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Populations are faced with selective pressures that act on certain traits resulting in phenotypic divergence. The evolution of adaptive morphological traits is often associated with changes in pre-existing structures. In semiaquatic insects, a dramatic growth of thoracic appendages is associated with their adaptation and efficient locomotion on the water surface.

This particular leg allometry facilitated the exploitation of aquatic habitats, a restricted niche for their terrestrial relatives; and hence opens a new array of ecological opportunities.

Additionally, the derived group of water striders has undergone further appendage modification, such that T2-legs are longer than T3-legs, a ground plan associated with the specialization to open water. Water striders have evolved a derived mode of locomotion through rowing on water. They move their mid-legs in simultaneous sweeping strokes for propulsion, and move their hind-legs in fine movements for orientation. Leg specification and elongation in semiaquatic insects happens during early embryogenesis as the newly hatching nymphs emerge with functional legs. The Hox transcription factor Ubx was found to be implicated in the reversal in leg ground plan. Nonetheless, the genetic mechanisms underlying these leg adaptive changes are still poorly understood. The presented thesis investigates these questions through two main goals: first, to uncover the genes and pathways implicated in the development and dramatic elongation of the legs; second, to examine the dynamics of Hox control responsible for the reversal in leg ground plan characteristic of water striders.

Here is my secret. It is very simple: it is only with the heart that one can see rightly; what is essential is invisible to the eye. -Antoine de Saint Exupéry, The Little Prince Dedication final destination is on the horizon. It has been a delightful, enjoyable, exciting journey that could not have been better for no reason but because of a lot of people I met along the way, to whom I am indebted. I would like to thank my dear friend rather than a supervisor, Abdou Khila. Thank you for this opportunity, for all what I learned, and for making me push my limits. I am excited to be the first PhD student of your lab. It's a great responsibility though; I hope I make you proud. Thank you for all the fun we had as well as all the nice discussions (PS. I will keep Haghoug, the Nigerian song, and so many memories you left for me forever

).

I am also really grateful to the Godfather of the IGFL, Pr. Vincent Laudet; the man who, despite his tight schedule, puts the interest of the student above all. I would like to thank you for all your efforts in my unstable first year until I finally arrived and settled in Lyon.

I would like to thank the members of my thesis committee Dr. Patrícia Beldade and Dr.

Michalis Averof who provided a lot of insight into my project. I am also grateful to the members of my thesis jury Pr. Jordi Casanova, Dr. Nikola-Michael Prpic-Schaper, Dr. Felipe Moreira, Dr. Patrícia Beldade, and Pr. Laurent Viriot, who agreed to review this work. I know how tedious this task can be.

I would like to thank all the members of the Khila team. I will probably go in the order of appearance, which will make you Séverine Viala the first! I don't know if you still remember but you are the first one I met when I first returned to Lyon and I came to the one office I knew how to reach (the office of Fabienne and Martine). Then Fabienne told me there is someone I would like you to meet… and it was you as you were there in Martine's office. Thank you Séverine for not giving up with my French, your persistence helped me getting it back. Thank you for all the effort you have done editing and correcting my work.

Next comes, the "Little Spanish" David Armisén; a real brother in all the sense of the word.

Thank you David, for all the laughs, for all the advice, and for all the discussions in all aspects of life.

And of course for all the peppermint! I would like to thank Antonin Crumière, the brave successor. The ball you gave me during the thesis writing was a real inspiration .

Then came the Darwin boy, William Toubiana. I am going to miss picking on you man. Thank you for all the crazy laughs, and I would like you to know that you are not the heir of the stick of power… I still haven't chosen who will get it! I would like to thank Emilia Santos. A bright future is ahead of you and I would like you to know… PEACE OUT! I would like to thank the newest addition to the team (up to the moment this was written) and the office neighbor, Amélie Decaras who adapted with all my thesis writing. And finally thanks to all the Khila alumni Sam, Chams, Chloé, Pierre and Essia.

I am thankful to Dr. Ehab Abouheif and all his team members who hosted me during my first year in his lab in Montréal. Thank you for treating me like a lab member, with all the lab meeting discussions, bench and office space. Thank you for all the fun I had with all your lab members Rajee, Marie-Julie (MJ), Sophia, Matteen, Maryna, Kelly and Joel.

I am greatful to a number of people for their constant encouragement and technical advice during the thesis writing process. Thank you Camille Enjolras, Pauline Marangoni, Emilie Guillon, Julie Carnesecchi, Manon Baeza, and François Bonneton for all your support.

The thesis would not have been possible without the efforts of a dream team of Gestionnaires who spent a lot of time and effort making my administrative life easier. Of course the mighty Fabienne Rogowsky who did a colossal effort upon my arrival in 2010 and onwards. She dealt with my paper work as if there was nobody else in this institute except me. I cannot thank you enough! Thank you

Martine Chapier for all the hidden effort you do for us. I would also like to thank Mme. Latifa Bouguessa, Mme. Fabienne Macro, Mme. Corinne Poncelet, Mme. Bérengère Peytel, and Mme

Roxane Leclaire for all their administrative efforts.

I am thankful to l'Université Claude Bernard Lyon1 for the PhD fellowship contract. I would also like to thank all the IGFL people for all the bonne humeur and nice atmosphere. And finally the city of Lyon which had been a wonderful home to me!

Résumé

Les populations sont soumises à des pressions sélectives qui agissent sur certains traits entraînant une divergence phénotypique. L'évolution des morphologies adaptatives est souvent liée avec des changements de structures préexistantes. Les insectes semi-aquatiques ont subi une croissance de pattes exagérée qui est associée à leur adaptation et locomotion efficace à la surface de l'eau. Cette croissance excessive a facilitée l'exploitation de l'habitat aquatique restreint pour les espèces terrestres apparentées. En outre, le groupe dérivé des gerris a subi des modifications supplémentaires au niveau des pattes, de sorte que la deuxième patte (P2) est plus longue que la troisième patte (P3). Ce plan d'organisation inversé par rapport à celui des espèces terrestres, est associé à la spécialisation pour une vie sur l'eau. Les gerris ont acquis un mode de locomotion dérivée qui consiste à ramer par des mouvements simultanés de leurs P2 et des mouvements plus subtils de leurs P3 pour s'orienter. La structure et la croissance des pattes des insectes semi-aquatiques sont réalisées durant l'embryogenèse. En effet, la nymphe qui éclot possède des pattes fonctionnelles. Il a été démontré que le facteur de transcription Hox, Ubx, est impliqué dans cette inversion du plan des pattes. Cependant, les mécanismes génétiques responsables de ces adaptations restent toujours obscurs. La thèse présentée examine ces questions à travers deux axes : premièrement, déterminer les gènes et les voies de signalisation responsables du développement et de la croissance remarquable des pattes ; deuxièmement, étudier le rôle du gène Hox impliqué dans l'inversion du plan des pattes caractéristique des gerris.

