al., 2010).

The hunchback transcriptional response

With increased knowledge of Bcd gradient dynamics, the next question becomes how variability in the Bcd gradient might affect the precision and robustness of target genes expression. Most studies focused on hb gene expression, as it is Bcd's major target gene. hb is expressed very early (nc 9) (Porcher et al., 2010) and its domain of expression extends over the whole anterior half of the embryo. The border of the Hb protein expression domain is robustly positioned in the middle of the embryo, at x = 0.5 egg length (EL) [START_REF] Houchmandzadeh | Establishment of developmental precision and proportions in the early Drosophila embryo[END_REF]. Use of reporters placing lacZ under the control of an artificial Bcd-dependent promoter revealed that a simple promoter with just three binding sites for Bcd resulted in an expression border that was precisely positioned with a variability among embryos of only 1.6% egg length [START_REF] Crauk | Bicoid determines sharp and precise target gene expression in the Drosophila embryo[END_REF].

The distance between two nuclei on each side of the border with significantly different probabilities to express hb has been shown to be 2% EL (dx ~ 10 μm), looking either at the Hb protein expression domain (Gregor et al., 2007a) or at the hb transcription by RNA FISH (Porcher et al., 2010). The change in Bcd concentration over this distance is δc/c = dx/λ = 10% (Fig 8B ,C) (Gregor et al., 2007b;Porcher et al., 2010). Since the absolute number of Bcd molecules in a single nucleus at the expression border (at 50% EL) has been evaluated to be 700, a nucleus on the anterior side of the hb border expressing hb thus only contains 70 more Bcd molecules than a nucleus on the posterior side of the hb border which is not expressing hb (Abu-Arish et al., 2010;Gregor et al., 2007a). Also note that the precision with which a nucleus can establish its position by detecting Bcd concentration, 2% EL, is in the same range as that detected for the position of the Bcd gradient itself (Gregor et al., 2007b). This indicates that all steps in the process, i.e., the establishment of the gradient and the transcription and translation processes are very well controlled (Gregor et al., 2007a;Gregor et al., 2007b;Porcher et al., 2010).

The robust expression of hb is acquired, by nc 11 (Porcher et al., 2010), only 30 min after nc 8 which corresponds to both the onset of zygotic transcription and the steady establishment of the Bcd gradient (Gregor et al., 2007a;Gregor et al., 2007b). The robustness of the process contrasts with the stochastic nature of transcription in eukaryotic cells [START_REF] Raser | Noise in gene expression: origins, consequences, and control[END_REF]. In addition, the rapidity of the process is surprising given that this 30 min period is punctuated by three mitoses, during which the transcription process is interrupted (Porcher et al., 2010). Given this interruption of transcription during mitosis, two hypotheses were proposed: either robust hb transcription is achieved during each of the interphases of nc 8 to 14 (which greatly reduces its time length, from about 30 minutes to a few minutes) or the information about the measurement is memorized by each nucleus over mitosis (this hypothesis was called the memory hypothesis) (Porcher et al., 2010).

Precision of the transcriptional response

The precision of the readout is defined as the smallest change in the input resulting in a significantly different output. Using statistical mechanics and assuming that the Bcd TF is free to diffuse in 3D to find its target (its binding site on the hb promoter), the maximum precision with which the Bcd concentration can be detected at the hb gene, and that can be reached in a given time T, is given by an updated version of the formula originally proposed by Berg and Purcell (Berg & Purcell, 1977;Bialek & Setayeshgar, 2005;[START_REF] Kaizu | The Berg-Purcell Limit Revisited[END_REF], c/c = (4DacT) -1/2 . We see that this precision is limited by the absolute concentration of Bcd molecules at the expression border (c), the size of the Bcd binding site in the promoter region (ɑ) and the diffusion coefficient of the Bcd molecules (D). This formula assumes Bcd as the only input responsible for hb response, as well as random arrival times for Bcd molecules at the promoter (Berg & Purcell, 1977). Reproduced with permission from (Fradin, 2017).

Given that the precision of Bcd readout at the hb gene is c/c ~ 10%, that the Bcd diffusion coefficient is D ~ 7µm 2 /s, its concentration in nuclei c ~ 4.8 ± 0.6 molecules/µm 3 (~ 700 molecules per nuclei) at the hb expression boundary, and that the effective size of the Bcd binding site in the promoter region can be considered to be about 8 base pairs (~ 3nm), it is possible to calculate the minimum time it should take the system to measure Bcd concentration with the observed precision. This calculation indicates that it should take ~25 minutes for the Bcd-hb system to reach the observed precision.

These calculated 25 minutes are much longer than the actual time the embryos have during each single S-phase from nc 8 to 13 (from 5 -12 min) to measure the Bcd gradient and robustly express hb. This raises the question of how the embryos achieve such a precise measurement in such a short period of time? Could processes beyond a simple binding equilibrium of Bcd on the promoter explain the discrepancy between the estimated and measured time to measure Bcd concentration? Or could players other than Bcd be involved in this process?

Live imaging of transcription

To answer these questions, the Dostatni's group and the Gregor's group have developed fluorescent systems to follow the transcription process directly in living embryos. They adapted to the early developing embryo the MS2 approach, which allows the fluorescent tagging of RNAs (Fig. 9A) [START_REF] Garcia | Quantitative Imaging of Transcription in Living Drosophila Embryos Links Polymerase Activity to Patterning[END_REF][START_REF] Lucas | Live imaging of bicoid-dependent transcription in Drosophila embryos[END_REF]. This system relies on the RNA stemloops of the MS2 bacteriophage and their MS2-coat protein (MCP), which can be fluorescentlytagged (MCP-GFP) [START_REF] Bertrand | Localization of ASH1 mRNA Particles in Living Yeast[END_REF]. This system, originally developed by R. Singer, had already provided unprecedented access to the dynamics of the transcriptional process in cell culture [START_REF] Larson | Probing Transcription Factor Dynamics at the Single-Molecule Level in a Living Cell[END_REF][START_REF] Lenstra | Single-Molecule Imaging Reveals a Switch between Spurious and Functional ncRNA Transcription[END_REF] or single cells organisms such as yeast, for instance to study telomere dynamics, which was the focus of my M.Sc. research [START_REF] Cusanelli | Telomeric Noncoding RNA TERRA Is Induced by Telomere Shortening to Nucleate Telomerase Molecules at Short Telomeres[END_REF].

Using a reporter gene in which the hb promoter was placed upstream of an MS2 cassette containing the sequence for 24 MS2 loops, a transgene expressing the MCP-GFP protein and a transgene expressing the nucleoporin (Nup-RFP) as marker for the nuclear envelop, the Dostatni's group showed that Bcd has no effect on the frequency of transcription activity periods (bursts) but increases their duration, suggesting that Bcd allows the maintenance of the flux of polymerase initiating transcription [START_REF] Lucas | Live imaging of bicoid-dependent transcription in Drosophila embryos[END_REF]. Even though extremely promising, the hb-MS2 reporter showed an unexpected expression in the posterior of the embryo [START_REF] Lucas | Live imaging of bicoid-dependent transcription in Drosophila embryos[END_REF], which we later found out to be due to unfortunate repetition of Zelda (Zld) binding sites in the MS2 cassette in between the sequence coding the MS2 stem-loop [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. Using a hb MS2-reporter with a new MS2 cassette mutated for all the potential Zld binding sites, which recapitulated what was known for endogenous hb expression using RNA-FISH, the goal of my thesis was to explore hb precise transcription during the very first hours of Drosphila development.

Main project hypothesis and objectives

My project was part of a collaboration between Pr. Cécile Fradin's group at McMaster University (Hamilton, Canada), and Pr. Nathalie Dostatni's group at the Curie Institute (Paris, France). The main objective of this collaboration is to get a better understanding of the mechanisms allowing precise and robust expression of morphogen target genes during the early development of the fruit fly embryo. More specifically, we want to understand how Bcd controls hb expression, with a particular emphasis on the fast and precise events taking place at the border separating the anterior region where hb is expressed and the posterior region where it is silenced.

Simple models trying to account for hb expression using only Bcd as an input fail to explain the spatiotemporal features observed in embryos. In particular, the very rapid measurement of Bcd concentration carried out by each nucleus during each S-phase is difficult to account for. Thus our main hypothesis was that hb transcriptional activity can be influenced by other TFs than Bcd, as binding sites for other TFs can be found in the hb promoter.

The MS2 approach developed in the Dostatni's lab allows the direct observation, in live embryos, of the transcription of a reporter gene recapitulating the expression of the hb gene from RNA FISH experiments. Beyond that, it also provides a unique opportunity to explore the dynamics of the formation of the hb expression border. My first aim was to use this approach to quantify the transcriptional dynamics of hb and determine the time taken for the hb gene to precisely measure Bcd concentration and achieve a robust expression.

We also wanted to understand to what extent factors, other than Bcd, might contribute to hb expression and how this is achieved. Therefore, my second aim was to use the same MS2 approach to start exploring the influence of different TFs on hb expression. For this, I used both classical genetics (i.e. mutant embryos missing one or both copies of hb maternal and/or zygotic genes) and synthetic biology (i.e. synthetic reporter genes with a minimal promoter region containing binding sites for only a small and well defined number of TFs).

So now let me guide you through what we have uncovered so far on our quest to understanding precision during embryonic development.

Chapter 2 

MATERIALS AND METHODS

Sample preparation and live imaging

The following book chapter describes the method we developed for imaging transcription in early Drosophila melanogaster embryogenesis using hb transcription as an example: the hb minimal promoter (~700 bp) was placed upstream of an MS2 cassette. It allows the visualization of the fluorescent tagging of the RNA while they are produced at the hb promoter and provides access to the spatio-temporal transcriptional dynamics of this promoter during early development. A complete overview of how to prepare embryos for imaging and how to choose the configuration of the confocal laser scanning microscope to image these embryos is given in this chapter. The result of this procedure is a dual-color 3D movie of the transcription of a particular reporter gene in the early fly embryo. Although we standardized the image acquisition in the early stages of my Ph.D., we had to develop methods to check for quality of the microscope setup as output may vary over long periods of time, and this might have an impact on quantitative fluorescence analysis. This quality control was a learning process, but was not systematically used during the thesis. Otherwise all the methods described here are those that were used to acquire that presented in Chapter 3 and Chapter 4 of this thesis.

Live imaging of mRNA transcription in Drosophila embryos

Published as a book chapter in Morphogen Gradients: Methods and Protocols, a book from the Methods in Molecular biology series, reproduced with permission [START_REF] Perez-Romero | Live Imaging of mRNA Transcription in Drosophila Embryos[END_REF] Carmina Angelica Perez-Romero 1,2 , Huy Tran 

My contribution:

Optimization of movie acquisition, manuscript writing, and figures production (except for Fig. 1e by Nathalie Dostatni, and Fig. 2 by Cécile Fradin, Table 1 was a joint effort with Cecile Fradin).

Objective of the book chapter:

To provide a comprehensive description of the methods we used to image hb transcription in live Drosophila embryos, friendly enough for new microscopists and/or new Drosophila researchers.

Highlights:

 In-vivo acquisition of transcription is discussed using the MS2 system to track hb transcription, and His-RFP as a nuclear marker.

 Embryo collection and maintaining on placing for optimal imaging is explained.

 Confocal microscopy parameters are discussed including their optimization and their importance for image quality.

Image and data analysis

The acquired hb-MS2/MS2-GFP movies contain a large amount of data from which information on the transcriptional dynamics can be measured and quantified. Although our eyes allow a quick peak at some of this information (like border location), this is just a qualitative way of assessing the data. Therefore, our laboratory developed a protocol allowing for a quantitative analysis of the images acquired as explained in the previous section. This protocol was implemented as a MATLAB program called LiveFly which allows us to process our two-color 3D confocal movies acquired from developing embryos in a semi-automatic way (meaning that user input and oversight is required at different checkpoints). This program delivers quantitative information in the transcriptional activity of each single nucleus in the field of view, which can then be analyzed in different ways.

Although this program was elaborated before my arrival, I contributed to shape it with a robust and user friendly graphical user interphase (GUI) allowing the image processing of movies in a reliable way. Another GUI was later build for analyzing the transcriptional dynamics features obtained from embryos where hb transcription has been perturbed. Here is summarized the capabilities of this program that has been published as an accompanying book chapter (Tran et al., 2018), and used to analyze the movies that led to our publications [START_REF] Desponds | Precision of readout at the hunchback gene[END_REF][START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]Tran et al., 2018).

LiveFly provides an interface for the analysis of two-color 3D confocal movies of Drosophila embryos. It is meant for embryos at an early stage of development (nc [START_REF] Bialek | Physical limits to biochemical signaling[END_REF][START_REF] Kaizu | The Berg-Purcell Limit Revisited[END_REF][START_REF] Gregor | Probing the Limits to Positional Information[END_REF][START_REF] Abu-Arish | High mobility of bicoid captured by fluorescence correlation spectroscopy: implication for the rapid establishment of its gradient[END_REF][START_REF] Drocco | Measurement and perturbation of morphogen lifetime: effects on gradient shape[END_REF], in which nuclei are fluorescently labeled and the transcription of a particular reporter gene has been made visible using the MS2-MCP system. The program performs three different image or data processing procedures: 1) From each movie, nuclei positions are determined, as well as their lineage; 2)

Within each nucleus, active transcription sites are identified and transcriptional dynamics information is extracted; 3) Results obtained for different embryos are merged together to increase statistics. The LiveFly toolbox provides three different modules that each implement one of these processes, which are detailed in the three sections below.

Nuclei segmentation and tracking

This module extracts the nuclei position and lineage from the nuclei channel, which in our case is the red channel since nuclei were marked with either His-mRPF (Histone-2B) or Nup107-mRFP (Nucleoporin 107). To facilitate this procedure, the nuclei channel is processed in 2D (3D movies are typically ~10 Gb). Therefore, the module first creates, at each time point, a 2D maximum projection of the image stack, which also registers the global change in nuclei movement from frame to frame (frame registration). Next, nuclei are automatically detected using user specified parameters (size, threshold). A mask of the detected nuclei is created, which can be manually corrected by the user by adding/deleting nuclei in each frame through the movie (nuclei segmentation, Fig. 10A). The segmented nuclei are then automatically tracked from frame to frame, and an individual ID number is given to each nucleus ID each nuclear cycle.

Genealogical information is also stored (i.e. for each nucleus, the ID number of the mother is saved). At this step, the user has to verify that tracking was indeed done correctly, and that the ID given to nuclei correspond between frames. Tracking accuracy was greatly increased by adding frame registration, which helped with the correct detection of most nuclei in each frame and minimized the tracking errors especially during drastic nuclei movements in mitosis. Mitosis poses another challenge, as nuclei divide in waves, starting from the two embryo poles [START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF]. Therefore, nuclei at the anterior pole may produce MCP-MS2 spots earlier due to either earlier chromatin decondensation or earlier reentrance of Bcd into the nucleic space. To correct for this, we identify the time of birth of each nucleus after mitosis, defined as the time when the segregation from its sibling is complete (Fig. 10B). This time is then set as t = 0 for that particular nucleus at this given nuclear cycle and it will be used as such for the MS2 time traces that the nucleus possibly expresses.

After the position of each nucleus has been determined in each frame, and their genealogy has been established along with their time of birth, the next step is to extract the transcriptional dynamics information.