Mots clés :

Gènes Hox, Adaptation, Allométrie, Evolution morphologique, Ubx, Gerris

Résumé substantiel

Introduction générale:

Les populations sont soumises à des pressions sélectives qui agissent sur certains traits entraînant une divergence phénotypique. Ces changements phénotypiques peuvent affecter la performance du groupe. L'évolution des morphologies adaptatives est souvent liée avec des changements de structures préexistantes. Les insectes semi-aquatiques ont subi une croissance exagérée de leurs pattes qui est associée à leur adaptation à la surface de l'eau et à leur locomotion efficace. Cette croissance excessive a facilitée l'exploitation de l'habitat aquatique restreint pour les espèces terrestres apparentées. En outre, le groupe dérivé des Gerris a subi des modifications supplémentaires au niveau des pattes, de sorte que la deuxième patte (P2)

est plus longue que la troisième patte (P3). Ce plan d'organisation inversé par rapport à celui des espèces terrestres, est associé à la spécialisation pour une vie sur l'eau. De plus, les Gerris ont acquis un mode de locomotion dérivé qui consiste à ramer par des mouvements simultanés de leurs pattes P2 pour se propulser et des mouvements plus subtils de leurs pattes P3 pour s'orienter. La structure et la croissance des pattes des insectes semi-aquatiques sont réalisées durant l'embryogenèse. En effet, la nymphe qui éclot possède des pattes fonctionnelles.

Il a été démontré que le facteur de transcription Hox, Ultrabithorax (Ubx), est impliqué dans cette inversion du plan d'organisation des pattes. Cependant, les mécanismes génétiques responsables de ces adaptations restent toujours obscurs. Au cours de ma thèse, j'ai utilisé les insectes semi-aquatiques comme modèle pour étudier les mécanismes génétiques et les voies de signalisation impliqués dans cette adaptation unique.

Les insectes semi-aquatiques, un organisme modèle promettant en Evo-Dévo :

Les insectes semi-aquatiques sont considérés comme un nouvel organisme modèle pour les études écologique et biogéographique, les études d'adaptation, et les études du comportement. Ceci est dû à la diversité unique de leur habitat, qui couvre presque tous les milieux aquatiques excepté l'Antarctique, et qui peut atteindre jusqu'à 4700m d'altitude, ainsi qu'à leur écologie diversifiée (Damgaard 2008b[START_REF] Polhemus | Global diversity of true bugs (Heteroptera; Insecta) in freshwater Freshwater Animal Diversity Assessment[END_REF]. De plus, certaines espèces offrent d'autres avantages tels que l'utilisation comme contrôle biologique contre les stades immatures des mouches nuisibles et des moustiques ; d'autres espèces sont considérées comme prédateurs naturels des espèces ravageuses du riz [START_REF] Polhemus | Global diversity of true bugs (Heteroptera; Insecta) in freshwater Freshwater Animal Diversity Assessment[END_REF].

Ce groupe d'insectes est maintenant utilisé au sein de l'équipe Khila comme système modèle pour les études en Evo-Dévo grâce aux techniques avantageuses qu'ils offrent et qui sont parfois manquantes dans d'autres systèmes. Par exemple, pour certaines espèces, nous avons réussi à maintenir une lignée consanguine sur plusieurs générations, ce qui a permis l'obtention de données génétiques et transcriptomiques. Nous avons également développé une multitude de techniques pour l'analyse de l'expression génétique comme l'hybridation in situ et le marquage immunologique pour l'expression protéique. De plus, ce système donne l'avantage de pouvoir réaliser des études fonctionnelles grâce à l'efficacité de l'ARN interférence.

Objectifs de la thèse présentée :

Les insectes semi-aquatiques ont acquis une multitude d'adaptations au niveau de leurs pattes qui leurs ont permis d'augmenter leur performance locomotrice suite à la colonisation de la surface de l'eau. Une des caractéristiques communes parmi les membres de tout le groupe est que la longueur des pattes rapportée à la taille du corps est plus longue en comparaison avec les espèces terrestres apparentées. Une deuxième caractéristique spécifique des lignées dérivées, comme les Gerris, est l'acquisition d'un plan d'organisation des pattes dérivé du plan d'organisation ancestral. Les insectes terrestres ont un plan organisé de telle sorte que la patte P1 est plus courte que la patte P2, elle-même plus courte que la patte P3. Ce plan leur permet de se déplacer d'une manière efficace sur les surfaces solides en utilisant leurs pattes alternativement pour marcher. Les espèces d'insectes semi-aquatiques basales (et quelques lignées dérivées) ont gardé le plan ancestral et se déplacent librement sur surface solide et à la surface de l'eau en utilisant leurs pattes de la même manière. Les Gerris, quant à elles, ont un plan inversé de telle manière qu'elles possèdent la patte P2 plus longue que la patte P3 qui est plus longue que la patte P1. Ce plan dérivé a entraîné un nouveau mode de locomotion par rame qui consiste en des coups simultanés des deux pattes P2 pour les propulser en avant, les pattes P3 servent pour l'orientation.

L'objectif de ma thèse est d'étudier les mécanismes moléculaires et développementaux responsables de cet exemple de modification morphologique des pattes thoraciques des insectes semi-aquatiques qui a permis la conquête d'un nouvel habitat. Afin d'analyser ces mécanismes, j'ai utilisé quatre approches distinctes :

1-Etudier les gènes et les voies de signalisation impliqués dans le développement et la croissance exagérée des pattes. Cette caractéristique est retrouvée dans tout le groupe (Manuscrit I dans les résultats).

2-

Analyser le rôle du gène Hox, Ultrabithorax (Ubx), impliqué dans l'inversion du plan d'organisation des pattes caractéristique des lignées dérivées (Publie II dans les résultats).

3-

Analyser le rôle d'Ubx dans un contexte comparatif entre les lignées basales, les lignées dérivées ayant le plan de pattes ancestral, et les lignées encore plus dérivées qui ont acquis le plan inversé (Publie II dans les résultats).

4-

Etudier les gènes cibles sous le contrôle d'Ubx qui ont potentiellement un effet différentiel dans la patte P2 et la patte P3 (Partie III des résultats, manuscrit en préparation).

Résumé des résultats de ma thèse:

I. Manuscrit 1 :

'Adaptive leg growth control by key developmental genes in the water strider Limnoporus dissortis'

Résumé des résultats du manuscrit:

En utilisant des analyses d'expression génétique et le knockdown ARN interférence, j'ai étudié la fonction des gènes développementaux essentiels distal-less (dll), hedgehog, (hh), wingless (wg), et epidermal growth factor receptor (egfr). L'analyse du patron d'expression de ces gènes a montré qu'ils sont exprimés dans les trois paires de pattes au début de l'embryogenèse, ce qui soutient l'hypothèse qu'ils jouent un rôle dans le développement de celles-ci. En parallèle, l'analyse fonctionnelle a démontré que ces gènes sont requis pour la croissance des pattes. Les deux gènes dll et hh contrôlent l'élongation du fémur et donnent l'identité aux tarses. wg et egfr contrôlent l'élongation des trois segments, fémur, tibia, et tarses, des trois paires de pattes thoraciques.

Le rôle des gènes étudiés est bien décris dans la segmentation chez la Drosophile ainsi que chez d'autres insectes. Nos résultats démontrent que ces gènes sont également impliqués dans la segmentation chez les insectes semi-aquatiques. En plus de ce rôle conservé, ils sont requis pour l'élongation des pattes durant le développement embryonnaire de L. dissortis.

II.

Publie 2 (Publiée dans la revue Developmental Biology) :

'Emergence of tissue sensitivity to Hox protein levels underlies the evolution of an adaptive morphological trait.'

En plus de la croissance générale des pattes caractéristique à tous les insectes semiaquatiques, certaines lignées dérivées, comme les Gerris, ont acquis une seconde adaptation 

Conclusion générale :

Durant ma thèse, j'ai étudié un exemple unique d'adaptation à la vie à la surface de l'eau. Pour cela, j'ai examiné les bases génétiques responsables de cette adaptation, essentiellement au niveau du développement des pattes. Cette thèse aboutie à trois constats : 
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Fitness, ecological adaptation, and phenotypic evolution

Any given population is faced with selective pressures that will act on certain traits resulting in phenotypic divergence mainly leading to adaptation of the group (Ghalambor et al 2003[START_REF] Schluter | The ecology of adaptive radiation[END_REF]. Organisms are involved in numerous complex interactions with their surrounding environment, and thus are under a combination of selective pressures. Examples include but are not limited to: physical factors of the environment (such as temperature, pressure, water current velocity, pH, mineral composition of the niche, and as such other abiotic characteristics of the environment), food resources availability and type, foraging behavior, predator-prey interaction, the density of the population, and competition with other members, etc… (Figure 1) [START_REF] Chase | Ecological niches: linking classical and contemporary approaches[END_REF], Ghalambor et al 2003). These interactions will result in a pressure on the species and subsequently an effect on phenotypes and morphologies that are best adapted to their environment and therefore increase their overall fitness (Orr 2005a, Orr 2005b). This process leads to the diversification of phenotypes observed in nature and the evolution of adaptive traits.

Examples of adaptive traits

There are few classical examples of the appearance of adaptive traits as a result of selection. One of the most prominent examples is the industrial melanism affecting moths and other insects following the industrial revolution (Kettlewell 1955, Lees & Creed 1975).

Kettlewell gave the first empirical evidence to a long anecdotal (though intuitive) notion of melanism where there exits two colored morphs of a species that are able to escape predation when at rest on the appropriately colored background (Kettlewell 1955). Kettlewell studied bird predation on dark and light morphs; at rest, and depending on the tree background, one morph color could be a "handicap" giving the sufficient contrast to be detected and preyed on by birds (Kettlewell 1955).

Other examples include the different morphologies of armor and spines in threespined sticklebacks [START_REF] Barrett | Natural Selection on a Major Armor Gene in Threespine Stickleback[END_REF], Bell et al 1993, Klepaker 1993). Bell and coworkers illustrated an example where predator-prey interactions as well as the physical factor of mineral composition in the environment have an effect on the phenotype of sticklebacks (Bell et al 1993). The authors demonstrated that both the absence of predatory fishes and the low calcium concentration in the water correlated with the selection on the phenotype of reduced pelvic in threespined sticklebacks (Bell et al 1993). Other studies also focused on armor plate number between marine and freshwater sticklebacks where freshwater sticklebacks have reduced plate number compared to their marine counterparts [START_REF] Barrett | Natural Selection on a Major Armor Gene in Threespine Stickleback[END_REF].

Other examples are studied in insects such as the development of external sexual traits in water striders and beetles (Emlen et al 2012, Khila et al 2012). Emlen and co-authors studied the exaggerated sexual ornaments in beetles used by other males to assess the status of their competitors, and by females to assess the quality of the male, and linked the development of such ornament to insulin/insulin-like signaling pathway (Emlen et al 2012).

Additionally, Khila and coworkers studied another example of male specific antennal structures used to grasp females during mating and uncovered that the patterning gene distalless (dll) is responsible for the development of this trait (Khila et al 2012).

1.2 Evo-Devo and the study of the evolution of adaptive traits

One of the aims of the study of evolution and development (Evo-Devo) is uncovering the developmental mechanisms underlying this diversity of phenotypes. Although recently, there has been a great effort to understand the developmental mechanisms underlying the evolution of adaptive traits (Abzhanov et al 2004, Beldade & Brakefield 2002, Khila et al 2012[START_REF] Moczek | Differential recruitment of limb patterning genes during development and diversification of beetle horns[END_REF], a lot is still unclear. My presented thesis is a study of an example of an adaptive trait, leg length as an adaptation to water surface locomotion, using the promising model system semiaquatic insects.

II. Semiaquatic insects, a promising model for Evo-Devo studies

In my presented thesis, I used semiaquatic insects as a model system to investigate the molecular mechanisms and pathways responsible for their unique leg morphology and length adapted to their water surface-dwelling life. Semiaquatic insects are considered an emerging model system for ecological, biogeographical, adaptational, and behavioral studies due to their diverse habitats and an associated array of adaptive phenotypes. This group of insects dominates water surface worldwide and can be found in any aquatic habitat except in Antarctica, including ponds, streams, lakes, marches and even open oceans (Damgaard 2008b[START_REF] Polhemus | Global diversity of true bugs (Heteroptera; Insecta) in freshwater Freshwater Animal Diversity Assessment[END_REF]. Moreover, certain species can have numerous other benefits such as being biological controls of the immature forms of pest flies and mosquitos; other species considered as a natural predator of rice pests [START_REF] Polhemus | Global diversity of true bugs (Heteroptera; Insecta) in freshwater Freshwater Animal Diversity Assessment[END_REF].

This group of insects is now being used in the Khila lab as an emerging model system for Evo-Devo studies with great potential and technical advantages sometimes lacking in other systems. This chapter aims to give a general background about semiaquatic insects, their phylogeny, classification, ecology, and establishment as a laboratory model system for integrative studies of the origin of animal diversity.

Evolution of semiaquatic insects 2.1.1 Fossil record of semiaquatic insects

The earliest confirmed fossil of Gerromorpha dates around 150 million years ago (mya) from the Upper Jurassic (Damgaard 2008a), although Andersen claims that the earliest fossil of Gerromorphan insects is from the Lower Cretaceous (120 mya) (Damgaard 2008a[START_REF] Jell | Invertebrates, mainly insects, from the freshwater, Lower Cretaceous, Koonwarra Fossil Bed (Korumburra Group)[END_REF]). The water surface niche of Gerromorphan insects poses a challenge in fossil preservation. Because the adults of most semiaquatic species are either wingless or short-winged, they are less likely to be trapped in tree resin and subsequently preserved in amber (Andersen 2000b[START_REF] Perrichot | Gerromorphan bugs in Early Cretaceous French amber (Insecta: Heteroptera): first representatives of Gerridae and their phylogenetic and palaeoecological implications[END_REF]. Hence, the fossil representation of terrestrial insects is much more frequent in comparison with their rarer aquatic counterparts [START_REF] Perrichot | Gerromorphan bugs in Early Cretaceous French amber (Insecta: Heteroptera): first representatives of Gerridae and their phylogenetic and palaeoecological implications[END_REF]. Nonetheless, there has been some Gerromorphan fossils trapped in amber such as the Baltic amber (Andersen 1982, Andersen 2000a[START_REF] Germar | Die im bernstein befindlichen Hemipteren und Orthopteren der Vorwelt[END_REF][START_REF] Larsson | Baltic amber: a palaeobiological study[END_REF][START_REF] Popov | Water measurers from the Baltic amber (Heteroptera: Gerromorpha, Hydrometridae)[END_REF], the Dominican amber (Andersen 2000b[START_REF] Andersen | A marine water strider (Hemiptera: Veliidae) from Dominican amber[END_REF] Despite the fact that the fossil record of the semiaquatic insects is known to be notoriously incomplete, based on the previously presented fossil record, all Gerromorphan families seem to be present in the Mesozoic (Damgaard 2008a, Damgaard 2008b).