Spot detection

This module extracts the fluorescent intensity of active MCP-GFP transcription loci in each nucleus as a function of time (MS2 time traces). These time traces contain information on the transcriptional dynamics of the corresponding gene (in our case a single hb locus). For each nucleus identified in the previous step (from the 2D maximum projection), the full 3D image stack in the MCP-GFP channel is used for spot detection. The approximate spot location is first determined using a thresholding method where the threshold value can be set and tested by the user for best signal detection of all transcription loci throughout the entire movie. The detected spot is then fitted with a 3D Gaussian function, from which the spot exact position and intensity are extracted (Fig. 10C). The obtained information is then compiled into a tabular output file, which combines the results of the nuclei segmentation (ID number, mother ID number, position, radius) with the results of the spot detection (intensity of the signal detected at the transcription site as a function of time, see Fig. 10C). gives us the transcriptional dynamics information for the particular locus. D) The transcriptional data for each analyzed movie can be seen in our data visualizer under the form of graphs showing, for PON, tactive, ΣI, μI as a function of position along the AP axis. These various parameters can be fitted to a Hill curve, which allow us to measure the Hill coefficient, the plateau of expression as well as the border of expression. Modified with permission from (Tran et al., 2018), [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF] and personal data.

Data visualizer

This module allows merging the data obtained for multiple embryos (as long as they have the same genetic background), and to visualize the transcription information contained in fluorescent traces produced at the MS2 reporter locus.

The program can extract several features of the transcriptional traces, such as: time of first spot appearance counted from the time of birth from each individual nucleus (tinit, called the transcription initiation time), the total spot appearance duration (tactive), the integrated spot intensity (ΣI) used as relative measure for the total amount of mRNA produced at a given locus, the mean spot intensity (μI) used as a relative measurement for the mRNA production rate, wether transcription was ON at any time during that cycle (activity = 1) or not (activity = 0) give us the probability for nuclei to be ON (PON). All these features are displayed as a function of the nucleus position along the AP axis (Fig. 10D) [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]Tran et al., 2018).

To compare and merge results from several embryos of the same genetic background, the features are first normalized by their value at the anterior pole to account for variability due to data acquisition process. In addition, to take into account variations in the embryo's growth rate, time is normalized for each cycle by the average length of the cycle.

Potential variations in the amount of maternal bcd mRNA in the embryo's anterior pole may lead to variations in Bcd concentrations at a given position in different embryos and thus variations in boundary position of the expression pattern. To take into account these variations likely due to the input (the Bcd gradient) if wanted by the user, the embryos' AP axis can be aligned by their respective border position based on the PON feature. In order to do this, the border position is set by inspecting where along the AP axis PON equals 0.5. The embryos' AP axes are then shifted to have their respective PON border at position 0% EL.

Additionally, this module can create a graph of the pattern based on these features, and characterize the hb expression pattern's steepness. The features are first normalized by their expected mean average value at the anterior pole to remove differences coming from the data acquisition process. The steepness of the features can then be obtained by least-square fitting of the feature value along the AP axis in each embryo and nuclear cycle with a sigmoid function, Hill curve [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]Tran et al., 2018):

where X is the position along the AP axis, X0 is the pattern's border position (f(X0)=0. 5) and H is the pattern steepness (i.e. the Hill coefficient) for the feature of interest. L is the decay length of the Bcd gradient, which is fixed at its known value of ~100 μm or 20 % EL (Fradin, 2017;Gregor, Wieschaus, et al., 2007).

Note that this alignment was done for WT embryos that have a very constant output (Chapter 3).

However, no alignment was performed when working with mutants, as they display more diverse phenotype and a less clear border, which we decided to first analyze without constrains (Chapter 4). Therefore, in any case, to determine the border position and the plateau value that PON reaches at the anterior part of the embryo, the experimentally determined PON profile was first smoothed using a moving average filter with a width corresponding to 7% EL, then the Although I am not the first author on any of these articles, I have significantly contributed to this work. I have acquired most of the movies in both [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF] and [START_REF] Desponds | Precision of readout at the hunchback gene[END_REF]. Movie processing was a joint effort with Dr. Lucas. Also, I participated in the discussions leading to the development of the models described in [START_REF] Tran | Precision in a rush: Trade-offs between reproducibility and steepness of the hunchback expression pattern[END_REF]. We have included here the article to which I contributed the most [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF], and summarized the findings reported in the other two, which are of a more theoretical nature [START_REF] Desponds | Precision of readout at the hunchback gene[END_REF][START_REF] Tran | Precision in a rush: Trade-offs between reproducibility and steepness of the hunchback expression pattern[END_REF]. All three articles showcase the potential of the live MS2 data acquired during my PhD, and they establish the need to consider the contribution of TFs other than Bcd to explain the rapid acquisition of the hb response "sharpness" which will be the object of Chapter 4.

How long does hb precise transcription take?

Lucas T, Tran H, Perez Romero CA, Guillou A, Fradin C, Coppey M, Walczak AM, Dostatni N.

"3 minutes to precisely measure morphogen concentration". PLOS Genet.

2018;14 [START_REF] Bialek | Physical limits to biochemical signaling[END_REF]:e1007676. doi:10.1371/journal.pgen.1007676.

This paper gives an answer to the long standing question of the time necessary for hb transcription to "measure" Bcd input and transform it into a domain of expression with a steep border, a step-like output we can observe for the transcription of its mRNA.

We measure the time it takes for hb to form its precise border during nuclear cycles 11-13 using a hb-MS2 reporter recapitulating the endogenous expression of the hb gene. Using modeling we show that only 6 Bcd binding sites (number of binding sites for Bcd described in the hb promoter) alone are not able to explain the fast establishment of the sharp expression border observed experimentally, opening the possibility that either there are more binding sites for Bcd in the hb promoter or that, in addition to Bcd, other TFs contribute to the process.

minutes to precisely measure morphogen concentration

Published as a research article in PLOS Genetics and reproduced with permission Tanguy Lucas 

My contribution:

Fly keeping, ensuring right microscopy setup and conditions for live imaging embryos, movie acquisitions parameters optimization. I acquired all the movies mentioned in the manuscript and movie processing was a joint effort with Dr. Tanguy Lucas. I reviewed the manuscript.

Research Objective:

To measure the time taken by hb to precisely measure Bcd concentration.

Research Highlights:

 We built and use a novel MS2 reporter without Zelda binding sites that recapitulates endogenous hb expression as seen in fixed embryos using RNA FISH.

 The time period required for hb expression to reach maximum efficiency increases with the distance from the anterior pole, consistent with a Bcd dose-dependent activation process.

 We show that it takes 3 minutes at each interphase of nc 11-13 for hb to measure Bcd concentration and to establish a steadily positioned and steep expression boundary.

hb Promoter state

The data contained in the hb MCP-GFP movies can be analyzed in diverse ways. Here I present a summary of the work that we have performed to infer the state of the hb promoter from the intensity traces of individual transcription sites, described in detail in: 

My contribution:

I acquired all the movies mentioned in the manuscript and used them to generate the time traces that were analyzed to compare transcription models. Movie processing was a joint effort between Dr. Tanguy Lucas and myself. I made some minimal contributions to manuscript editing.

Research Objective:

To infer the dynamics of the promoter state from the short traces of nascent transcript dynamics in living embryos using the hb-MS2 reporter gene.

Research Highlights:

 An inference approach based on autocorrelation functions allows the quantification of transcription dynamics.

 Comparing the predictions made using various models of transcription (Poisson, twostate and cycle models) to our experimental MS2 traces, we concluded that the hb promoter dynamics likely follows a two-state model.

 We found that the hb promoter ON rate (kon) is higher at the embryo's anterior, where Bcd concentration is higher, than at the boundary, whereas its OFF rate (koff) remains the same throughout the expression domain.

In this manuscript, we hypothesized that one could infer the state of the hb promoter (ON or OFF, Fig. 11 A,B) from the fluctuations (bursts) in the MS2 traces (Fig. 11D). This information was extracted by analyzing the autocorrelation function of the MS2 traces (Fig. 11E). This paper explores the use of such autocorrelation functions, using the data acquired in WT embryos, to check which model best describes the transcription activation of the hb promoter.

We explored three different models in this study that can be described using a traffic light analogy (car = polymerase, green light = ON, orange/red light = OFF). In the Poisson model, the light is always green and cars arrive sparsely and randomly at a certain average rate. In the twostate model, the light switches between red and green, while in the cyclic model, the light changes from green to orange to red. Cars have to stop when the light is orange or red light, and are only able to pass when the light is green (Fig. 11A). The waiting times between light switching follow an exponential distribution.

Autocorrelation functions allow us to determine the degree of correlation existing in a signal fluctuating over time (Fig. 11E). The resulting curve describes the persistence of the signal, which in our case contains information about the persistence of the promoter states (ON/OFF).

The autocorrelation curve decays with a characteristic relaxation time, which is related to how long the promoter stays in its ON/OFF states. From this decay time, and given the probability of the promoter to be ON calculated from the average trace intensity, we can extract the promoter switching rates kon and koff for two-state or cycle promoter models.

Simulations had shown that the autocorrelation function is affected by both the transcription elongation time and the short duration of the fluorescent time traces typically acquired in this developmental phase (Fig. 11F) (Ferraro et al., 2016). The paper introduces home-made mathematical modeling to overcome these problems, allowing the quantification of hb promoter dynamics of transcription accurately (i.e. the switching rates kon and koff between active and inactive transcription periods) (Fig. 11E) (Ferraro et al., 2016).

We fitted the data to different promoter state models and showed that all three considered models were consistent with our data, although the two-state and cycle models gave almost identical fits which were visibly better fits to the data (Fig. 11G). After examining this data more closely with theoretical predictions of relative mRNA production variability (mRNA/mRNA) for the two state and the Poisson models, we were able to conclude that the hb promoter follows a two-state model (Fig. 11J). Next we calculated the promoter switching rates for this model, and found out that in the boundary region of the embryo kon is much smaller than in the anterior, while koff has a similar range in the anterior and at the boundary (Fig 11K). This behavior can be attributed to a Bcd dependent response, as in the anterior Bcd concentration is higher allowing the activation of the transgene, whereas at the boundary lower Bcd concentrations result in smaller activation rates. 

Modeling hb transcription

Here 

My contribution:

I acquired and processed all the movies mentioned in the manuscript and used to generate the time traces that were analyzed to compare activation models. I made some minimal contributions to manuscript editing and review.

Research Objective:

To explore different activation models for the hb gene, and explain how it can form such a steep border in such a short time via its array of Bcd binding sites.

Research Highlights:

 The limited readout time imposed by nuclear cycles short duration in the early embryo affects genes ability to read positional information and achieve precise expression.

 Explored the trade-off between the ability of a regulatory system based on cooperative Bcd binding to the promoter region to produce a steep boundary and to minimize expression variability between different nuclei in the same region along the AP axis.

 Comparing our theoretical results with the hb transcription spatio-temporal dynamics extracted from our movies, we discuss possible regulatory strategies, suggesting an important role for additional binding sites, gradients or non-equilibrium binding and modified transcription factor search strategies.

Our main objective was to explore how the hb gene measures the Bcd input concentration and forms a steep precise border in a limited time, assuming that activation is caused by Bcd binding to the array of binding sites present in the hb promoter region. We found out that the limited readout time, imposed by nuclear cycle length, affects the genes ability to read positional information along the antero-posterior axis and to achieve precise expression. Therefore we explored the trade-off between the ability of a regulatory system to produce a steep boundary and to minimize expression variability between different nuclei along the embryo. We compared our theoretical results with hb transcription observed with the MS2 system.

From live imaging of hb transcription [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF], we showed that hb expression has a stable steep binary expression pattern established within the three minute interphase of nuclear cycle 11. In order to better understand the trade-off between biologically short cell cycles, steepness, readout error, we studied different models of gene expression regulation where transcription is controlled by the binding and unbinding of the Bcd transcription factor (TF) to multiple operator sites on the hb promoter. We consider equilibrium-binding models with different expression rules, non-equilibrium models [START_REF] Estrada | Information Integration and Energy Expenditure in Gene Regulation[END_REF] and equilibrium models with two TF gradients.

When visualizing hb expression, one can see the border of the expression domain from two different perspectives (Fig. 12A): 1) Its steepness, characterized by the Hill coefficient (H), which is estimated by fitting a Hill function to the hb expression profile over the embryo length (Fig. 12B). 2) Its readout error, calculated by comparing the response of nuclei at a similar position along the AP axis (Fig. 12C). It has been proposed that the steep boundary in hb expression might be the result of cooperative binding of Bcd at its different TF binding sites ( Driever et al., 1989b;[START_REF] Estrada | Information Integration and Energy Expenditure in Gene Regulation[END_REF]Gregor et al., 2007a). However, none of these studies questions whether such a steep boundary is achievable within the limited nuclear cycle time window, during which Bcd concentration is read. Using equilibrium models at steady state limited by nc length, we uncover a trade-off between the readout error and steepness of the expression pattern at the boundary: 1) the steeper the boundary, the larger the readout error (Fig. 12D). 2) For short nuclear cycles, there are few promoters switching, with high readout error for all H values. 3) Longer nuclear cycles overcome this problem, with steeper boundaries achievable with less readout error (Fig. 12D).

We propose a feature "positional resolution" ΔX of individual nuclei at the hb expression border to describe how well nearby nuclei can discern inputs such as Bcd (Fig. 12E) on the two sides of the expression boundary. The positional resolution is affected by the trade-off mentioned above

where low steepness has minimal error and similar expression in nuclei output (e.g. mRNA), while a high steepness has a high error in nuclei output (Fig. 12E). We explored this using equilibrium models at steady state and concluded that optimal steepness (H*) decreases with cell cycle time (Fig. 12F). Our theoretical data also indicated that, at early nc 11 the embryo can best discriminate readouts when producing a very high H, while at later nc12-13 a moderate H value between 2-5 is preferred (Fig. 12G). However, this model was not able to explain the high H ~ 7

values observed in our live imaging experiments at nc12-13.

Therefore, we decided to explore a hybrid equilibrium/non-equilibrium model, which was able to achieve high H* values (≤ 8); however, the best positional resolution is still achieved with 2 ≤ H ≤ 5, which does not agree with the experimental values (Fig. 12H). All of the models we used so far used Bcd as the only input, therefore we explored if having an equilibrium model with two opposing gradients, one anterior activator (Bcd) and one possible posterior repressor (Cad). It can achieve a steepness as high as H ~ 7, but the best positional resolution is still achieved with H ~ 4.

This experiments let us conclude that considering Bcd as the sole input of hb transcriptional regulation is a very narrow view unlikely to explain the reality of this complex biological system.

Therefore, it will be interesting to consider other transcription factors and their regulation on this system, so we can start building up a more relevant model that can recapitulate the precision of hb expression patterns. 

INTRODUCTION

The first two hours of fruit fly embryo development are crucial for defining body segmentation and cell identity 1,2 . During this time a complex cascade of gene expression is initiated in the embryo, allowing each nucleus to measure its spatial position in the body and fine-tune the gene expression program responsible for its identity 3-5 .

Along the antero-posterior (AP) axis of the fly embryo, the first patterning event is induced by the Bicoid (Bcd) morphogen, whose RNA is expressed in nurse cells during oogenesis and anchored at the anterior pole of the oocyte. Upon egg-laying, the translation of the protein proceeds but only at the anterior pole. Unlike the RNA, the protein can diffuse towards the posterior pole and its distribution in the embryo reaches a steady state exponential decay concentration gradient by nuclear cycle (nc) 8, 1 hour after egg laying 6 . The Bcd protein is a homeodomain containing transcription factor (TF) which activates numerous target genes in distinct anterior domains. Among the Bcd target genes, hunchback (hb) is expressed in the whole anterior of the embryo. RNA FISH experiments indicated that the posterior boundary of the hb expression domain is very steep and already precisely positioned at cycle 11, i.e., only 30 min after the Bcd gradient reaches steady state and only 30 min after the onset of zygotic transcription 7 . Importantly, during these 30 min, three nuclear cycles occur (nc 9, nc 10 and nc 11). Thus this time period is punctuated by three mitoses. As the transcription process stops during mitosis, the available time for the hb locus to "read" the concentration of the Bcd gradient is limited to the interphase of each nuclear cycle and is thus strikingly short.

The very short time in which the establishment of a precise hb transcription border is achieved challenges our current understanding of how a gene "measures" the concentration of a TF. An often-invoked argument to estimate the minimum time necessary for the hb locus to precisely measure Bcd concentration comes from statistical mechanics 1,3,8 . This argument is based on the assumption that Bcd molecules (the input) randomly reach the regulatory sequences of the gene by diffusion and are the only factor influencing the transcription status of the hb locus (the output). The precision of the readout is defined as the smallest change in the input resulting in a significantly different output. The maximum achievable precision is then given by:

c/c = (4DacT) -1/2
(an adaptation of the formula originally derived by Berg and Purcell 9-11 ). In this scenario, precision is limited by the absolute concentration of Bcd molecules at the expression border (c), the apparent size of the promoter region ( ), the diffusion coefficient of the Bcd molecules ( ), and the time available to generate the output ( ). The actual precision of the readout of the Bcd concentration by the hb gene has been measured by both immuno-fluorescent detection of the Hb protein 12 and RNA FISH 7 to be c/c = 10%. The value of the free Bcd diffusion coefficient (D), although controversial at first, is now widely accepted to be ~7µm 2 /s 13,14 . The Bcd concentration (c) has been measured by several groups independently to be ~700 molecules per nuclei at the hb expression boundary 6-8 . Finally, the effective size of the Bcd binding site in the promoter region (a) has been considered to be the size of a single binding site (8 base pairs, or ~3 nm). Given these parameters, according to the Berg and Purcell model, it should take at least ~25 minutes for the system to measure the Bcd concentration with the observed precision and form an expression boundary with the observed steepness. In reality the embryos achieve this precision in a much shorter time, as the total duration of the nc 11 interphase is only ~9 min. In fact, we have recently demonstrated, using the MS2-system to visualize the expression of the hb promoter (P2) in living embryos, that the steep hb boundary is established in only 3 min at each of the nuclear cycles 11, 12 or 13 15 .

These experimental results indicate that it is very likely that the Berg and Purcell model 6,7,10,12 used to derive the theoretical limit to precision mentioned above is too simplistic in this particular case. Indeed, one should keep in mind that one of the major assumptions of this model is that there is a single input (here Bcd molecules diffusing in 3D and binding to a single binding site) that determines the output (here hb expression). Even models of increasing complexity taking into account cooperativity in Bcd binding to the six known Bcd binding sites in the promoter region are not sufficient to explain how such a steep hb boundary can be establish in so little time 16,17 . This leads us to question the assumption that Bcd is indeed the only required input for hb expression. The fact that the hb P2 promoter carries binding sites for several other possible TFs playing important roles in early embryonic development (Hb itself, Caudal, Zelda)

suggested that multiple input are involved in the process, even if Bcd remains the primary one.

We therefore set out to explore the influence of these different factors using both a bottom-up approach (by using synthetic promoters with increasing numbers of binding sites for various TFs in order to recover the expression of the hb promoter) and a top-down approach (by using a lossof-function approach and mutant fly lines missing some of those TFs).

RESULTS

The regulatory sequences of the hb gene (Fig. 1A) include a proximal promoter (P2) that controls early activation of the gene by Bcd, a distal promoter (P1) known to allow maternal hb expression 18 , a shadow enhancer which also responds to Bcd activation and helps redefine the readout of P2 at early nc14 19,20 , and finally a stripe enhancer responsible for late nc14 expression of hb in a posterior stripe 19,21 . P2 contains 6 binding sites for Bcd (3 strong affinity binding sites and 3 low affinity binding sites), but also one binding site for Hb, one binding site for Caudal (Cad) identified using an in silico approach and two Zelda (Zld) binding sites (Fig. 1B). We have shown recently that 750 bp including 500 bp of P2 and the downstream intron of hb are sufficient to recapitulate the known early expression of hb detected by FISH 15 .

To explore how different players might affect hb expression and the dynamics of its border precision, we decided to build on our previous work using the MS2 approach to visualize transcription in live embryos (Section 3.1 15 ). We employed a two-pronged strategy. First, we constructed synthetic MS2 reporters with a defined number of binding sites for TFs of interest (Bcd, Hb, and Cad). This allowed us to study the contribution of each TF to early transcription along the AP axis, both by itself and in combination with the others. Second, we used a genetic strategy to reduce or eliminate the maternal and/or zygotic contribution of some of the proteins known to bind the hb enhancer: Zld, considered as a "pioneer" factor in early fruit fly embryos 22 , and Hb, which has been shown to act synergistically with Bcd in anterior development 7,23 . For this second set of experiments, we studied the expression of an MS2 reporter that contains the P2 promoter and the hb intron 15 (Fig. 1B, sequence and exact position of binding sites are given in Sup. Fig. 1), but lacks all of the other enhancer regions of the endogenous hb gene. 

Using synthetic biology to study hunchback transcription

To understand the role of various TFs in the dynamics of hunchback transcription in early embryos, we first employed a synthetic biology approach. We created synthetic reporters containing a minimal promoter and various combinations of TF binding sites, allowing expression of a mRNA carrying the sequence of the fluorescent protein iRFP and the MS2 cassette (24 MS2 RNA stem loops, Fig. 1C) 15,24 . To allow for quantitative comparisons, all the synthetic reporters were inserted at the same position in the fly genome using the AttB insertion site located in VK33 25 . In living embryos, which maternally express the GFP fluorescentlytagged MS2 coat protein (MCP) with no nuclear localization signal (MCP-GFPnoNLS) 26 , the binding of the MCP-GFP protein to the MS2 mRNA stem loops allows visualizing the nascent mRNA expressed from the synthetic reporter. To identify nuclei and follow mitoses, embryos also express a RFP fluorescently-tagged histone H2B (His-RFP). This system provides quantitative information about transcriptional dynamics (section 3.2 16 , 3.3 17 ). To begin with, we decided to study the effect of Bcd, Hb and Cad binding sites on reporter expression. For this purpose, the selected TF binding sites were introduced in groups of 6, either alone or in combination, just upstream of the promoter (Fig. 1C). The exact sequence of each binding site was identical from that found in the P2 promoter and multimerized (see methods and Sup. Fig. 1).

The "simple" reporters (Bcd6x, Hb6x, Cad6x) contained respectively 6 strong Bcd, 6 Hb or 6

Cad binding sites. To study potential interactions between these different TFs, these binding sites were combined to obtain the following reporters: Hb6x Bcd6x, Cad6x Bcd6x and Cad6x Hb6x

Bcd6x. Finally, as a control, we also built a synthetic reporter without any binding sites. We verified that this reporter was not expressed at all in the early embryo (n = 4, data not shown).

Therefore, any transcription detected for a given reporter would be mediated by TF binding sites added to its sequence.

3.1.1

The wild-type P2 enhancer drives efficient hb transcription with a robust and precise border throughout nuclear cycles 11 to 14 ). This treatment allowed determination, i) for each nucleus and at each time point, of whether reporter transcription was ON or OFF, and ii) at each cycle, the fluorescent time trace of each individual transcription locus for which a MCP-GFP spot was detected to extract its key spatio-temporal features (Fig. 2A). For an expressing locus, the initiation time (tinit) measures the time interval between the beginning of interphase of this particular nucleus and the first detection of the transcription signal. Similarly, the end of transcription (tend) is defined as the period of time between the last time when the fluorescent signal is detected and the beginning of the next mitosis. The active time (tactive) is the total time during which the fluorescent signal is detected at the locus. The integral activity (I) is calculated as the integral of the fluorescent trace during tactive and gives a relative measure of the total amount of mRNA produced at this locus. A relative measure of the average mRNA production rate (µI) is calculated as the ratio of I and tactive.

A first useful way to look at the result of these analyses is to examine the probability for nuclei to express the reporter at a given position along the AP axis and at a given time, which we refer to as Pspot (x,t). Pspot(x,t) is best visualized in the form of a kymograph, that is a 2D plot where Pspot(x,t) is represented using a color scale ranging from 0 to 1 as a function of both space (where the position, x, is counted from the anterior pole and given as a percentage of egg length) and time (where the time, t, is counted from the beginning of interphase). Kymographs of Pspot (x,t)

for each studied reporter (obtained by averaging the data obtained for nuclei within a certain interval of positions along the AP axis for several different embryos, as explained in Methods)

are shown in Figs. 2B-F. At each nuclear cycle, these kymographs provide a visual comparison of the spatio-temporal expression of the different reporter genes 15 .

Another interesting parameter to consider is the probability for nuclei found at a given position along the AP axis to express the reporter during a particular cycle, which we refer to as PON. This parameter is calculated by looking at the state of each nucleus over the whole nuclear cycle (as soon as a locus is ON, even if for a very short time, it is considered as an active nucleus in the calculation of PON). The profile of PON along the AP axis is shown in Fig. 2G for all the studied reporters at all studied nuclear cycles. The average values of tinit, tactive, µI and I as a function of position along the AP axis are also shown, in Fig. 2H-K. They are established using only the features of expressing nuclei.

From each PON profile, we can determine the plateau value that PON reaches in the anterior part of the embryo, as well as the position of the hb expression border. To determine these values, the experimentally determined PON profile was first smoothed using a moving average filter with a width corresponding to 7% EL, then the plateau value was assimilated to the maximum value reached by the smoothed profile (PON max , shown in Fig. 3A), and the border position as the position at which the smoothed PON profile reached exactly one half of the plateau value (xB, shown in Fig. 3B). We also quantify the steepness of the expression border by fitting PON(x) to a sigmoidal function, as described in Tran et al. 2018 17 . More specifically, we assume that the response of the system (PON) depends on the input (Bcd concentration, c) according to a Hill equation, PON = PON max /[1+(c/c1/2) H ], where c1/2 is the Bcd concentration at which PON falls to half its maximum value. We further assume that Bcd forms a perfect exponential concentration gradient of length λ, c(x) = cmaxe -x/λ , where cmax is value of the Bicoid concentration at the anterior pole. This leads to PON(x) = PON max /[1+((cmax/c 1/2 )e -x/λ ) H ]. Fitting this function to the data allows retrieving the Hill coefficient, H, which can be interpreted as a measure of how efficiently subtle differences in Bcd concentration are measured in this system (Fig. 3C).

A striking feature of the hb expression dynamics when using the WT P2 reporter (Movie 1) is that tinit is similar for all the studied nuclear cycles, with tinit ~350s (Fig. 2B). This may reflect the time needed for genome decondensation, nuclear import of Bcd and other TFs and recruitment of the transcription machinery. Note that tinit also includes the time necessary for the MCP-EGFP signal to build up (until it can be detected) at the transcription site while the gene has already started to be transcribed: the MS2 cassette is positioned towards the 3' end of the mRNA, meaning that the whole reporter needs to be transcribed before the MS2 loops can form and recruit MCP-EGFP proteins 30 . With the WT P2 reporter, the border position is established as early as nc 11, near the middle of the embryo (Fig. 2B & 2G, nc11). It remains in a similar position up to nc 13 (Fig. 2B & 2G, nc11 to nc13). At nc 14, we notice a ~4% egg length (EL) shift of the border position towards the anterior pole (Fig. 2B,G, Fig. 3B), which has been previously noticed in our FISH 7 and live imaging 15 studies. This could be attributed to a decrease in Bicoid availability, due to progressive degradation of the limited maternally supplied Bcd source. We can see from the kymographs that nuclei express this construct very efficiently (Fig. 2B,G, Fig. 3A), and with a very sharp border, especially at nc 13 and 14 when the Hill coefficient is maximum (Fig. 3C). At the border, one can also notice a drop in the value of tinit (Fig. 2H), tactive (Fig. 2I), the amount of RNA produced in total (Fig. 2K) and the rate at which it is produced (Fig. 2J). This is consistent with previously observations 6,12,15 , which shows that hb transcription follows a Bcd dose-dependent activation process at the border region, whereas in most of the anterior region expression seems to be dose-independent 6,7,12,16 .

Bicoid alone elicits gene transcription but not efficiently

We next compared the expression of the synthetic reporter carrying 6 strong Bicoid binding sites PON of Bcd6x decays gradually from its highest point at the anterior when going towards the posterior (Fig. 2G, Fig. 3C). Thus, the expression behavior of the Bcd6x reporter reflects more directly the changes in Bcd concentration throughout the anterior region, than observed with the WT P2 reporter. Importantly, at nc 13, PON is at most 0.49 in the most anterior part of the embryo for the Bcd6x reporter, whereas it reaches 0.9 for the WT P2 reporter (Fig. 2G, Fig. 3A).

Similarly, the time necessary to initiate transcription is much longer with the Bcd6x reporter than with the WT reporter at each nuclear interphase (Fig. 2H). As a consequence, while the expression border for the Bcd6x reporter is established as early as nc 11 just like for the WT reporter, it is shifted by ~6% EL towards the anterior (Fig. 2G, Fig. 3B). It remains at this position until nc 14, when it shifts by an additional ~4% EL towards the anterior. In conclusion, the analysis of the Bcd6x reporter expression indicates that 6 copies of the strong Bcd binding sites are sufficient to drive transcription activation in the anterior of the embryo. However, the expression border of the Bcd6x reporter is positioned more anteriorly (about 7% EL) than that of the WT P2 reporter, and with more nuclei-to-nuclei variation in transcription outcome since less than 50% of the loci transcribes the Bcd6x reporter in the anterior region. Therefore, other TFs are likely required, in addition to Bcd, to achieve the robust transcriptional output of the WT reporter.

Hunchback reduces the stochasticity of Bcd-dependent transcription

We next wanted to determine the role of Hb binding sites on both the transcription process per se and Bcd-dependent transcription. Therefore, we first imaged expression of a synthetic reporter carrying 6 Hb binding site (Hb6x). Although six embryos carrying this reporter were imaged, no MCP-GFP spots were detected (data not shown). This shows that, on its own, and unlike Bcd, Hb is not sufficient to activate transcription.

To determine the role of Hb on Bcd-dependent transcription, we imaged the expression of a synthetic reporter carrying 6 Hb binding sites in addition to 6 Bcd binding sites (Hb6x Bcd6x).

The first surprising observation for Hb6x Bcd6x (Fig. 2D), was that from nc 11 to nc 14 PON much higher than in the case of Bcd6x and close to the levels observed with the WT P2 promoter (Fig. 2G, Fig. 3A). The steepness of the expression border is higher than for Bcd6x (Fig. 3C).

Finally, tinit (Fig. 2H) and tactive (Fig. 2I) are similar to those observed for the WT P2 reporter (compare the yellow and blue curves). Also while the border of the Bcd6x Hb6x reporter is established at the same position as the WT P2 reporter at nc 11, it is first shifted towards the anterior ~2% EL at nc 12 & nc 13, and further shifted by ~8.5% EL towards the anterior at nc14 (Fig. 2G, Fig. 3B). In comparison with the Bcd6x reporter, tactive is only ~4 fold higher with Bcd6x Hb6x during all cycles (Fig. 2I, compare orange and yellow curves). This is accompanied by a ~2.5 fold increase in the rate of RNA production of Bcd6x Hb6x when compared to Bcd6x (Fig. 2J).

In conclusion, the presence of 6 Hb binding sites in combination with 6 Bcd binding sites allows the reporter to be expressed almost as efficiently as the WT P2 reporter, with the probability for the loci to be ON reaching a plateau of 0.9 in a step-like pattern at nc 13 (Fig. 2G, Fig. 3A).

Thus, the presence of the Hb binding sites allows the transcription process to be more efficient and less stochastic than with Bcd binding sites alone. This suggests that Hb contributes to Bcddependent transcription by increasing the probability to be ON in the domain of expression.

Insights on the role of Caudal in Anterior patterning

We next inquired on the role of Cad binding sites on the expression of the synthetic reporter. We first analyzed expression of a synthetic reporter carrying only 6 Cad binding sites (Cad6x).