Phylogeny of semiaquatic insects

The group of semiaquatic insects (infraorder Gerromorpha) is a member of the order Hemiptera, suborder Heteroptera (Andersen 1982). The group is thought to be monophyletic and comprises a total of approximately 2000 species grouped into eight families (Andersen 1982, Damgaard 2008b). Species are distributed in an unevenly diverse manner to the eight families currently recognized: Mesoveliidae (46 species), Paraphynoyveliidae (2 species), Macroveliidae (3 species), Hermatobatidae (9 species), Hydrometridae (~ 130 species), Hebridae (~ 220 species), Veliidae (~ 900 species), and finally Gerridae (~ 710 species) (Andersen 1982, Damgaard 2008b[START_REF] Polhemus | Global diversity of true bugs (Heteroptera; Insecta) in freshwater Freshwater Animal Diversity Assessment[END_REF]) (Figure 3). Nonetheless, new species continue to be described in different parts of the world [START_REF] Gallant | A new species of Aquarius from the southeastern United States, with electrophoretic analysis of the clade containing Gerris, Limnoporus, and Aquarius (Hemiptera: Gerridae)[END_REF][START_REF] Chen | A taxonomic review of the pondskater genus Gerris Fabricius in China, with two new species (Hemiptera: Gerridae)[END_REF][START_REF] Moreira | New species and new records of Veliidae from Espírito Santo State and adjacent Minas Gerais State, Brazil, with notes on nomenclature (Insecta: Heteroptera: Gerromorpha)[END_REF][START_REF] Moreira | The Veliidae (Hemiptera: Heteroptera: Gerromorpha) from São Paulo State, Brazil: new species, description of the male of Microvelia ioana Drake & Hottes, 1952, and synonymical and distributional notes[END_REF], Moreira & Barbosa 2014, Zettel). The drawn phylogeny is based on (Damgaard 2008a, Damgaard 2008b). Simplified phylogeny of the monophyletic group of semiaquatic insect families (infraorder Gerromorpha) alongside the closely related terrestrial infraorder Pentatomorpha represented here by the milkweed bug Oncopeltus fasciatus. Semiaquatic insects are highlighted in grey.

Insects are not drawn to scale.

It is worthy to note that the classification of semiaquatic insects has varied historically (Andersen 1982, Damgaard 2008a[START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]. There has been a confusion form the 1950s up to the present in the higher classification of Gerromorpha (Andersen 1982). The traditional old families are: the Mesoveliidae, the Hebridae, the Hydrometridae, the Veliidae, and the Gerridae. The order of these families has been reshuffled, with families regrouped in the earlier classification (Andersen 1982[START_REF] China | Check-list and keys to the families and subfamilies of the Hemiptera-Heteroptera[END_REF][START_REF] Pendergrast | Studies on the reproductive organs of the Heteroptera with a consideration of their bearing on classification[END_REF][START_REF] Scudder | THE FEMALE GENITALIA OF THE HETEROPTERA: MORPHOLOGY AND BEARING ON CLASSIFICATION1[END_REF]). The name Gerromorpha was coined as an infraorder in the early 1970s by Popov to group the semiaquatic insects and their allies (Popov 1971). The name Gerromorpha was later changed to Leptodidomorpha (Gerromorpha was kept as a synonym) by Popov himself; then, the taxon was edited to Leptodomorpha and subsequently changed again to Gerromorpha by [START_REF] Stys | rank and nomenclature of higher taxa in recent Heteroptera[END_REF]Kerzhner (Andersen 1982, Stys &[START_REF] Stys | rank and nomenclature of higher taxa in recent Heteroptera[END_REF]. A newer classification was proposed by Andersen with the currently presented eight families, however, the relationships between the families continue to change (Andersen 1982, Damgaard 2008a, Damgaard 2008b).

The classification of the Gerridae -the family of derived water striders and on which most of the studies in the present thesis are conducted -has changed from an earlier classification dating from the 1800s to a later classification in 1950s by Matsuda [START_REF] Amyot | Histoire naturelle des insectes: Hémiptères[END_REF][START_REF] Bianchi | On two new forms of the heteropterous family Gerridae[END_REF][START_REF] Dufour | Recherches anatomiques et physiologiques sur les hémiptères: accompagnées de considérations relatives à l'histoire naturelle et à la classification de ces insectes[END_REF][START_REF] Matsuda | Morphology of the Thoracic Sutures and Their Taxonomic Significance in the Gerridae (Hemiptera-Heteroptera)[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]). Dufour grouped Hydrometridae, Veliidae, and the Gerridae together within the family of Amphibicorises based mainly on their habitat similarity [START_REF] Dufour | Recherches anatomiques et physiologiques sur les hémiptères: accompagnées de considérations relatives à l'histoire naturelle et à la classification de ces insectes[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]. Later, Amyot and

Serville reworked the Amphibicorises of Dufour and considered the Gerridae as a tribe or subfamily [START_REF] Amyot | Histoire naturelle des insectes: Hémiptères[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]. Then the family Gerridae was subdivided in the two subfamilies of Halobatinae and Gerrinae by Bianchi based on body length to width ratio [START_REF] Bianchi | On two new forms of the heteropterous family Gerridae[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]). On the other hand, Matsuda updated and separated the subfamilies based on well stabilized higher taxonomic morphological features [START_REF] Matsuda | Morphology of the Thoracic Sutures and Their Taxonomic Significance in the Gerridae (Hemiptera-Heteroptera)[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF]). These morphological features include the intersegmental suture between the mesonotum and metanotum, and the forewing venation [START_REF] Matsuda | Morphology of the Thoracic Sutures and Their Taxonomic Significance in the Gerridae (Hemiptera-Heteroptera)[END_REF][START_REF] Matsuda | Morphology, evolution and a classification of the Gerridae (Hemiptera-Heteroptera). Morfología, evolución y clasificación de los Gerridae (Hemiptera-Heteroptera)[END_REF].

Additionally, the taxonomical classification continue to be reviewed in the light of the reinterpretation of the fossil record (Damgaard 2008a).