Although four embryos were imaged in this case, no MCP-GFP spots could be detected (data not shown). This indicates that Cad alone is not sufficient to activate transcription. To determine if addition of 6 Hb binding sites could affect the transcriptional potential of 6 Cad binding sites alone, we imaged 3 embryos with the Cad6x Hb6x reporter. Similarly to the Cad6x and Hb6x reporters, the Cad6x Hb6x reporter was completely silent as no MCP-GFP spots were detected (data not shown). We therefore conclude that neither Cad nor Hb alone or in combination are sufficient to activate transcription.

To analyze the relationship between Cad and Bcd binding sites, we imaged expression of the Cad6x Bcd6x reporter. The expression of the Cad6x Bcd6x reporter is slightly stronger than the expression of the Bcd6x reporter (Fig. 2E,G, Fig. 3A). However, the values for tinit (Fig. 2H), tactive (Fig. 2I) and the rate of mRNA production (Fig. 2J,K Lastly, we decided to test all these actors together and imaged expression of the Cad6x Hb6x Bcd6x reporter. A first observation of the kymographs indicates that the expression pattern of the Cad6x Hb6x Bcd6x reporter is generally similar to that of the Hb6x Bcd6x reporter (compare Fig. 2F with Fig. 2D). However, when comparing the PON values obtained with the Cad6x Hb6x

Bcd6x reporter with those obtained for the Hb6x Bcd6x reporter, one can see a slight reduction when the Cad sites are present which is more pronounced at nc 13 and nc 14 (compare the yellow and green, Fig. 2G & Fig. 3A). Similarly, when the Cad sites are present, tinit is longer (Fig. 2H), tactive is shorter (Fig. 2I) and the RNA production levels are lower (Fig. 2J,K). The Hill coefficients of the Cad6x Hb6x Bcd6x and the Hb6x Bcd6x reporter are very similar, and lower than with the WT PT reporter (Fig. 3C, compare the yellow and green plots with the blue one).

The PON of the Cad6x Hb6x Bcd6x reporter remains higher than the PON of Bcd6x reporter from nc11 to nc13 but similar at nc14 (Fig. 2G representing the MCP-GFP fluorescent signal as a function of time measured at a single transcription site, which illustrates t init , t active , t end , µI, and I.). B-F) Kymographs summarizing the transcriptional dynamic for each reporter, showing the value of P spot (P spot = 0 is black and P spot = 1 is white) as a function of both position along the AP axis (the middle of the embryo, i.e. at 50% egg length, is marked by a dashed white line) and time (time zero is the onset of interphase for each nucleus). Data from several embryos at each nuclear cycles 11, 12, 13, and 14 were pulled together (see details in section 2.2) and used to produce kymographs for each reporter (the number of embryos is indicated above each kymograph): WT (B), Bcd6x (C), Hb6x Bcd6x (D), Cad6x Bcd6x (E), Cad6x Hb6x Bcd6x (F). The data for each reporter were then used to extract transcriptional features: P ON (G), t init (H), t active (I), µI (J), I (K). Color code for each reporter is indicated on the top of the G to K panels: WT (blue), Bcd6x (red), Hb6x Bcd6x (yellow), Cad6x Bcd6x (purple), Cad6x Hb6x Bcd6x (green).

These data indicate that Bicoid and Hunchback may work in synergy (compare Bcd6x and Hb6x

Bcd6x in Fig. 3C), likely through two independent processes: Bcd providing positional information measure through concentration thresholds and Hb increasing the probability for a loci to be ON in the expression domain. When we compare expression of the Cad6x Hb6x

Bcd6x and the Hb6x Bcd6x reporters, the presence of Cad binding sites slightly reduces the probability of the reporter to be ON (Fig. 3A) and reduces the shift in the position of the border induced by the presence of Hb binding sites (Fig. 3B). This effect of Cad is only observed in the presence of Hb binding sites, raising the possibility that the two proteins might have antagonist activities and possibly work during the same step in the activation process. Thus Caudal could act as a repressor in a normal WT context. We were intrigued by this result of Cad acting through Hunchback and wondered if it could be an indication that Cad might act as a repressor in the WT P2 promoter. Interestingly, the Cad site that we used in the synthetic reporters (5'-TTTATG-3') share 5 out of 6 base pairs in common with the Hb site (5'-AGTTTTTTGA-3'). We felt that the similarities between the two binding sites were worth exploring a bit further in the WT P2 promoter or more generally in the early TFs network (Fig. 1B, Sup. Fig. 1).

Therefore we first looked at the DNA-binding motifs in the Drosophila genome for both Cad and Hb to check for sequence similarities. We used the Fly Factor Survey website (which contains access to several motif databases) 31 . We were able to extract DNA-binding motifs and their position weights matrixes (PWMs) for both TFs, from databases built using different strategies:

either a Bacterial one-hybrid system (B1H) to bait specific DNA-binding motifs 32 , or DNase footprinting 33 followed by sequencing to get the TFs binding sequence motifs using Solexa Ilumina technology 33 , or traditional Sanger sequencing 32 (Figure 4). At first sight one can appreciate that the Hb and Cad sequences share some similarities and could overlap (Fig. 4 blue squares). This first rapid analysis, however, does not weight the probability of each nucleotide found in the sequence. Therefore, we decided to perform a similarity comparison between the PWMs of the Cad and Hb DNA-binding motifs using MACRO-APE 34 . This analysis allows us to show that their sequence similarity is in fact very low ~2.7% (Fig. 4). Interestingly, a recent study found that at nc14, Cad prevents repression by Hb through binding upstream of Hb binding sites in the even-skipped stipe 2 enhancer 35 . Even though in this later case Hb acts as a repressor whereas Cad prevents this repressive activity, it will be interesting to study the possibility of similar mechanism acting in our WT P2 and synthetic reporters using direct DNA binding experiments as well as point mutations, in overlapping binding sites for Cad or Hb. This analysis inspired us to continue using in-silico tools to further analyze our P2 WT reporter sequence, and find binding sites for known Transcription Factor (TF) motifs in Drosophila melanogaster. To do this we used the PROMO virtual laboratory which allows the identification of putative TF binding sites (TRANSFAC database) in a DNA sequence, using their PWM 36 and confirmed some of them using TF sites from an older database (ooTFD) 37 . This analysis gives us a list of putative TFs that could bind to the P2 promoter and hb intron. To curate this data, we looked for each, the function of each TF using FlyBase 38 and for their expression profile during development using FlyMine 39 , since we are interested in TFs that may affect hb expression in very early embryonic development. A summary of the possible players that we could further explore using our synthetic promoter can be seen in Table 1 (the position of the corresponding binding sites in the WT P2 promoter can be found in Sup. Fig. 2, and other motifs bound by proteins acting only later in development can be found in Sup. Table 1). Of note, the design of our synthetic reporters is consistent with the 6 Bcd and 6 Hb binding sites: there are 5 binding sites for Hb and one binding site for Cad in the hb intron that are not depicted in Figure 1. 1. In-silico identification of TF binding sites in P2 promoter and hb intron: Putative TFs binding sequences were looked using PROMO virtual laboratory. The binding motifs confirmed using TFsitescan are marked by a *. The number of binding sites motifs found is shown next. The known developmental function and the time of activity during development shown in the last two columns are taken from Flybase and Flymine, respectively. M: maternal expression, Z: zygotic expression.

Using null-mutants to understand the role of maternal and zygotic Hunchback in hunchback transcription

The Maternal-to-Zygotic Transition (MZT) is a major process in early embryonic development which allows the embryo to switch control from maternal inputs to its own embryonic program resulting in the expression of its own (zygotic) genome. Although we know that the Zygotic-Genome-Activation (ZGA) starts as early as nc 8 with the first detection of the zygotic genome transcription, most of the global changes in transcriptional output measured by RNA-seq studies are first detected in early nc 14 40 . However, for individual transcription factors involved in this activation, the question of how and when the transition from maternal to zygotic control happens

has not yet been thoroughly investigated. We decided to explore the role of the Hb protein on hb transcription throughout early embryonic development (nc11-nc14) and in particular the balance between the roles played by maternal and zygotic contribution of Hb. We again systematically imaged the expression of our hb reporter in different hb mutant contexts to characterize the interaction of the Hb protein with its own P2 promoter (Fig. 5). We aimed to answer two longstanding questions: Until when does the maternally provided Hb protein act on hb transcription?

When does zygotic Hb start acting on the activation of its own transcription? FRThb FB /FRTovoD1 females. In this later case, the maternal genotype of the diploid cell that will give rise to the oocyte is hb FB /hb FB (-/-). On the female chromosomes (in light pink), the hb maternal allele can either be wild-type allele (+) or a mutated allele (hb FB ,-). B) After fertilization, the female and male pronuclei fuse together to form a diploid nucleus with one maternal (in pink) and one paternal (in bleu) genome: this is nc 1. In our study, the genotype of the male was either WT (+/+) or heterozygous for a null allele hb FB (+/-) and the paternal allele were either all (+) in the case of WT males or 50% (+) and 50% (-) in the case of hb FB (+/-). Shortly after egg laying, the maternally supplied RNAs are translated into proteins. Due to posterior repression by Nanos, Hb maternal protein is mostly expressed in the anterior (in purple). C) At nc 8 (after 7 division of the diploid nuclei), transcription of the genome of the embryo starts from maternally loaded RNA polymerase and transcription factors, among which the maternal Hb protein. This leads to the expression of the Hb protein from the embryo genome (the zygotic contribution of Hb). The maternal (in purple on the far right) and zygotic Hb (in blue on the far right) proteins are distributed in the same domain of the embryo, they are identical and their timing of expression partially overlap. It is thus difficult to know when exactly zygotic Hb protein starts playing a role in its own transcription. At nc14, the Hb protein (in light blue) is expressed in a domain with a defined border of expression in the middle of the embryo, as well as its hb mRNA (in green).

Crosses used to study maternal and zygotic effect of Hb in activating hb transcription

For this study we used several genotypes to produce embryos with different levels of maternal (M) and zygotic (Z) Hb ranging from the WT full dose M1Z1 to M1/2Z1/2 and down to M0Z0 (1 meaning +/+, ½ meaning +/-and 0 meaning -/-). As Z0 (-/-) is a lethal mutation in late embryogenesis 41 , these embryos could be analyzed when young but it would impossible to generate M0 living females and this is the reason why we had to use germline mutant clones (as explained below). All the mutants used in the study are listed in Table 1.

Name Genotype n M1Z1 M +/+ Z +/+ 5 M 1 Z 1/2 M +/+ Z +/- 2 M 1/2 Z 1 M -/+ Z +/+ 6 M 1/2 Z 1/2 M -/+ Z -/+ 4 M1/2Z0 M -/+ Z -/- 2 M0Z1/2 M -/-Z -/+ 7 M 0 Z 0 M -/-Z -/- 3 
Table 1. Nomenclature for the mutants used for this study: In the first column, the short name of each mutant is shown, followed by the corresponding genotype in the second column and the number of embryos imaged for each mutant (n) in the third column. Embryos are listed in order of decreasing Maternal and Zygotic Hb dosage.

To obtain the mutants shown in Table 1, several crosses where performed:

 Cross 1 -With the help of FRT/FLP induced mitotic recombination in the germline, selected by the loss of the ovoD1 mutation which induces female sterility, we produced hb FB germline clones in heterozygotes FRThb FB /FRTovoD1 females: the hb FB allele, now named hb [15] , is a null mutant of the hb gene obtained in 1987 by R. Lehmann and C. Nusslein-Volhard 41 .

FRThb FB /FRTovoD1 females were crossed to a WT male and the only embryos emerging from this cross arise from germline clone oocytes, induced by heat shock at 37°C of the larvae at L2 and L3 stages. These embryos all lacked the maternal contribution of hb and were heterozygous for zygotic hb with an hb FB maternal allele and a WT paternal allele: they were thus all M0Z1/2 (M-/-Z-/+). For each of these crosses (except for cross 1), the challenge was then to identify the genotypes of the different embryos emerging from a single cross. The embryos with different genotypes emerging from a cross are undistinguishable at early stages of development, but for each cross we were hoping by imaging and analyzing enough embryos that we will be able to detect significant differences in hb-MS2 reporter transcription to distinguish different genotypes.

Indeed, for cross 4, we were able to confidently distinguish between two populations of embryos (M1/2Z1/2 and M1/2Z1), due to significant differences in expression levels as evidenced in the corresponding kymographs and values of PON (Sup. Fig. 4). With cross 5, we were able to acquire enough movies to tease out three populations of embryos (M1/2Z0, M1/2Z1/2, M1/2Z1), although more embryos need to be analyzed before we can be fully confident about this sorting procedure (Sup. Fig. 5). For cross 3 only two embryos were imaged which had similar kymographs and PON expression values that were different from the WT population, which allow us to conclude that the two imaged embryos are very likely M1Z1/2. However, since two remains very low for statistics, more embryos will need to be imaged to have enough confident in this result (Sup. Fig. 3). Finally, for cross 2, the M0Z0 embryos were obtained but were extremely sick with a lot of nuclear catastrophes and a lot of aberrant chromosomal separation: it was not possible to image them, while a single embryo developed that had a similar phenotype to the one shown by the M0Z1/2, however we consider a single embryo not to be statically relevant to include in this study (although it can be further explore in future).

A summary of all the crosses generated with their respective genotypes, and number of embryos imaged for each genetic context can be found in Table 2. M +/+ Z +/+ n=0 Table 2. Summary of the genetic crosses and genotypes obtained. The female genotype is provided in the first column, while male genotype is provided in the first row, + indicates a WT allele, whileindicates the hb FB. null allele. The notation "female -/-" is a misuse of language : these females are FRThb FB /FRTovoD1 and the only living oocytes that they produces are germline clone mutants emerging from hb FB (-/-) germ cells which are able to develop since they lack the female sterile ovoD1 allele. The probability of each genotype appearance in the embryos studied is shown as a %, and the number of embryos studied for each cross is indicated by n.

The transition between maternal to zygotic Hb control of the hb gene transcription occurs at nuclear cycle 13

The kymograph for the M0Z1/2 embryos (obtained from a cross 1 between FRThb FB /FRTovoD1 females induced for germline clones and WT males) shows a very weak expression of the reporter (Fig. 6A). Lack of maternal Hb delays the transcription of the reporter gene until later nuclear cycles, with very little PON observed in nc 11 and 12 (see light blue curve in Fig. 6G, Fig. 7A). PON max is extremely weak at nc11 and nc12 (Fig. 7A) and this emphasizes the importance of the Hb maternal protein for early activation (Fig. 6G-I). We also observe that PON reaches its maximum of 0.43 at nc13 and is below this value at nc14 (Fig. 6G, Fig. 7A), indicating that the effect of zygotic Hb on reporter gene expression is only detected at nc13 and after. This late activation may be due to the low level of total Hb (no maternal Hb content and only half the dose of zygotic Hb) which could significantly interfere with the capacity of the context to efficiently activate hb transcription, as evidenced by the much lower levels of PON throughout the nuclear cycles compared to the WT (~2 fold difference at nc 13 and ~10 fold at earlier cycles, Fig. 6G & Fig. 7A). The same observation holds true for the duration of the transcription and initiation time (Fig. 6I-J) and the average and total amount of RNA produced (Fig. 6J-K). Of note, the border position is set at nc 12 at ~-12.5% EL and stays similar throughout all the nuclear cycles, including nc 14 (Fig. 4F), in contrast with the more dynamic border observed for the WT (Fig 7B).

Only very few embryos were obtained for the M1/2Z0 genetic background (Sup. Fig. 5), and their kymographs only show an extremely weak expression of the reporter (Fig. 6B), with levels similar to the ones seen for the M0Z1/2 embryos above (Fig. 6A). However, it is interesting to notice that a single copy of maternal Hb remains sufficient for the reporter to be ON at nc12 and nc 13 before missing drastically in nc 14 as seen in the PON graphs (Fig. 6G, green curve). The PSPOT at plateau values at nc 12 and 13 are around 0.3 and show a decrease of ~3 fold when compared to WT expression (Fig. 7A). tinit and tactive of the reporter expression in these M0Z1/2 mutants are similar to the ones of M1/2Z0 (Fig. 6H,I, compare light blue and green plots), while the amount of RNA produced is slightly higher in the M1/2Z0 genetic background (Fig. 6K This result shows that reducing the dose of maternal and zygotic Hb by half does not greatly modify the position of the border.