Transition from land to water

It is believed that the common ancestor of semiaquatic insect was terrestrial living on wet substrate surfaces (Andersen 1982). Semiaquatic insects have conquered a new habitat, the water surface. In fact, the "water surface" is a general term that does not do justice to the range and diversity of habitats unparalleled by any other insect group of comparable size (Andersen 1982). The common factor between the diverse habitats is the presence of the water-air interface. Gerromorphan insects colonize mainly ponds and streams, but their habitats range from accumulated water in the leafs of certain plants to the open ocean (Andersen 1982) (Figure 4A). Semiaquatic insects invaded water surface habitats in some sort of continuum. These habitats could be divided into the following categories:

-Humid surface such as rocks or humid soil not necessarily at proximity of open water (a-b in Figure 4A).

-

The interphase between terrestrial and water surfaces such as wet soil, moss covered surfaces occasionally splashed at the water edge (c-d in Figure 4A).

-Water surfaces covered by plants with a diverse coverage rate (e-h in Figure 4A).

-

The open water (i-k in Figure 4A). Open water habitat is inherently diverse as well in certain aspects such as size, wind protection, current strength, and marine or fresh water. (Andersen 1982).

Similar to any other system, the environment poses challenges for semiaquatic insects.

These insects, however, are well adapted to semiaquatic life in many aspects including (and not limited to): their feeding behavior, the presence or absence of winged morphs, their biology of reproduction and egg laying behaviors, predator-prey interactions, and finally appendage morphologies and mode of locomotion which is the aspect studied in further detail in the presented thesis [START_REF] Andersen | A comparative study of locomotion on the water surface in semiaquatic bugs (Insecta, Hemiptera, Gerromorpha)[END_REF], Andersen 1982[START_REF] Han | Male water striders attract predators to intimidate females into copulation[END_REF]. surfaces and move by rowing. T1-leg is colored in black, T2-leg is colored in orange, and T3leg is colored in blue.

Semiaquatic leg morphology and mode of locomotion

Semiaquatic insects have acquired certain adaptations associated with the specialization on the water surface habitat. These adaptations are associated to the mode of locomotion adopted by different species which is correlated in return to the characteristics of their microhabitat (Figure 4B) [START_REF] Andersen | A comparative study of locomotion on the water surface in semiaquatic bugs (Insecta, Hemiptera, Gerromorpha)[END_REF]). The different modes of locomotion of semiaquatic insects can be subdivided into three different types: walking, rowing, and jumping (Andersen 1982). Walking is thought to be the ancestral mode of locomotion (Andersen 1982). The walking mode of locomotion consists of an alternating tripod movement where both the T1-leg (the fore-leg) and the T3-leg (the hind-leg) of one side of the insect alternates with the T2-leg (the mid-leg) of the other side of the insect to create the forward thrust. Ancestral species (members of the Mesoveliidae for example) use this mode of locomotion which provides them with the advantage to move efficiently and swiftly on both the water surface and plant covered portion of their habitats (Andersen 1982). Rowing is the mode of locomotion associated with open water invasion. The forward thrust is attained by simultaneous strokes of the T2-legs to propel the insect forward while T1-legs and T3-legs will act as balancers. This leg motion creates vortices on the water surface allowing the nymphs and adults to push themselves forward (Hu & Bush 2010, Hu et al 2003). Finally the jumping motion is used for the fast escape and it is achieved mainly by an outstretching of both T2-and T3-legs to lower the insect's body close to the water surface, then a thrust from both T2-legs. During jumping the insect is propelled and all the legs lose contact with water (Andersen 1982).

The previous modes of locomotion -notably walking and rowing -are associated with different leg morphologies. Walking insects share the leg ground plan of their terrestrial relatives having T1-leg shorter than T2-leg, which is in turn shorter than T3-leg. On the other hand, the derived mode of locomotion -rowing -is associated with a reversal in leg ground plan with an elongation of the T2-leg being longer than T3-leg. In addition to this reversal of leg ground plan, water striders have acquired a number of other morphological adaptations for efficient locomotion on the water surface. For instance, both the flexibility of the water strider leg as well as the presence of microsetae (fine nanogrooved hairs) increase the water repellency, hydrophobicity of the legs, and increase resistance to the water surface in order to enhance propulsion [START_REF] Gao | Biophysics: Water-repellent legs of water striders[END_REF][START_REF] Ji | Role of flexibility in the water repellency of water strider legs: Theory and experiment[END_REF].

Species of the semiaquatic insects show a "gradual" transition between the ancestral walking versus the derived rowing. For instance, members of the ancestral Mesoveliidae move exclusively by walking, members of the derived Gerridae move exclusively by rowing, but the derived family of the Veliidae shows an interesting blend of both. The Veliidae have members that walk (example Microvelia americana), while others row (example Rhagovelia obesa), and some members are able to perform both modes of locomotion (example Velia caprai) (Andersen 1982). V. caprai is an interesting example because this species uses rowing on the water surface, but resorts to walking locomotion when moving on a solid substrate (Andersen 1982).

Semiaquatic insects as laboratory models

The variation and diversification of semiaquatic insect legs renders them a suitable system to ask questions pertaining to the developmental mechanisms underlying leg development during early ontogeny as well as how this diversity of leg morphologies arise during the course of evolution. To answer these questions, species of the semiaquatic insects had to brought and reared in laboratory conditions to be used as a model system in this study.

Typical semiaquatic insect life cycle

Semiaquatic insects (order Hemiptera, suborder Heteroptera) egg laying behavior varies depending on the species and the microhabitat, but eggs have to be in constant contact with water (Andersen 1982). They are hemimetabulous insects; they do not undergo metamorphosis, instead, embryonic appendages develop from limb buds (Andersen 1982, Khila et al 2009). The embryo hatches in a nymphal stage similar to the adult form with fully functional appendages (Figure 5). The nymphs undergo five subsequent molts while growing in size until they reach the final adult stage (Andersen 1982). Adults will then mate and reproduce closing the cycle.

Figure 5. Life cycle of the semiaquatic insect Limnoporus dissortis

The L. dissortis embryo hatches with fully functional legs as a first instar nymph having a similar form to the adult. The nymph will then undergo five successive molts (not shown in diagram) increasing in size until reaching sexual maturity in the adult form. In Limnoporus dissortis, embryonic development takes approximately 6 days and nymphal stage molting until maturity takes around 3 weeks.

Maintaining laboratory populations

The Khila lab has been successful in multiplying various species of semiaquatic insects in laboratory conditions. We keep the insects in an animal structure composed of aquaria fed with an open circuit of water (Figure 6 A). It is worthy to note that some species are robust enough that they only require a small space in a small container filled with water with frequent manual water changing (Figure 6 A). Insects are fed with either fresh crickets or Drosophila depending on the species preferences and size although most species are capable of handling preys larger than their size. The environment of the insect facility such as the temperature, humidity, and the duration of the day and night, is controlled in order to optimize conditions for animal rearing. The temperature of the room is adjusted at 25°C, the humidity at 60%, and the day and night cycle is set at 14 hours of day and 10 hours of night.