Expression in the M1/2Z1 genetic background highlights the contribution of a full copy of zygotic Hb for hb activation, which is closer to expression in wild-type (Compare Fig. 6D & Fig. 6F).

The PON profiles (Fig. 6G) show that the probability to be ON (yellow curve) improves through the nuclear cycles reaching its peak efficiency at nc 13 and are very similar to WT (dark blue curve). Although, PON, tinit and tactive levels are similar to those of the WT in the different nuclear cycles (Fig. 6G-I), the RNA production levels remain significantly lower compared to those of the WT (Fig. 6J-K). This is an indication that when it is on, expression is either weaker or more "bursty" (i.e. with periods of inactivity between the tinit and tend) in the M1/2Z1 than in the WT.

More thorough analysis of the traces might help distinguish these two possibilities. Surprisingly, the border position of hb-MS2 reporter expression in this genetic background is slightly shifted towards the posterior of the embryo by ~2% EL at each nuclear cycle when compared to the wild-type background (Fig. 7B, compare the yellow and dark blue plots) and we don't really have an explanation for this observation.

From the kymograph of M1Z1/2 mutants (Fig. 6E), we can detect expression at nc11 and this indicates that maternal Hb is active at early nuclear cycles: it helps to maintain strong expression up until nc 13. The profiles (red plot) show that the transcription activation levels in the M1Z1/2 genetic background are similar to those of the WT and M1/2Z1 throughout all studied nuclear cycles (Fig. 6G for PON and Fig. 7A for PON max , compare the dark blue, the red and yellow plots).

The observed values of tinit and tactive indicate that maternal Hb, supplemented by one copy of zygotic Hb, is sufficient for sustained activation of hb early on (Fig. 6H,I). In contrast, a single dose of zygotic Hb is not enough to have effective activation at nc 14 although initiation time remain similar as in a WT background (Fig. 6H,I). Also, the total RNA produced remains significantly lower than in the WT genetic background but similar to the rest of the mutants (Fig. 6K). As above, the fact that the relative amount of RNA produced is very different in the M1Z1/2 and WT genetic background while the other features are similar might be an indication of how bursty the traces are. A thorough analysis of those traces, in particular the measurements of the kinetic parameters of promoter function (kON & kOFF) 16 will shed light on this question. The pulled data were used to extract each transcriptional feature: P ON (G), t init (H), t active (I), µI (J), I (K).

Color code for each genetic background is indicated on the top of the G to K panels: M1Z1 (blue), M1Z1/2 (red), M1/2Z1 (yellow), M1/2Z1/2 (purple), M1/2Z0 (green) and M0Z1/2 (light blue).

In conclusion we can see that the switch from maternal to zygotic control happens in between nc12 and nc13 (depending on the feature analyzed). This analysis allowed to tease out the (light blue), M1/2Z0 (green) or M1/2Z1/2 (purple), expression of the hb-MS2 reporter exhibits much lower values of the probability to be ON. This observation is further highlighting the role of Hb in increasing the probability for the promoter to be ON, as observed in the first part of our analysis with the synthetic reporters. It is also intriguing to see that both maternal and zygotic Hb seems to play opposite roles in setting the border position. Finally, it is interesting to see that the Hill coefficient does not seem to change greatly between mutants (Fig. 7C). Finally, a more careful study of these data including statistics and an increased number of embryos for more robust statistics and modeling to study the sharpness of the border is required to strengthen our analysis. 3.4 Zelda is important for early hunchback activation and efficient transcription

In the last decade, evidence has accumulated suggesting that maternally-deposited Zld acts as a "pioneer factor" in Drosophila: Zld binds to a large number of enhancers or promoters of developmental genes, priming them for rapid zygotic transcription upon activation by a specific differentiation signal 22,42,43 . Zld was shown to bind to the hb P2 promoter and to be required for its early expression 22 . As shown in Chapter 3.1, Zld binding sites located in the original MS2 cassette allowed expression of the hb-MS2 reporter in the posterior of the embryo 15 .

In order to gain quantitative information on the role of Zld in hb transcription, we imaged embryos from females heterozygous (Zld M-/+) for the zld 294 null allele 22 (amorphic allele, In conclusion, this analysis indicates that maternal Zelda is required for an efficient early transcription of hb transcription. It appears required both to increase the probability for a locus to be ON in the expression domain (PON) and for most of the transcription features to reach their WT values. It should be noticed however that the behavior of the expression of the hb-MS2

reporter in the presence of one dose of maternal Zld is much weaker than expected, given that the expression of endogenous hb is almost not affected at nc11 in the same genetic background 15 .

The reason for this huge difference is not clear but likely reflects the difference of regulatory sequences between the hb-MS2 reporter and the endogenous gene. Also, the posterior shift of the border at nc13 and nc14 for the hb-MS2 reporter in absence of maternal Zld is not clear neither.

The possibility that it might be due to the zygotic contribution of Zld will have to be tested. 

CONCLUSION

In conclusion, using synthetic MS2 reporters combined with genetics provided a better understanding of how different transcription factors play a role in hb regulation. Bcd is sufficient for transcription activation but alone only lead to inefficient transcription: only few loci turned ON in the expression domain and Bcd-dependent transcription bears stochastic features. Zld and Hb both increase the number of loci turned ON by Bcd in the expression domain and thus contribute to reduce the stochasticity of Bcd-dependent transcription. Our genetic analysis allowed determining that maternal Hb is important for early activation (nc11 and nc12), while zygotic Hb had a similar role in later activation (nc13 and nc14). The relay from maternal to zygotic contribution of Hb is passed on during nc12 and nc13. Finally, the role of Cad is for the moment less clear: it might be a repressor of hb which surprisingly requires the binding of Hb to the promoter (Figure 10). We hope our system will be found useful by the research community to further the study of other developmental genes and to better understand the gene-regulatory network in complex biological systems such as embryos. 

MATERIAL AND METHODS

Drosophila stocks

The transgenic MS2 reporters used were as follows: WT P2 reporter (hb-MS2) is a random Pelement insertion on the 3rd chromosome and correspond to the insertion analyzed in 15 and synthetic reporters were all form Pacman vectors inserted on the 3 rd chromosome in the VK33 landing site 25 . A transgene expressing the MCP-GFP without nuclear localization signal (MCP-GFPnoNLS) 26 was used for better signal to noise ratio. A transgene expressing the Histone 2Av fused to mRFP under the control of its own promoter inserted on the second chromosome (#23651 from Bloomington) was used a marker to follow the nuclei. For mutant analysis, female germline clones were induced using heat-shock FLP recombination (3 hours 

MS2 reporters

In the WT P2 reporter, the hb P2 promoter and intron (-300 to +445) is placed upstream of the iRFP fluorescent protein coding sequence followed by the Zld-MS2 cassette with 24 stem loops (iRFP-24MS2) 15 . We have shown that this reporter is sufficient to recapitulate the known early expression of hb detected by FISH 7,15 .

In the synthetic reporters, the iRFP-24xMS2 15 cassette was placed under the control of a minimal hsp70 promoter (-40 to +70) 45 

Live imaging

Live imaging was performed as by me, as explained in Section 2.1 15,28 . Females and males were crossed overnight, then put in a collection cage with grape juice agar plates. After an hour of egg laying, embryos were collected, manually dechorionated, glued to a coverslip using homemade of the AP axis were collected continuously. The GFP and RFP proteins were excited with a small fraction of the power output of a 488nm and a 568nm laser. Images were acquired using the ZEN black software (Zeiss). For each embryo, a tiled image of the midsection of the whole embryo was obtained, by stitching 3 separate images, from which the position of the anterior and posterior poles could be inferred.

Image processing and data extraction

Live imaging processing was performed in MATLAB as in Section 2.2 15,29 . Following imaging, movies were checked manually to verify all the nuclei included in data analysis are fully imaged in their depth and incompletely imaged nuclei (mostly nuclei at the periphery of the imaging field) are excluded. Nuclei segmentation was performed in a semi-automatic manner using our own software LiveFly 29 . Only nuclei that exist throughout the nuclear interphase were used for the analysis. The MS2 spot detection was performed in 3D using a thresholding method. An average filter was applied before thresholding each Z plane of the processed time point for noise reduction. MS2 spots were detected by applying a threshold equal to ~2 fold above background signal and only the spots composed of at least 5 connected voxels were retained. The intensity of the 3D spot was calculated as the sum of the voxel values of each Z-stack. We manually checked each movie to ensure the correct spot detection. The data from a segmented movie indicated for each nucleus its segmentation profile, identifier number and the intensity trace of the detected spot over time. During mitosis, nuclei divide in waves, usually from the embryo poles.

Therefore, nuclei at the anterior pole may produce MCP-MS2 spots earlier due to either earlier chromatin decondensation or earlier reentrance of Bcd into the nucleic space 6 . We correct for this by realigning all the intensity traces by choosing the origin for time for each trace when its own nucleus was first separated from its sibling 15 .

During the late stages of acquisition of this study, the microscope unfortunately had a significant reduction in fluorescence intensity (~4 fold or more) and although it was repaired its output was never as strong as before. Therefore, we decided to change laser power intensity while keeping the rest of the parameters constant since they might influence quantification. We subtracted the background intensity from the newly imaged WT embryos and normalized their MS2 spot intensity (over all nuclei and all nc) to that of embryos collected previous to the problem with the microscope. Using this correction, we found that the PON parameter was not affected, but other parameters such as tactive, µI, I needed normalization to be quantitatively informative and comparable to previous measurements (Sup. Fig. 7). Therefore after this analysis we normalized the rest of the acquired data in the same way.

This problem brought into focus the importance of having imaging standards to check that facility microscopes continue to be at their best for imaging overtime. We thus repurposed the common fluorescein standard used for calibration of microscopes for fluorescence correlation spectroscopy (FCS) 7,13 , to avoid this kind of common problems in the future. A detailed explanation of how this standards are made can be found in Perez-Romero et al. 2018 28 .

In-silico analysis

Cad and Hb DNA-binding motifs and PWMs were find the Fly Factor Survey (http://mccb.umassmed.edu/ffs/) 31 . Similarity comparison between two PWMs was done using the online MACRO-APE (http://opera.autosome.ru/macroape/compare/new) 34 .

The search of putative TF binding sites in the WT hb P2 promoter and intron, where carried using the PROMO virtual laboratory (http://alggen.lsi.upc.es/) 36 and confirmed using TFsitescan (http://www.ifti.org/) 37 . The TFs function was taken from FlyBase (http://flybase.org) 38 Chapter 5

DISCUSSION AND PERSPECTIVES

Over the last 3 decades the different proteins and genes involved in early Drosophila melanogaster patterning have been identified (Driever & Nüsslein-Volhard, 1989a, 1989b;Driever & Nüsslein-Volhard, 1988a[START_REF] Driever | The bicoid protein determines position in the Drosophila embryo in a concentration-dependent manner[END_REF]Lehmann & Nüsslein-Volhard, 1987) and we now qualitatively understand most of the interaction network linking them with each other. On the other hand, we also know that the enhancer/promoter sequences of a gene are of the outmost importance in determining the timing and efficiency of its transcription. However, we still know little about the mechanisms by which these sequences control transcription and how their perturbation might affect the networks that they regulate. At this level, one of the main challenges remains in understanding the synergy between different TFs involved in the transcription process of particular genes. Experimental approaches that have been used to study the interaction of TFs with promoter regions include site specific mutagenesis (Driever & Nüsslein-Volhard, 1988a[START_REF] Driever | The bicoid protein determines position in the Drosophila embryo in a concentration-dependent manner[END_REF]Lehmann & Nüsslein-Volhard, 1987), genome-wide TF occupancy assays [START_REF] Combs | Genome-wide measurement of spatial expression in patterning mutants of Drosophila melanogaster[END_REF][START_REF] Kvon | Genome-scale functional characterization of Drosophila developmental enhancers in vivo[END_REF][START_REF] Satija | The TAGteam motif facilitates binding of 21 sequence-specific transcription factors in the Drosophila embryo[END_REF]) and computational tools which predict possible binding sites for known TF motifs [START_REF] Blanco | Multiple non-collinear TF-map alignments of promoter regions[END_REF]Ghosh, 2000). They revealed the importance of the number, position, and affinity of TF binding sites in a regulatory sequence [START_REF] Margolis | Posterior stripe expression of hunchback is driven from two promoters by a common enhancer element[END_REF] for the transcription process.

However, the question remains of how to quantify the effect of each TF in the transcriptional output in regard to all the noise (natural fluctuations in the process) and complexity found in a biological sample.

Synthetic reporters

Our synthetic reporter approach defines a proof of concept of how such approaches can be used to better understand the role that each TF play in the transcription process and how they cooperate with other TFs affect the transcriptional output. Our results show that, as expected, Bcd mostly sets the position of the expression border, likely in a concentration-dependent manner. The interaction of Bcd with the promoter is sufficient for transcriptional activation.

However, the probability to express the locus remains low and this indicates some stochasticity in the decision to turn it ON. In contrast, Hb cannot activate transcription on its own, but increases transcription efficiency once the promoter has been switched ON by Bcd. Cad might be a repressor reducing Hb function in some way. We have planned to extend this approach to study the role played by Zld in hb transcription, by inserting 6 Zld binding sites in our synthetic reporter. This will allow us to further dissect the role of Zld in the transcription process by itself and with the other transcription factors. The reporter fly lines are ready but the data acquisition and analysis still need to be carried out.

Our synthetic reporter approach also opens the possibility of playing with the number of TFs binding sites available, the spacing between them, their position, their orientation, and changes to their affinity for the TF. For instance, it will be interesting to find out how different numbers of Bcd binding sites [START_REF] Yang | Noise transmission during the dynamic pattern formation in fly embryos[END_REF][START_REF] Berg | Physics of chemoreception[END_REF][START_REF] Gregor | Probing the Limits to Positional Information[END_REF][START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF] perform on their own. Notably, our modeling analysis (Section 3.1) indicates that 6 binding sites for Bcd are not sufficient to reproduce the dynamics of the hb-MS2 reporter expression and that 9 binding sites might be better [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. The comparison between the Bcd6x and the Bcd9X reporter will allow testing this model. Another possibility could be to make a minimal synthetic promoter where we use the exact same number/spacing/affinity/orientation of the TF found in the WT P2 enhancer however in a synthetic enhancer context, this way we can see if the DNA surrounding the binding sites is important for efficient, precise and robust expression. This should allow determining if the sequences outside of the binding site might play a role in the activity of the promoter.

The synthetic reporter system that we used with the MS2 tagging system for RNA can be converted to a PP7 system to be able to study transcription driven from two different enhancers (as has been done for different RNAs [START_REF] Cusanelli | Telomeric Noncoding RNA TERRA Is Induced by Telomere Shortening to Nucleate Telomerase Molecules at Short Telomeres[END_REF][START_REF] Lenstra | Single-Molecule Imaging Reveals a Switch between Spurious and Functional ncRNA Transcription[END_REF]), or from one single enhancer (as done for snail [START_REF] Fukaya | Enhancer Control of Transcriptional Bursting[END_REF])), then with the recent invention of the transcription-activator like effectors (TALEA) system which allows detection and modulation of transcription enhancer [START_REF] Crocker | TALE-mediated modulation of transcriptional enhancers in vivo[END_REF]Crocker, Tsai, & Stern, 2017;[START_REF] Tsai | Nuclear microenvironments modulate transcription from low-affinity enhancers[END_REF]. Although this might be difficult to set experimentally, one could think of combining two or three of these systems to study a gene-regulatory network cascade over time, for example: a gap gene such as hb, one of its target pair-rule gene such as even-skipped and finally a segment polarity gene such as wingless. On the other hand, one could also think of studying several players in a single gene-regulatory network at a specific time scale. For example, a similar study to ours could be done, but expanding to the Posterior, this way we could tag a morphogen such as Bcd, and two of its target genes like hb which it regulates in a positive way, and cad RNA which it prevents from being translated. Even though, this would generate a huge amount of data that will require adequate treatment, we could use the advances in lightsheet microscopy in this kind of study to allow us to image the whole embryo at high resolution.

In conclusion, these kinds of experiments could allow dissecting the so called "cis-regulatory code" for the gene-regulatory network (Yáñez-Cuna, [START_REF] Yáñez-Cuna | Deciphering the transcriptional cis-regulatory code[END_REF] involved in hb precise and robust expression in early fly embryonic development.

In-silico analsyis

None of the synthetic reporters that we so far analyzed completely reproduced hb WT expression levels and border position. It will thus be interesting to look for other possible TFs which might play a role in hb transcription. Although we already performed some of this analysis, we could look again in more detail for the TFs binding sites in the WT P2 promoter or intron with other insilico analysis software like PATSER [START_REF] Tsai | Nuclear microenvironments modulate transcription from low-affinity enhancers[END_REF] or SiteOut [START_REF] Crocker | A Fully Synthetic Transcriptional Platform for a Multicellular Eukaryote[END_REF] which allow looking for low affinity binding sites (by changing different query parameters). This way we could start adding new TF binding sites to the synthetic reporter, or mutating binding sites for specific TFs from the WT reporter, and perform a comprehensive analysis of their effect on hb spatiotemporal activation. The goal of such studies, combined with theoretical modeling, could lead to the creation of a 100% synthetic promoter which fully reproduces hb WT expression. Such a model system of gene activation could in turn lead to a better understanding of the generegulatory networks in early fly development.

Mutant analysis

Cad has been shown to counter-repress Hunchback to regulate even-skipped stripped 2 expression in later embryonic development [START_REF] Vincent | Hunchback is counter-repressed to regulate even-skipped stripe 2 expression in Drosophila embryos[END_REF]. Given the possibility that Cad could act as a possible repressor of Hb, it will be interesting to study expression of the hb-MS2

reporter in mutants for Cad: as for Hb and Zld in this paper, this will require to obtain germline clones but might help understand the possible role of maternal and/or zygotic Cad on hb expression. Given the potential interactions between Cad and Hb (revealed by the fact that the Cad repressive effect requires Hb binding sites in the reporter), double mutants of zygotic Hb/Cad will be interesting to study, looking for genetic interactions. In an early stage of this study, we have acquired data for a Zygotic Cad deficiency mutant in our WT P2 reporter but with the previous nuclear marker (Nup-RFP) which makes the image analysis more challenging.

When we changed to the His-RFP reporter, we saw some changes in the tinit time for the hb-MS2 expression in the WT genetic background. The reason for these differences is not yet clear but the analysis of the hb-MS2 expression in genetic backgrounds modifying the levels of Cad will have to be done using our current system, which works best for imaging and analysis.

It is interesting to note that the tinit measured for the WT P2 reporter in this set of experiments was ~300s, longer than the value we had previously measured, which was around ~ 200s [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. Of note, in this current study the imaging was done at a temperature of 23°C, whereas in the previous study it was 25°C [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. This slight change in temperature might explain part of the difference. A parallel increase can be seen in the Hill coefficient. In this study, the Hill coefficient varies from 6 (nc 11) to 12 (nc 13), while in our previous study it varied from 4.5 (nc 11) to 7 (nc 13) [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. Although we will have to look closely at these variations and evaluate thoroughly their statistical significance, one possibility is that they are due in part to the differences in the markers used to track the nuclei: in previous studies [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF], we used a red fluorescent nuclear pore protein (NUP-RFP) which was easily photo-bleached and did not renew over the cell cycles. This weak signal was not optimal for automated treatment of the movies and therefore, we decided to change to a stronger nuclear marker, a red fluorescent Histone-H2B (His-RFP) [START_REF] Bothma | Enhancer additivity and non-additivity are determined by enhancer strength in the Drosophila embryo[END_REF]Ferraro et al., 2016;[START_REF] Garcia | Quantitative Imaging of Transcription in Living Drosophila Embryos Links Polymerase Activity to Patterning[END_REF][START_REF] Morisaki | Real-time quantification of single RNA translation dynamics in living cells[END_REF]. This new marker turned out to help the image analysis and we decided to use it for all the new studies including the studies presented in this manuscript.

Since the two markers do not label exactly the same material (nuclear envelop vs chromatin), the Matlab code used to precisely identify the beginning of the cycle after each mitosis had to be adjusted and it is likely that the two methods do not exactly position the origin of time in the cycle at the same time. In addition, although His-RFP is well established marker which has been used in many studies [START_REF] Bothma | Enhancer additivity and non-additivity are determined by enhancer strength in the Drosophila embryo[END_REF]Ferraro et al., 2016;[START_REF] Garcia | Quantitative Imaging of Transcription in Living Drosophila Embryos Links Polymerase Activity to Patterning[END_REF][START_REF] Morisaki | Real-time quantification of single RNA translation dynamics in living cells[END_REF], the endogenous H2B is normally expressed in the lines we used. This means that H2B is overexpressed, which might be slightly toxic and explain the difference in transcription dynamics observed between this study and our previous one. This can gives us an example of the importance of chromatin structure in transcription regulation and playing with other chromatin factors could lead to understand how condensation and its de-condensation, as well as tethering to the nuclear membrane could help us understand the role of epigenetic factors in early development, which is highly under explored.

Our results confirmed the critical role for Zld in efficient transcription of hb [START_REF] Liang | The zincfinger protein Zelda is a key activator of the early zygotic genome in Drosophila[END_REF].

In fact recent studies have shown that Zld might be able to cooperate to some degree with Bcd (Haines & Eisen, 2018;[START_REF] Park | Dissecting the sharp response of a canonical developmental enhancer reveals multiple sources of cooperativity[END_REF] to help with further activation of gap-genes including hb in the anterior-region but the detailed mechanisms of this interaction have not be unraveled.

The combination of our mutant analysis with synthetic reporters including Zld binding sites might allow to better understand at which step in the transcription process is Zld cooperating with Bcd. We can also analyze double mutants for both Zld/Hb and see what the effect on the expression of the hb-MS2 reporter is. It would also be interesting to use the fly lines from E.

Wieschaus's laboratory [START_REF] Hannon | Concentration dependent chromatin states induced by the bicoid morphogen gradient[END_REF], which have different degrees of flat Bcd concentration (no gradient), to determine the Bcd concentration threshold required for hb expression and how using a flat Bcd input instead of an exponential one could affect hb expression.

Transcription memory hypothesis

Another way to reach fast sharpness during rapid embryo development which was barely discussed but was explored during my studies is the possibility of transcriptional memory [START_REF] Crauk | Bicoid determines sharp and precise target gene expression in the Drosophila embryo[END_REF]Porcher et al., 2010;Ferraro et al., 2016). This hypothesis propose that activated loci recall Bcd concentration from one S-phase to the next, by keeping track of its transcriptional status across mitosis and promoting rapid reactivation of gene expression profiles on early S-phase (Fig. 13). Using the expression of the hb-MS2 reporter in a WT background, we looked for correlations in transcription among loci belonging to the same nuclear lineage in order to address the question of transcriptional memory in our system. However, so far, it was very difficult, mostly because of very low statistical power to separate spatial (loci position and Bcd concentration), and temporal correlation (lineage and familial history). Such a mechanism has been shown to contribute to the expression of the snail gene at nc14 in fly embryos (Ferraro et al., 2016). In some of our synthetic reporter movies as well as with the hb-MS2 reporter in some mutants, we indeed see some spots persisting after mitosis and passing to one of the daughters. These quite rare events, seem to only occur over the early nuclear mitosis 10 to 11, and 11 to 12. It will be interesting to revisit this question with the mutant/synthetic data were it might be easier to tease out real memory effects, and now that we have more movies that can help with the statistical distinction between memory/no memory scenarios.

Finally, it will also be interesting to re-explore Bcd diffusion (Fradin, 2017) to tease out differences between the fast and slow moving population in both the nucleus (Porcher et al., 2010) and cytoplasm (Abu-Arish et al., 2010). By using mutants that reduce Bcd binding in the nucleus, like using Hira mutants which create haploid embryos, and Cad mutants to reduce binding partners on the cytoplasm.

Conclusion

Using live imaging of the hb P2 promoter with the MS2 system, we were able to see that its transcription is bursty and likely reflects its functioning as a two-state promoter [START_REF] Desponds | Precision of readout at the hunchback gene[END_REF]. At each nuclear interphase, hb P2 transcription is first observed in the anterior, rapidly spreads towards the posterior before reaching a steady state with the setting of the expression border, as expected from a dose-dependent activation response by Bcd. We showed that it takes only 3 minutes after transcription is first detected in the anterior for the border of expression to be precisely stablished with a high steepness [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]. With modeling we were able to show that 6 binding sites of Bcd alone are not able to explain the precise boundary in such a short time [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF]Tran et al., 2018). Either more binding sites of Bcd [START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF], a repressor gradient or investigating other transcription factors as inputs could help reconcile the data to the models.

Therefore, next we decided to introduce our synthetic promoter strategy combined with the analyses of the hb-MS2 expression in various mutant genetic backgrounds to try to better understand how efficient and precise transcription is achieved in 3 minutes downstream of the hb P2 promoter. This analysis indicate that Zld and Hb play important roles in the expression of the hb-MS2 reporter, and that maternal Hb is active at early nc 11-12 while zygotic Hb acts at later nc 13-14. Our synthetic reporter approach showed that Bcd is able to activate hb transcription on its own but is not very efficient and results in a stochastic activation of the loci. In contrast, Hb on its own is unable to activate transcription but when combined to Bcd plays an important role in reducing this stochasticity, allowing to achieve a more steep border and efficient transcription.

Our work also suggests that Cad might act as a posterior repressor gradient. However, it still remains to be explored how these various cis-acting binding sites and trans-acting factors can mechanistically contribute to the establishment of a precise border in 3 min. Therefore, it will be interesting to develop similar models to the ones presented for our WT promoter [START_REF] Desponds | Precision of readout at the hunchback gene[END_REF]Tran et al., 2018) and that will reconcile all the data acquired from this last study. To find the minimal TF combination needed to achieve efficient readout of a morphogen gradient in This is rather important as many of the people that make decisions on how much money science should get aren't always are very close to our areas or knowledge and it's important for them to understand the impact of our research. Plus it is important for us to become politically active and give our voices and concerns as a community for policy changes, and how money should be spent in our governmental system, this is because if we don't do it, our representatives will get misinformation from fake news. Which we as a community should really start considering as a true threat to science based knowledge in our times.

Finally I think if we want to better ourselves and the community, we have to continue confronting our own biases (racial, sexist, abelist, homophobic, etc) so we can continue to have a more open community where scientific knowledge can be pursued without diminishing anyone's role in it.

  Ph.D. Thesis (2019) -C. A. Perez Romero; McMaster University/Sorbonne Université -Bio. Cell & Biochemistry v
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Figure 2 .

 2 Figure 2. Drosophila Life cycle and oogenesis: A) Major stages of the Drosophila life cycle showing commonly studied developmental events. PGC: primordial germ cell; CNS: central nervous system; PNS: peripheral nervous system; NMJs: neuromuscular junctions; SOP: sensory organ precursor. B) Anatomy of fruit fly ovary and expanded view of egg chambers in a single ovariole. Germline stem cell selfrenewal, follicle rotation, border cell migration, periodic actomyosin contraction, and polarized mRNA localization are further illustrated. Arrows in the bottom panels indicate the direction of movement (GSC: germline stem cell; CB: cystoblast; EC: escort cell; FSC: follicle stem cell; FS: fusome; ECM: extracellular matrix; PC: polar cell; BC: border cell; NC: nurse cell; Myo: myosin; FAs: focal adhesion; MT: microtubule; Nos: nanos; Grk: gurken; and PCP: planar cell polarity; bicoid: bcd, red: nanos: nos, light blue; hunchback: hb, green; caudal: cad, gray. Modified with permission from[START_REF] He | Shining light on Drosophila oogenesis: live imaging of egg development[END_REF].

Figure 3 .

 3 Figure 3. Early fruit fly embryo development: The top panel illustrates the morphological changes taking place during the first 200 minutes of fruit fly embryogenesis (anterior is up and posterior down).The horizontal bar shows the duration of each nc: S phase (green), mitosis (red), and G2 (blue). Nuclear cycle 14 is the first to present a G2 phase and asynchronous division time. The preblastoderm and blastoderm stages are indicated with white boxes. The timing of notable morphological events is demarcated in gray boxes: migration of the nuclei to the periphery, germline emergence by pole cell individualization, cellularization and gastrulation (marked by the formation of the ventral and cephalic furrows). Finally the approximate number of genes for which zygotic transcripts have been detected is represented by the purple curve at the bottom. Reproduces with permission from[START_REF] Farrell | From Egg to Gastrula: How the Cell Cycle Is Remodeled During the Drosophila Mid-Blastula Transition[END_REF].

Figure 4 .

 4 Figure 4. Early models proposed to explain cell fate determination during development:A) The Turing model is based on the interaction between two factors, one that is both auto-activating and able to activate its own inhibitor. It leads to a self-generating pattern of alternative cell fates that can resemble different patterns like: stripes, flags, or labyrinth. This model relies on short range interactions between cells. B) The French Flag Model proposed by Lewis Wolpert to explain the specification of different cell types by a morphogen gradient. The morphogen (yellow dots) is secreted from its source nuclei/cell (yellow) and forms a concentration gradient within the responsive nuclei/cell/tissue. Nuclei/cells exposed to morphogen concentrations above threshold 1 activate certain genes (red), while nuclei/cells exposed to intermediate concentrations (between thresholds 1 and 2) activate a different set of genes (pink) and also inhibit the genes induced at the higher concentrations. Those nuclei/cells encountering low concentrations of morphogen (below threshold 2) activate a third set of genes (blue). This model relies on long range interactions between cells. Reproduced with permission from[START_REF] Gilbert | Developmental Biology[END_REF].

Figure 5 .

 5 Figure 5. Anterior-Posterior axis specification pathways: A) bicoid (anterior) and nanos (posterior) maternal RNAs are polarized (unevenly distributed) in the oocyte while hunchback and caudal are evenly distributed along the AP axis. B) Upon egg laying proteins are translated.The Bcd protein diffuses from its site of synthesis at the anterior pole to form an exponential antero-posterior gradient. In contrast, Nos diffuses from its site of synthesis at the posterior pole to form a gradient with its highest concentration at the posterior. Bcd inhibits cad translation in the anterior, while Nos inhibits hb translation in the posterior. These inhibitions result in opposing Caudal and Hunchback protein gradients. The Hunchback gradient is secondarily strengthened by the zygotic transcription of the hunchback gene in the anterior nuclei by Bcd. C) Summary of gene regulation which establishes the anterior-posterior patterning of the Drosophila embryo. Modified with permission from[START_REF] Gilbert | Developmental Biology[END_REF].

Figure 6 .

 6 Figure 6. Anterior-Posterior axis development in Drosophila: The red panel (left) marks the events happening in the anterior part of the embryo, while the blue panel (right) shows the events happening in the posterior part. The initial asymmetry is established during oogenesis where bcd and nanos mRNAs are tethered to opposite poles of the oocyte. The pattern is organized by maternal proteins soon after fertilization where Bcd activates hb transcription while repressing cad mRNA translation in the anterior, and Nos represses hb in the posterior. Examples of null mutant experiments show the effect of Bcd and Nos null embryos. Modified with permission from[START_REF] Gilbert | Early Drosophila Development[END_REF].