We are currently able to maintain a population of around 12 species of semiaquatic insects in the facility. We provide females with a floating Styrofoam stripes (Figure 6 A') that simulate the various substrate types used by females in the wild. For instance, species that lay eggs on the edges of floating plant leaves, such as Limnoporus dissortis, will lay the eggs underneath the edge of the Styrofoam stripe (Figure 7). Other species, such as Mesovelia Most of the structure is composed of these aquaria, alternatively, some species can be reared in a system as simple as little containers of water frequently changed (bottom shelf). (A') Females are provided with a Styrofoam stripes as a floating substrate for egg laying.

Experimental advantages

Semiaquatic insects offer -in addition to the context to ask a multitude of question pertaining to their ecological and morphological diversification -substantial experimental advantages that allow us to investigate and answer these questions. This makes them a powerful system for evo-devo studies.

Gene expression analyses

We were successful in adapting and developing gene expression techniques from other model systems in semiaquatic insects. We effectively developed in situ hybridization technique which allows the detection of the spatial expression of a given gene during early development. Similarly, antibody staining (immuno-staining) revealing the expression of the translated product is also feasible in our system. Additionally, double staining is also achievable which is essential to demonstrate gene interactions or as a staining control.

Functional analyses

Performing micro-injections opens the possibility to perform gene function analyses by RNA interference (RNAi) [START_REF] Hannon | RNA interference[END_REF][START_REF] Plasterk | RNA Silencing: The Genome's Immune System[END_REF]; thus, we are able to associate gene expression to its function. Both parental and nymphal RNAi work efficiently in our system. In parental RNAi, we inject females and recover the phenotypes in the progeny. This method is used to study gene function during early embryonic development. On the other hand, in nymphal RNAi, we inject nymphs during the first or second instar, and then recover the phenotypic effect on later stages following nymphal molts. This strategy allows us to investigate gene function later after early embryonic development is completed. 

III. Arthropod segmentation

Appendage specification is the end product of a remarkably controlled segmentation cascade [START_REF] Peel | Arthropod Segmentation: beyond the Drosophila paradigm[END_REF]. The evolution of a body axis is mediated by multiple classes of genes and pathways. These include a fascinating group of transcription factor genes containing a homeobox domain (homeodomain) [START_REF] Garcia-Fernandez | The genesis and evolution of homeobox gene clusters[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF][START_REF] Scott | Structural relationships among genes that control development: sequence homology between the Antennapedia, Ultrabithorax, and fushi tarazu loci of Drosophila[END_REF], anterior-posterior segment polarity specification genes such as secreted morphogens [START_REF] Gurdon | Morphogen gradient interpretation[END_REF][START_REF] Lawrence | Morphogens, compartments, and pattern: lessons from drosophila?[END_REF], and proximaldistal patterning genes (Cohen & Jürgens 1989b[START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF]). To study the development of appendage formation, a closer look at the process of earlier segmentation is necessary.

The Homeotic selector genes

The homeodomain, identified about 30 years ago, is a protein domain consisting of a 60 amino acid DNA binding domain and is highly conserved among the homeobox containing genes [START_REF] Garcia-Fernandez | The genesis and evolution of homeobox gene clusters[END_REF][START_REF] Gehring | The homeo box: A key to the understanding of development?[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF][START_REF] Scott | Structural relationships among genes that control development: sequence homology between the Antennapedia, Ultrabithorax, and fushi tarazu loci of Drosophila[END_REF]. A remarkable group of homeobox genes is the group of Homeotic genes (Hox). The discovery of Hox genes followed the observation of rare natural mutations showing the transformation of a structure to the likeness of another and sparked the field of evolution and development (Evo-Devo) [START_REF] Bateson | Materials for the Study of Variation[END_REF][START_REF] Heffer | Conservation and Variation in Hox Genes: How Insect Models Pioneered the Evo-Devo Field[END_REF]. Homeotic mutation analyses date back to the end of the 19 th century with the work of Bateson [START_REF] Bateson | Materials for the Study of Variation[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF].

Hox genes have always been of a special interest because of a number of remarkable characteristics. First, Hox genes have a special chromosomal organization; they are organized in a 'Hox cluster' one after the other on the same chromosome [START_REF] Garcia-Fernandez | The genesis and evolution of homeobox gene clusters[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF][START_REF] Mcginnis | Homeobox genes and axial patterning[END_REF]. Second, the order of organization of these genes corresponds to the order of their spatial expression and function along the Anterior-Posterior (A-P) body axis (Figure 8A) [START_REF] Mcginnis | Homeobox genes and axial patterning[END_REF]. Hox genes are highly conserved between insects, other arthropods, and mammals (Figure 8A) [START_REF] Akam | The evolving role of Hox genes in arthropods[END_REF][START_REF] Averof | HOM/Hox genes of Artemia: implications for the origin of insect and crustacean body plans[END_REF][START_REF] Averof | Hox genes and the diversification of insect and crustacean body plans[END_REF][START_REF] Krumlauf | Hox genes in vertebrate development[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF][START_REF] Mcginnis | Homeobox genes and axial patterning[END_REF][START_REF] Pearson | Modulating Hox gene functions during animal body patterning[END_REF]. In addition to sequence conservation, rescue experiments demonstrated that vertebrate Hox genes are able to fulfill the role of invertebrate orthologues demonstrating a conservation of Hox function [START_REF] Lutz | Rescue of Drosophila labial null mutant by the chicken ortholog Hoxb-1 demonstrates that the function of Hox genes is phylogenetically conserved[END_REF].

There are 8 Hox genes in Drosophila located on the right arm of chromosome 3 and divided in two complexes: the Antennapedia complex (ANT-C) and the Bithorax complex (BX-C) (Figure 8B) [START_REF] Garcia-Fernandez | The genesis and evolution of homeobox gene clusters[END_REF][START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF][START_REF] Regulski | Homeo box genes of the Antennapedia and Bithorax Complexes of Drosophila[END_REF]. In vertebrates, there are a total of 39 Hox genes organized into four chromosomal complexes of about 120 Kb and oriented in the same 5' to 3' transcriptional direction [START_REF] Duboule | The vertebrate limb: A model system to study the Hox/hom gene network during development and evolution[END_REF][START_REF] Kessel | Murine developmental control genes[END_REF][START_REF] Krumlauf | Hox genes in vertebrate development[END_REF][START_REF] Mcginnis | Homeobox genes and axial patterning[END_REF]. For the sake of simplicity and relevancy, only the invertebrate Hox complexes -the Antennapedia complex and the Bithorax complex -will be reviewed in the coming sections. 