Figure 7 .

 7 Figure 7. Overview of the maternal to zygotic transition in Drosophila: The important embryonic stages are illustrated by their corresponding nuclear cycle and time after fertilization (bottom). The red curve represent maternal mRNAs and their global degradation profiles. The light and dark blue curves illustrate the first and second wave of zygotic genome activation. Modified with permission from[START_REF] Tadros | The maternal-to-zygotic transition: a play in two acts[END_REF].
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 8 Figure 8. The Bicoid-hunchback system to study precision in Drosophila embryonic patterning: A) Confocal image of a D. melanogaster embryo expressing Bcd-EGFP at nc 12, showing the characteristic Bcd exponential concentration profile mostly visible in nuclei. B) Transcriptional activity of the hb promoter, visualized by confocal microscopy using the MS2 system (each red dot represents an active hb locus, grey circles show nuclear envelops). The channel showing hb transcriptional activity has been filtered and thresholded for clarity, and pseudo-colors are used for both channels. C) Schematic profile showing how the smooth distribution of the nuclear concentration of the Bcd protein (green) is turned into a sharp hb transcriptional response (red). The decay length of the Bcd gradient and precision of the hb response corresponds to what has been measured for this system at nuclear cycles 11-13 (decay length of the Bicoid gradient λ ~ 100 μm ~ 0.2 EL, position of the hb border at x=0.5 EL, and readout precision of dx=0.02 EL corresponding to δc/c=0.1). Reproduced with permission from(Fradin, 2017).

Figure 9 .

 9 Figure 9. The MS2 system to study transcription in living Drosophila embryos: A) Schematic view of the hb-MS2 transgene. The fluorescent detection of MS2-containing mRNAs was obtained with a second transgene maternally expressing the MCP-GFP at low levels. The fluorescent labeling of Nucleoporin (Nup-RFP) which allows the detection of nuclear envelop was obtained by a third transgene. B) A 2Dmaximal projection snapshot reveals periods of intense transcriptional activity, MCP-GFP proteins are recruited at the nascent MS2-containing mRNA accumulating at the hb-MS2 locus (green bright spots), while the Nup-RFP proteins localize at nuclear envelop (red). C) Snapshots of a nucleus selected at cycle 11 that divides twice in the movie, giving rise to four daughter nuclei at interphase 13. Reproduced with permission from[START_REF] Lucas | Live imaging of bicoid-dependent transcription in Drosophila embryos[END_REF].

Figure 10 .

 10 Figure 10. Overview of LiveFly: A) Nuclei segmentation example, with the upper panel showing the mask created by the program which overlays nicely with the nuclei seen in the original maximum projection image shown in the bottom panel.The user can adjust the segmentation parameters or perform manual corrections at this point. B) Nuclei tracking allows following the nuclei though space and time, as well as recording their genealogy after mitosis occur. C) Spot detection example: First a nucleus expressing the MS2 reporter locus 3D MCP-GFP is shown, followed by the MCP-GFP signal thresholded for detection, which when performed over time for each image in which the nucleus is present, finally gives us the transcriptional dynamics information for the particular locus. D) The transcriptional data for each analyzed movie can be seen in our data visualizer under the form of graphs showing, for PON, tactive, ΣI, μI as a function of position along the AP axis. These various parameters can be fitted to a Hill curve, which allow us to measure the Hill coefficient, the plateau of expression as well as the border of expression. Modified with permission from(Tran et al., 2018),[START_REF] Lucas | 3 minutes to precisely measure morphogen concentration[END_REF] and personal data.

  plateau value was assimilated to the maximum value reached by the smoothed profile, and the border position as the position at which the smoothed PON profile reached exactly one half of the plateau value.Chapter 3 HOW LONG DOES IT TAKE FOR THE hunchback GENE TO PRECISELY MEASURE Bicoid CONCENTRATION? This chapter contains our first valid observations of the transcriptional dynamics of the hb promoter, accessible for the first time thanks to the MS2 reporter system. Our main paper, Lucas et al. 2018 (reproduced in its entirety in section 3.1) reports on the time necessary to establish a precise response. Two closely related articles illustrate more complex ways in which the information contained in the MS2 movies can be further exploited. The first, Desponds et al. 2016 (summarized in section 3.2) focuses on the temporal analysis of the transcriptional traces in order to establish the dynamics state of the hb promoter (poisson, two states, cycle). The second, Tran et al. 2018, summarized in section 3.3 describes our efforts to build a model of activation consistent with our experimental data.

  Desponds J, Tran H, Ferraro T, Lucas T, Perez Romero CA, Guillou A, Fradin C, Coopey M, Dostatni N, Walczak AM. "Precision of readout at the hunchback gene". PLoS Comput Biol. 2016;(October):1-35. doi:10.1101/063784.

Figure 11 .

 11 Figure 11. Summary of results from autocorrelation analysis: A) Three models of transcription dynamics are considered: Poisson, two-state and cycle models. B) Example of the promoter state

  I present our efforts to reconcile different theoretical binding models of activation of the hb promoter by Bcd with the data I acquired by live imaging of hb transcription. This work is detailed in the paper: Tran H, Desponds J, Perez Romero CA, Coppey M, Fradin C, Dostatni N, Walczak AM. "Precision in a rush: trade-offs between positioning and steepness of the hunchback expression pattern". PLoS Comput Biol. 2018;14(10):e1006513.
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 12 Figure 12. Summary of results from modeling analysis: A) Embryo illustration, expressing different concentrations of hb mRNA at the nuclei (dark green = high expression), we can see the embryo from 3 perspectives: whole embryo (I), a column of nuclei at a similar AP position (II), and a row of nuclei along the AP axis. B) From III we can extract where the boundary is located and its sharpness by fitting a Hill curve. C) From II we can extract the readout error, how different hb expression is in nuclei at similar input concentrations. D) Equilibrium model with different binding sites (N, colored lines) at steady state limited by nc length (dashed lines), standard variation of readout error (y-axis), Hill coeffient (x-axis). E) Illustration of how positional resolution ΔX can describe nearby nuclei where at low H, low error, similar expression; at high H, high error, different expression. F) Equilibrium models at steady state at different nc, which give smallest readout error at optimal H*. G) Comparison of results find in F with experimental data. H) Hybrid equilibrium/non-equilibrium model, N=6 with 3 non-equilibrium and 3 equilibrium. I) Two opposing gradient model. G-I) H (y-axis left) at different times/nc (x-axis), ΔX (y-axis right), minimal achievable ΔX (orange dashed line), optimal H* yielding minimal ΔX (blue dashed line), tolerance interval of positional resolution (solid blue lines), data ΔX (orange crosses), data H (blue circles). Modified with permission from[START_REF] Tran | Precision in a rush: Trade-offs between reproducibility and steepness of the hunchback expression pattern[END_REF] 
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 1 Figure 1. Schematics of the hunchback locus and the reporter constructs designed for this study: A)The endogenous hb locus: which consists, from 5' to 3', of the stripe and the shadow enhancers active at nc14, the maternally expressed P1 promoter, and the P2 promoter which controls early hb transcription and is the subject of our study. The P2 promoter with its transcriptional start site is located upstream of an intron and two exons. B) The WT P2 reporter: which consists of the first 500 bp of the P2 proximal promoter including the first non-coding exon and the intron of hb placed upstream of the sequence coding for the iRFP and the 24xMS2-loops. The P2 promoter carries 3 high (purple) and 3 low (pink) affinity binding sites for Bcd, 1 Hb binding site (red), 2 Zld binding sites (orange), and 1 potential Cad binding site (green). Of note, the hb intron which is included in this reporter, carries potential binding sites for Zld, Cad and Hb which are not included in this schematic but are shown in Supplementary Fig.1. C) The synthetic reporters: were designed to contain 6 binding sites for each TF either alone or in combination. Binding sites were for Cad (Cad 6x), Hb (Hb 6x) or Bcd (Bcd 6x, strong binding site).

(Movie 2 )

 2 with that of the WT P2 reporter. The first striking observation in the case of the Bcd6x is the low number of nuclei with an active locus in the anterior of the embryo, indicated by low values of Pspot (i.e. low brightness of the kymographs in Fig.2C) and the much lower value of PON compared to the WT (Fig.2G, compare the orange and the bleu curves). This is consistent with very low levels of RNA production (~4.5 fold reduction compared to the WT reporter, Fig 2J,K) and very short tactive (~3.5 fold shorter, Fig 2I) throughout the different nuclear cycles. Of notice instead of the clear step-like pattern observed for the expression of the WT reporter, the

  ) remain very low and similar for both constructs throughout the studied nuclear cycles (compare the purple and orange curves). The position of the Cad6x Bcd6x border is also very similar to that of Bcd6x (Fig 3B). Similarly, the PON are very similar for both reporters (Fig 2G, compare the red and purple curves). Altogether, these data suggest that Caudal does not significantly contribute to Bcd-dependent transcription.

  , Fig. 3A, compare the red and green). The position of the expression domain border of the Cad6x Hb6x Bcd6x reporter is very anterior similarly to that of the Bcd6x and Cad6x Bcd6x reporter (Fig 3B, compare the red, purple and green plots). Thus the posterior shift observed at nc11 and nc12 for the position of the border when adding the 6 Hb binding sites in the synthetic reporter with the 6 Bcd sites, is compensated by the further addition of Cad binding sites. These data indicate Cad can act as a possible repressor in this system.

Figure 2 .

 2 Figure 2. Spatiotemporal expression features obtained for different synthetic reporters with binding sites for Bcd, Hb and Cad in live early fly embryos: A) Schematic of a single time trace

Figure 3 .

 3 Figure 3. Characteristics of the expression border for the WT P2 reporter and the synthetic reporters: A) PON max at plateau of expression, for each reporter: WT, Bcd6x, Hb6x Bcd6x, Cad6x Bcd6x, Cad6x Hb6x Bcd6x against each nuclear cycle is plotted, y-axis being the PON max expression level (1 being ON, 0 being OFF). B) Border position x 1/2 indicated as a % of EL (the origin being in the middle of the AP axis) for each reporter at each nuclear cycle. C) The transcription features were fitted to a Hill curve, which allow us to measure the Hill coefficient for each reporter at each nuclear cycle.3.2 In-silico Analysis of the P2 WT reporter reveals other possible players involved in Hunchback transcription and how Hunchback and Caudal may interact

Figure 4 .

 4 Figure 4. Caudal and Hunchback DNA-binding motifs share similarities: (A, B) DNA-binding motifs for Cad and Hb using the B1H system and Solexa sequencing 32 . (C, D) DNA-binding motifs for Cad and Hb using the B1H system and Sanger sequencing 32 . (D, E) DNA-binding motifs for Cad and Hb using DNase footprinting and Sanger sequencing33 . The overlapping sequence similarities that can be seen by alignment of the sequence can be seen in blue squares. The similarity between each pair of position weight matrix (PWM) using the same methods can be found in the middle of the image34 .

Figure 5 .

 5 Figure 5. Schematic of Maternal and Zygotic Hunchback contribution in early fly embryonic development: A) hb is a maternally supplied RNA and homogeneously distributed along the whole length of the mature oocyte (in pink). In our study, it can be contributed by WT (+/+) females, heterozygous for a null allele hb FB (+/-) females or germline clones induced mitotically in heterozygous
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 2 Cross The same females as in cross 1 were also crossed with hb FB /+ males. These embryos emerging from the heat shocked larvae, all lacked the maternal contribution of Hb and carried a hb FB maternal allele. 50% of them carried a WT paternal allele and were thus M0Z1/2 (M-/-Z-/+) and 50% carried the hb FB paternal allele and were thus M0Z0 (M-/-Z-/-). Cross 3 -We crossed WT female flies with hb FB /+ males to generate embryos which receive the full contribution of maternal Hb (M1) and a wild-type maternal allele. Since the paternal genotype was hb FB /+, 50% of these embryos received a wild-type paternal allele and were thus M1Z1 or a mutant paternal allele and were thus (M1Z1/2). We only imaged 2 embryos of this last genotype and more embryos need to be analyzed. Cross 4 -Next we crossed heterozygous hb FB /+ females to WT males: this cross generates embryos which all received a wild-type paternal allele and half the dose of maternal Hb (they were all M1/2) but 50% of them received a wild-type maternal allele and are thus M1/2Z1 while the remaining 50% received a mutated maternal allele and are thus M1/2Z1/2. Cross 5 -We crossed hb FB /+ females to hb FB /+ males to generate embryos receiving half the dose of maternal Hb and which will be either zygotically WT (M1/2Z1, M-/+ Z+/+, 25%), heterozygous (M1/2Z1/2, M-/+ Z+/-, 50%) or homozygous (M1/2Z0, M-/+ Z-/-, 25%).

  , light blue and green plots). In the M1/2Z0 genetic context, the border position is set at nc 12 at the same position of WT in nc 11, after the border recedes toward the anterior in nc 13 before returning to its original set position in nc14 (Fig 7B, green plots).Kymograph of hb-MS2 expression in the M1/2Z1/2 genetic background (Fig.6C) indicates that a copy of maternal Hb and a copy of zygotic Hb are not enough for efficient activation of hb transcription, as seen by the ~2-3 fold decay of PON expression levels compared to the WT (compare purple curve to dark blue curves Fig.6G, Fig.7A). It is interesting to notice that the values of PON, tinit, tactive obtained for this mutant remain similar throughout the nuclear cycles to those of M0Z1/2 (Fig.6G-I, compare the purple and the light blue plots). The border position in the M1/2Z1/2 genetic background is: it is set at -8% EL towards the anterior at nc12 and it remains at this position at nc13 to only slightly shifted towards the anterior at nc14 (Fig.7B, purple plot).

Figure 6 .

 6 Figure 6. Contribution of Maternal and Zygotic Hunchback in early development the hb-MS2 reporter expression: A-F) Kymographs summarizing the transcriptional dynamics observed for the hb-

  importance of maternal Hb in early activation of hb transcription and the importance of zygotic Hb for later nuclear cycles where the embryo pursues its own developmental program towards gastrulation. Our analysis also reveal some redundancy between the partially overlapping maternal vs zygotic contribution of Hb : this can be really highlighted when analyzing the PON max in Fig 7A, which show very similar expression behavior of the hb-MS2 reporter expression in WT (dark blue), M1Z1/2 (red) or M1/2Z1 (yellow) genetic backgrounds which all express at least 1.5 doses of Hb. In contrast, in genetic backgrounds expressing less than 1.5 the dose of Hb, M0Z1/2

Figure 7 .

 7 Figure 7. Characteristics of the hb-MS2 reporter expression border in genetic backgrounds expressing various levels of maternal and/or zygotic Hb: A) PON max at plateau of expression of the hb-MS2 reporter for each genetic backgrounds at most nuclear cycles. B) Border position x1/2 of the hb-MS2 reporter (% of EL placing the origin in the middle of the AP axis with negative values towards the anterior) in each genetic background at most nuclear cycles. C) The transcription features were fitted to a Hill curve, which allow to measure the Hill coefficient for each hb-MS2 reporter for each genetic backgrounds at most nuclear cycles. Color code for genetic backgrounds: M1Z1 (dark blue), M1Z1/2 (red), M1/2Z1 (yellow), M1/2Z1/2 (purple), M1/2Z0 (green) or M0Z1/2 (light blue).

Figure 8 .

 8 Figure 8. Contribution of Zld to the hb-MS2 reporter expression: A-E) Kymographs summarizing the transcriptional dynamics for the hb-MS2 reporter in Zelda mutant backgrounds: WT (A), Zld M-/+ (B), Zld M-/-(C). The data were used to obtain the following transcriptional feature: P ON (D), t active (E) t active (F), µI (G), I (J). Color code for panel D to H is blue for the WT, orange for Zld M-/+, yellow for Zld M-/-.

Figure 9 .

 9 Figure 9. Characteristics of the hb-MS2 reporter expression border in genetic backgrounds expressing various levels of maternal Zelda: A) P ON max at plateau of expression of the hb-MS2 reporter in WT, Zld M-/+, and Zld M-/-genetic backgrounds is indicated through the nuclear cycles. B) Border position of the hb-MS2 reporter expression domain is indicated for the various nuclear cycles. C) Hill coefficient for each hb-MS2 reporter for each genetic backgrounds at most nuclear cycles. Color code for genetic backgrounds: WT (blue), Zld M-/+ (red), Zld -/-(yellow).

Figure 10 .

 10 Figure10. Summary of our findings on hb transcription: Our WT hb P2 reporter is shown in blue, with a transcription initiation site, the sequence coding for a fluorescent protein marker (iRFP) followed by the sequence of 24xMS2 stem loops. We analyzed the expression of this reporter in genetic backgrounds modifying the level of expression of different TFs such as: Zld (orange), maternal Hb (light red) and zygotic Hb (dark red). This analysis indicates that Zld and maternal Hb contribute to early activation, while zygotic Hb is important for activation at later nuclear cycle. Both Zld and Hb contribute to border positioning and efficient expression. From our synthetic promoter studies we were able to conclude that Bcd is sufficient for activation, Hb for efficient transcription and Cad might act as a repressor.

  and the sequence of the various binding sites were inserted by cloning just upstream of the promoter. These included 6 strong Bcd sites (GGGATTA, separated by 8 randomized bp), 6 Hb sites (AAAAAAC, separated by 8 randomized bp) and 6 Cad sites (TTTATG, separated by 2 randomized bp). When combining the synthetic reporters a spacer of 21 random bp between each TFs motif was left. An empty vector without any insertion of binding sites was used as control for unspecific expression. These synthetic reporters, inserted in Pacman 25 vectors, were engineered and prepared by Aurélien Guillou & Laurent Belkadi, and inserted at the VK33 site by Bestgene.

  heptane glue, flattened by slight tapping with a dissecting needle and then embedded with Halocarbon oil (VWR). Mounted embryos were imaged at ~ 23°C using an incubator/cooler from Tokai Hit (INUC-KPP Series) on a Zeiss LSM780 confocal microscope with a Zeiss 40x (1.4 NA) A-Plan objective. Image stacks (pixel size 0.2 μm, pixel dwell time 0.54 μs, 8 bits per pixels, confocal pinhole diameter 92 μm, distance between consecutive images in the stack 0.5 μm, ~1200x355 pxl, ~30 z-stacks) of the lower cortical region of the embryo close to the middle

Figure 6 .

 6 Figure 6. Characteristics of the hb-MS2 reporter expression border in genetic backgrounds with different levels of Hb and Zld protein expressions: A) PON max at the plateau levels of each reporter at the border through the nuclear cycles: WT (M 1 Z 1 ), M 1 Z 1/2 , M 1/2 Z 1 , M 1/2 Z 1/2 , M 1/2 Z 0 , M 0 Z 1/2 , Zld M-/+, and Zld M-/-. B) Border position of each reporter through the nuclear cycles: the averaged border position of pulled data for each reporter is plotted, the y-axis being the AP axis (% of EL) and the x-axis each nuclear cycle imaged 11, 12, 13, 14. C) Hill coefficient for each construct. Color code: dark blue (WT, M1Z1), red (M 1 Z 1/2 ), yellow (M 1/2 Z 1 ), purple (M 1/2 Z 1/2 ), green (M 1/2 Z 0 ), light blue (M 0 Z 1/2 ), orange (Zld M-/+), brown (Zld M-/-).

Figure 7 .

 7 Figure 7. Summary of results before and after normalization of MS2 spot intensity. These are the results coming from WT embryos acquired before the microscope problem (WTold in blue), after the microscope problem (WTnew in yellow). Plus the background corrected and normalized MS2 spot intensity values for embryos after the microscope problem (WTnewBKGcorr in purple) and the pulled embryos of all the WT embryos old and the new ones corrected (WTokBKGcorr in red), which was as the WT standard for the rest of the study. The pulled data were used to extract each transcriptional feature: P ON (A), t active (B), µI (C), I (D).

Figure 13 .

 13 Figure 13. The memory hypothesis: The memory hypothesis is formed of two propositions: (1) Activation by random Bcd binding: an unactive hb locus can sense the local Bcd concentration by stochastically binding to approaching Bcd molecules, and a sufficient number of random Bcd binding events leads to the activation of transcription; and (2) Activation by memory: this active state is memorized by the promoter region, and transmitted to daughter nuclei at the next cycle.

only 3

 3 minutes and help understand hb efficient and precise transcription. As always in research: "One never notices what has been done; one can only see what remains to be done". -Marie Curie.AfterwordOur journey began by trying to understand how a single cell knows its place in the blueprint of life. I hope you find my PhD quest to answer how cells measure inputs and translate them into precise outputs as a small grain of sand added to the endless search for understanding that drives us and science. Hopefully the next time you see that little fly in your kitchen you might just wonder what new things that little pest will help reveal next. Thank you for bearing with me and letting me share this journey with you."Every new beginning comes from some other beginning's end". -Seneca I would like to share some personal thoughts that came to me as I progressed though this journey, as this PhD opened my eyes to the great importance of open research and scientific collaboration. It also showed me the great potential of the scientific community in voicing our concerns and knowledge to the public community. In this age of fake-news and miss information, I believe we as scientists need to play a more crucial role in helping share our facts and scientific knowledge, not only in our fields as we traditionally have been doing by publishing papers, but also by making our research reachable to the general public, by using individual creativity and our communication skills.
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  This chapter describes the methods used during the Ph.D. work. This includes embryo sample preparation and their live imaging, and the image and data analysis of the resulting acquired movies. These methods have been published as two book chapters in the Springer Methods in Molecular Biology Book series -Morphogen Gradients: Methods and Protocols[START_REF] Perez-Romero | Live Imaging of mRNA Transcription in Drosophila Embryos[END_REF] Tran et al., 2018).

The first book chapter, which I sign as a first author, provides the details of embryo preparation and imaging. It is included in its entirety in section 2.1. The second book chapter, which I sign as a second author, covers image and data analysis. The aspects of this second book chapter that are relevant for this thesis are summarized in section 2.2.
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Table 4 . Stocks and crosses used for Synthetic promoter study.

 4 at 37°C at L2 larva stage)44 : for zld mutants, we use Ovo D1 hs-FLP FRT19A chromosome(#23880, Bloomington) with the zld 294 FRT19A chromosome carrying a null allele of zld (a gift from C. Rushlow 22 ); for hb mutants, we use hs-FLP insertion on the first chromosome p{hsFLP}22 (#8862, Bloomington), the Ovo D1 FRT82B chromosome (#2149, Bloomington) and the hb FB allele41 recombined with the FRT recombination sequence in 82B by Dr. Tanguy Lucas. All stocks were raised at 25°C. All the stocks and crosses used for this study are shown in Table4for the synthetic reporters, and Table5for the mutant analysis.

	For synthetic analysis:		
	♀	♂	Construct
		; ; hb-MS2/TM3 15	WT
		w-; ; Bcd6x-MS2_VK33	Bcd6x
	w-; His-RFP/Cyo;	w-; ; Hb6x-MS2_VK33	Hb6x
	MCP-GFPnoNLS	w-; ; Hb6xBcd6x-MS2_VK33	Bcd6x Hb6x
		w-; ; Cad6x-MS2_VK33	Cad6x
		w-; ; Cad6xHb6x-MS2_VK33	Cad6x Hb6x

yw hs-FLP ; His-RFP,MCP- GFPnoNLS ; hb FB FRT82 / FRT82B Ovo D1 Induced for germline clones (3hrs at 37°C at L2 stage)

  

		M0Z1/2 (the chromosome
	w-; ; hb-MS2/TM3 15	carrying the hb-MS2 also
		carries wild-type hb)
		M0Z0 (the chromosome
		carrying the hb-MS2 also
		carries the hb FB allele)
	w-; ; hb FB FRT82BNeo e ,hb-	
	MS2/TM6B	
	w-;	

His-RFP,MCP-GFPnoNLS ; hb FB FRT82BNeo e /TM6B

  

	; His-RFP,MCP-GFPnoNLS ;		
	Induced for germline clones (3hrs at		
	37°C at L2 stage)		
	zld 294 FRT19A/FM7 ; His-RFP,MCP-GFPnoNLS ;	; ; hb-MS2/TM3 15	Zld Maternal -/ +
				M1/2Z0 / M1/2Z1/2 (the
				chromosome carrying the
				hb-MS2 also carries the hb FB
				allele)
				M1/2Z1/2 / M1/2Z1(the
		w-; ; hb-MS2/TM3 15		chromosome carrying the hb-MS2 also carries wild-
				type hb)
	w-; His-RFP,MCP-GFPnoNLS ; MKRS/TM6B	w-; ; hb FB FRT82BNeo e ,hb-MS2/TM6B	M 1 Z 1/2 (the chromosome carrying the hb-MS2 also carries the hb FB allele)
	zld 294 FRT19A/ Ovo D1 hs-FLP FRT19A	w-; ; hb-MS2/TM3 15		Zld Maternal -/ -

Table 5 . Stocks and crosses used for Mutant analysis study

 5 . Females (column 1) induced for germline clones or not (as indicated) were crossed with males (column 2) and embryos (named in column3) emerging form the cross were imaged and analyzed. Importantly, in the case of the female induced for germline clones, it is only after mitotic recombination when OvoD1 is exchanged with the second hb FB or zld 294 alleles that the females will produce eggs. If the induction for germline clones was not efficient, these females do not lay eggs because the ovoD1 induced sterility. Of note, if induction for germline clones was efficient, the embryo produced carries a mutated maternal allele.

. Sequence of WT P2 promoter and the hb intron

  

	ATTCCCGACCGATCCGCGACCTGTACCTGACTTCCCGTCACCTCTGCCCATCTAATCCCTTG
	ACGCGTGCATCCGTCTACCTGAGCGATATATAAACTAATGCCTGTTGCAATTGTTCAGTCAG
	TCACGAGTTTGTTACCACTGCGACAACACAACAGAAGCAGCACCAATAATATACTTGCAAAT
	CCTTACGAAAATCCCGACAAATTTGGAATATACTTCGATACAATCGCAATCATACGCACTGA
	GCGGCCACGAAACGGTAGGATATTGTTAGCCATTACCAAGTGTCTCCATTTTGAACACAAAA
	TCACTCAAATCGCCTTCAGGGGGTGGGTGCCGCCCAGCCACCCCTGACGTATTTTTTGTTAG
	GGGTGGTGCCGCAAGCACACCAAAAAAAGAGAAAAAAAAAATAAAAGCGAGGAAAAATAA
	AATGAAAAACAAGCGGAAAAAAAGAGGAAAAAACTCGACGCAGGCGCAGTGCATGAATGA
	ATAAATGAATATGCCCACTAACCCCACTCTCTCTGTTTTCTTATCCATTACAGCCGTCTAGAG
	CCGCCAAGGGATCT		
	Zelda	Low Affinity Bicoid	High Affinity Bicoid	Huncback
		TATA box	hunchback intron	putative Caudal
	Supplementary Figure 1Transcription		
					and their
	expression profile during development from FlyMine (http://www.flymine.org) 39 .

: In be, the TATA box of the P2 promoter and highlighted in grey the hb intron. Potential binding sites for each transcription factor studied in here marked by different colors: Zelda (yellow), low affinity Bicoid binding sites (pink), high affinity Bicoid binding sites (purple), Hunchback in (red), and the putative Caudal binding site (highlighted in green).

factors 36 Number of Binding sites 31,36 Function 38 Expression during development 39

  

	Tramtrack (Ttk)	1	nervous system, trachea and eye development	6-18 hour embryo
	Glia cell missing (GCM)	1	neurons development		4-14 hour embryo
	E2F	2	general TF		all time
	Doublesex (Dsx)	3	reproductive system development		early pupal stage and adult flies
	Supplementary			
	Adf-1	3	neurons development		adult fly
	TF B	1	general TF		all the time
	Ecdysone-induced protein 74EF (E74EF)	3	endocytosis and pupal development	late pupal stages
	DTF-1	1	not known		not known

Table 1 . Transcription Factors Binding Sites in the P2 promoter and the hb intron which have only a late expression during development:

 1 Putative transcription factors were found using PROMO virtual laboratory, the number of binding sites motifs found is show next. The relevant function at the time of development of each factor is taken from Flybase and Flymine, as one can see this list
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My contribution:

Acquisition of all movies mentioned in the manuscript, movie processing, data analysis, preparation of figures, and manuscript writing.

Research Objective:

To explore the role played by different TFs in hb transcriptional dynamics using a synthetic promoter and mutant analysis approach.

Research Highlights:

 Bcd binding sites alone are able to provide transcriptional activation of the promoter but are not sufficient to reproduce the dynamics of hb transcription.

 Maternal Hunchback contributes in early nc 11, 12 to efficient transcription, while zygotic Hunchback plays the same role during later nc 13, 14. Both work together in setting a precise border.

 Zelda is crucial for efficient transcription and activation of hb expression  Caudal may act as a negative regulator of hb transcription through counter-repression. molecular evidence) and from zld 294 germline clones induced using FRT/FLP mitotic recombination and which allow producing embryos completely devoid of any zld maternal contribution (Zld M-/-). Importantly, even though there is a strong maternal contribution of Zld in the embryo, the phenotype is completely penetrant and not rescued by the zygotic contribution 22 , and this is in contrast to what we observed for Hb (see above).

When we analyzed progeny of heterozygous females mutant for Zld, i.e. when one dose of maternal Zld is removed from the embryo (Zld M-/+), we can see in the kymographs that hb expression is extremely low at nc 11, increases during the nc12 and nc13 and decreases at nc 14 (Fig. 8B). PON levels are ~1.5 fold lower than those seen in the WT reporter (compare orange and blue curves in Fig. 8D) and a similar trend can be seen for tinit (Fig. 8E), tactive (Fig. 8F), RNA production rate (Fig. 8G) and RNA production levels (Fig. 8H). In Zld M-/+ embryos, the hb-MS2 reporter has a PON max at plateau lower than in WT (Fig 9A ) and a more anterior border of expression (Fig. 9B). It is shifted of ~3% EL towards the posterior at nc 13 when PON reaches a maximum level (compare Fig. 9A with Fig. 9B). The sharpness of the border remains lower than that of WT as seen from the value of the Hill coefficient (Fig. 9C), indicating that Zld contributes to the sharpening of the border.

In zld germline clones, i.e. when all maternal Zld content was removed from the embryo (Zld M-/-), the situation becomes even clearer and confirms the importance of Zld in hb expression. This is particularly obvious early on, as no expression can be detected at nc 11, and even later on as only very little expression is detected (Fig. 8C). The PON values are reduced ~2 fold compared to Zld M-/+ (compare yellow and orange curves, 9A). We observe the same trend for the other transcription features, showing a systematic reduction in activation: it starts later on average at each cycle (tinit is higher compare yellow curve with red and blue ones in Fig. 8E), it does not last as long (tactive is lower compare yellow curve with red and blue ones in Fig. 8F) and the average RNA production rate is lower (compare yellow curve with red and blue ones in Fig. 8G). At nc12, the border position is set very anteriorly at ~-23.5% EL (Fig. 9B) and then it is shifted of ~9% EL towards the posterior at nc 13 where it remains until nc 14 (Fig. B).

Supplementary Figure 2. Putative binding sites for other player in the WT P2 promoter and intron:

Sequence of the WT P2 promoter sequence and of the hb intron (highlighted in grey), with the potential binding sites find for other transcription factors identified with an in-silico analysis using PROMO. Similarly as above, note that we need more data from additional embryos. Also, as the identification was obtained by eye, we need to set-up a quantitative and statistical analysis allowing to separate the different classes of movies unambiguously
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