The Antennapedia complex

Early cytogenetic analyses revealed the Hox complex named the Antennapedia complex; a complex of genes grouped together and establish the identity of the anterior side of Drosophila (the head and the thorax) [START_REF] Denell | Developmental studies of lethality associated with the Antennapedia gene complex in Drosophila melanogaster[END_REF][START_REF] Hazelrigg | REVERTANTS OF DOMINANT MUTATIONS ASSOCIATED WITH THE ANTENNAPEDIA GENE COMPLEX OF DROSOPHILA MELANOGASTER[END_REF][START_REF] Kaufman | CYTOGENETIC ANALYSIS OF CHROMOSOME 3 IN DROSOPHILA MELANOGASTER: ISOLATION AND CHARACTERIZATION OF FOUR NEW ALLELES OF THE PROBOSCIPEDIA (pb[END_REF], Kaufman et al 1980, Lewis et al 1980a, Lewis et al 1980b[START_REF] Struhl | A homoeotic mutation transforming leg to antenna in Drosophila[END_REF]). The complex is named after a gene member Antennapedia (Antp) [START_REF] Struhl | A homoeotic mutation transforming leg to antenna in Drosophila[END_REF]. Mutations of Antp lead to the transformation of the T2-leg into antennae [START_REF] Struhl | A homoeotic mutation transforming leg to antenna in Drosophila[END_REF]). Of the eight Hox genes in Drosophila, five genes constitute the Antennapedia complex. Following the order of their organization on chromosome 3 (Figure 8A), the Antennapedia complex include the following Hox genes: labial (lab) [START_REF] Diederich | Isolation, structure, and expression of labial, a homeotic gene of the Antennapedia Complex involved in Drosophila head development[END_REF], proboscipedia (pb) [START_REF] Kaufman | CYTOGENETIC ANALYSIS OF CHROMOSOME 3 IN DROSOPHILA MELANOGASTER: ISOLATION AND CHARACTERIZATION OF FOUR NEW ALLELES OF THE PROBOSCIPEDIA (pb[END_REF], Deformed (Dfd) [START_REF] Regulski | Developmental and molecular analysis of Deformed; a homeotic gene controlling Drosophila head development[END_REF], Sex combs reduced (Scr) [START_REF] Kaufman | CYTOGENETIC ANALYSIS OF CHROMOSOME 3 IN DROSOPHILA MELANOGASTER: THE HOMOEOTIC GENE COMPLEX IN POLYTENE CHROMOSOME INTERVAL 84A-B[END_REF][START_REF] Riley | The expression and regulation of Sex combs reduced protein in Drosophila embryos[END_REF], and Antennapedia (Antp) [START_REF] Struhl | A homoeotic mutation transforming leg to antenna in Drosophila[END_REF]. As outlined in the preceding section, Hox genes specify the identities of segments in the same order on the chromosome. For instance, lab, pb, and Dfd, function to give the identities of the head segment [START_REF] Diederich | Isolation, structure, and expression of labial, a homeotic gene of the Antennapedia Complex involved in Drosophila head development[END_REF][START_REF] Kaufman | CYTOGENETIC ANALYSIS OF CHROMOSOME 3 IN DROSOPHILA MELANOGASTER: ISOLATION AND CHARACTERIZATION OF FOUR NEW ALLELES OF THE PROBOSCIPEDIA (pb[END_REF][START_REF] Regulski | Developmental and molecular analysis of Deformed; a homeotic gene controlling Drosophila head development[END_REF]. On the other hand, Scr and Antp determine the identities of the prothorax, and the meta-mesothorax respectively [START_REF] Kaufman | CYTOGENETIC ANALYSIS OF CHROMOSOME 3 IN DROSOPHILA MELANOGASTER: THE HOMOEOTIC GENE COMPLEX IN POLYTENE CHROMOSOME INTERVAL 84A-B[END_REF], Wakimoto & Kaufman 1981).

It is worthy to note that there are other non-Hox genes that are situated within the Antennapedia complex. These genes are the maternal gene bicoid (bcd), fushi tarazu (ftz), and zerknullt (zen) [START_REF] Berleth | The role of localization of bicoid RNA in organizing the anterior pattern of the Drosophila embryo[END_REF][START_REF] Frohnhöfer | Organization of anterior pattern in the Drosophila embryo by the maternal gene bicoid[END_REF][START_REF] Wakimoto | Defects in embryogenesis in mutants associated with the antennapedia gene complex of Drosophila melanogaster[END_REF]. The early anterior-posterior embryo polarity is specified by bcd [START_REF] Berleth | The role of localization of bicoid RNA in organizing the anterior pattern of the Drosophila embryo[END_REF][START_REF] Frohnhöfer | Organization of anterior pattern in the Drosophila embryo by the maternal gene bicoid[END_REF]. Subsequently, ftz is required for the determination of proper segment number in early embryonic germ band development [START_REF] Wakimoto | Defects in embryogenesis in mutants associated with the antennapedia gene complex of Drosophila melanogaster[END_REF].

And finally, zen is essential for the dorsal embryonic development [START_REF] Wakimoto | Defects in embryogenesis in mutants associated with the antennapedia gene complex of Drosophila melanogaster[END_REF].

The Bithorax complex

The other group of Hox genes situated on the Drosophila chromosome 3 is the Bithorax complex (BX-C) [START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Lewis | Genes and developmental pathways[END_REF][START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF][START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF][START_REF] Peifer | The bithorax complex: control of segmental identity[END_REF]. Following the Hox characteristic discussed earlier, the Bithorax regionappearing further downstream on chromosome 3 -controls the identities of the posterior thoracic and abdominal segments [START_REF] Lewis | Genes and developmental pathways[END_REF][START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. The characterization of the Bithorax complex progressed sequentially. The first mutational analysis led to the conclusion that the genes in this complex could be divided into two groups or poles of 'at least two autonomous domains' [START_REF] Struhl | Splitting the bithorax complex of Drosophila[END_REF]. The domain of expression of the Bithorax complex in early Drosophila development was found to be within the anterior compartment of a segment and the posterior compartment of the subsequent segment [START_REF] Duncan | The Bithorax Complex[END_REF]. This expression domain is within the developmental units called the parasegments (PS) ( The identities of the anterior parasegments PS 1 through PS 4 are defined by the Antennapedia complex reviewed in the preceding section [START_REF] Kaufman | The genetic regulation of segmentation in Drosophila melanogaster. Time, space, and pattern in embryonic development[END_REF], Kaufman et al 1980). Following the description of two distinct autonomous domains of the Bithorax complex by Struhl [START_REF] Struhl | Splitting the bithorax complex of Drosophila[END_REF], further characterization of the complex revealed the three constituent genes Ultrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) (Sánchez-Herrero et al 1985a, Sánchez-Herrero et al 1985b[START_REF] Tiong | Recessive lethal mutations within the bithorax-complex in Drosophila[END_REF]. Double and triple mutations in the complex gave similar phenotypes to homozygous mutations lacking the entire Bithorax complex; thus confirming that these three genes are the sole constituents responsible for the function of the complex [START_REF] Casanova | Double and triple mutant combinations of bithorax complex of Drosophila[END_REF]. Ubx controls the identity of parasegments PS 5 and PS 6, abd-A controls PS 7 -PS 13 which overlaps with the function of Abd-B spanning PS 10 -PS 14 [START_REF] Duncan | The Bithorax Complex[END_REF]. The gene Ubx will be reviewed in more details in a subsequent section of this literature review.

Anterior-posterior segment polarity specification

Alongside the effect of the Hox genes, an additional set of genes and pathways orchestrate in order to set the distinction between the fate of the 'trunk' and the fate of 'appendages' during embryonic development [START_REF] Morata | How drosophila appendages develop[END_REF]). Notably, a set of pathways [START_REF] Morata | How drosophila appendages develop[END_REF] defines the distinction and orientation between the anterior and the posterior cellular compartments [START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF][START_REF] Garcia-Bellido | Developmental compartmentalization in the dorsal mesothoracic disc of Drosophila[END_REF][START_REF] García-Bellido | Developmental compartmentalisation of the wing disk of Drosophila[END_REF], Lawrence & Morata 1977[START_REF] Steiner | Establishment of compartments in the developing leg imaginal discs ofDrosophila melanogaster[END_REF]).

Secreted morphogens

The canonical pathways managing this patterning are controlled by secreted molecules denoted 'morphogens' [START_REF] Gurdon | Morphogen gradient interpretation[END_REF][START_REF] Lawrence | Morphogens, compartments, and pattern: lessons from drosophila?[END_REF][START_REF] Strigini | Formation of morphogen gradients in the Drosophila wing[END_REF][START_REF] Teleman | Shaping morphogen gradients[END_REF]. A morphogen is a signaling molecule secreted in the form of a gradient and subsequently dictates the fate of the surrounding cells [START_REF] Gurdon | Morphogen gradient interpretation[END_REF][START_REF] Turing | The Chemical Basis of Morphogenesis[END_REF]. A morphogen is secreted by source cells, then it travels away from the source in a decreasing concentration gradient to affect the patterning and organization in target cells by controlling downstream genes (Figure 9) [START_REF] Lawrence | Morphogens, compartments, and pattern: lessons from drosophila?[END_REF]. Morphogens control complex downstream signaling by a concentration dependent manner rather than a binary on/off mechanism to regulate, in some instances, highly precise effect such as bristle arrangement and orientation [START_REF] Lawrence | Morphogens, compartments, and pattern: lessons from drosophila?[END_REF]. There is sufficient evidence supporting the two models of morphogen transport.

Beside the fact that almost all morphogen molecules have been observed in vesicles [START_REF] Teleman | Shaping morphogen gradients[END_REF], Entchev and coworkers demonstrated that mutant cells for Dynamin, an essential GTPase for clathrin-dependent endocytosis, are unable to internalize dpp signal and hence interrupt the gradient [START_REF] Entchev | Gradient Formation of the TGF-β Homolog Dpp[END_REF]. The same study shows that this endocytosis is also receptor mediated [START_REF] Entchev | Gradient Formation of the TGF-β Homolog Dpp[END_REF]. Moreover, Wingless (Wg) gradient in embryonic epidermis is also hindered in Dynamin mutants [START_REF] Moline | Directionality of wingless protein transport influences epidermal patterning in the Drosophila embryo[END_REF]. These two cases present evidence for the active transport mode of morphogen gradient formation. On the other hand, there is evidence of the extracellular gradient formation in the case of Wg diffusion in the Drosophila wing disc where Wg can be observed extra-cellularly by antibody staining and that the gradient does not depend on Dynamin dependent endocytosis [START_REF] Strigini | Wingless gradient formation in the Drosophila wing[END_REF][START_REF] Teleman | Shaping morphogen gradients[END_REF]. This presents an evidence for the extracellular passive diffusion gradient formation. It is worthy to note that the two modes do not have to be mutually exclusive [START_REF] Teleman | Shaping morphogen gradients[END_REF].

In the coming sections the canonical gradient molecules in embryonic development Hedgehog (Hh), Wingless (Wg), and Decapentaplegic (Dpp) will be reviewed in further detail. Wg and Dpp are generally known as long-range morphogens reaching target cells many cell diameter further away from the source, while Hh is a short-range morphogen [START_REF] Morata | How drosophila appendages develop[END_REF]). The interplay between the activation of these three morphogens instructs and differentiates the cells that are destined to form the appendages and distinguish them from cells constituting the embryonic trunk [START_REF] Morata | How drosophila appendages develop[END_REF]. In Drosophila, appendages develop from a sac-like structure called the 'imaginal discs' [START_REF] Henry | Imaginal Discs in Insects[END_REF].

During leg development in Drosophila, the segment polarity gene engrailed (en) is expressed at the posterior compartment and activates the expression of hh (Figure 11 A,D) (Tabata & Kornberg 1994). Hh protein is then secreted to the adjacent anterior cells which do not endogenously express neither en nor hh [START_REF] Lee | Secretion and localized transcription suggest a role in positional signaling for products of the segmentation gene hedgehog[END_REF][START_REF] Shigeki | Structure and expression of Hedgehog, a Drosophila segment-polarity gene required for cell-cell communication[END_REF][START_REF] Tabata | The Drosophila hedgehog gene is expressed specifically in posterior compartment cells and is a target of engrailed regulation[END_REF], Tabata & Kornberg 1994). Hh protein will then activate the expression of high levels of the dpp morphogen at the boundary between the anterior and posterior compartments (Figure 11 B,D) [START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF]). However, Hh induces dpp expression only on the dorsal side;

while on the ventral side, Hh induces the expression of wg (Figure 11 C,D) [START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF]. Dpp and Wg will also diffuse (arrows in Figure 11D) to control the anterior-posterior patterning of the leg disc [START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF][START_REF] Morata | How drosophila appendages develop[END_REF]). Interestingly, the same morphogen, Hh, activates two different morphogens, Wg and Dpp, but in two different regions; the dorsal and the ventral. Wg and Dpp have a complex interaction between them as well; they organize the dorsal-ventral (D-V) axis through mutually repressing one another (Figure 12) [START_REF] Brook | Antagonistic Interactions Between Wingless and Decapentaplegic Responsible for Dorsal-Ventral Pattern in the Drosophila Leg[END_REF][START_REF] Jiang | Complementary and Mutually Exclusive Activities of Decapentaplegic and Wingless Organize Axial Patterning during Drosophila Leg Development[END_REF][START_REF] Kojima | The mechanism of Drosophila leg development along the proximodistal axis. Development[END_REF][START_REF] Penton | Decapentaplegic restricts the domain of wingless during Drosophila limb patterning[END_REF][START_REF] Struhl | Organizing activity of wingless protein in Drosophila[END_REF]. Dpp completely turns off wg transcription while Wg decreases the transcription of dpp [START_REF] Jiang | Complementary and Mutually Exclusive Activities of Decapentaplegic and Wingless Organize Axial Patterning during Drosophila Leg Development[END_REF]. This mutual antagonism ensures the proper dorsal and ventral fates are established in the proper orientation by Dpp and Wg [START_REF] Jiang | Complementary and Mutually Exclusive Activities of Decapentaplegic and Wingless Organize Axial Patterning during Drosophila Leg Development[END_REF].

Adapted from [START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF][START_REF] Jiang | Complementary and Mutually Exclusive Activities of Decapentaplegic and Wingless Organize Axial Patterning during Drosophila Leg Development[END_REF] In the left panel, Hh diffuses from the posterior to the anterior compartment activating both Dpp and Wg in the dorsal and ventral compartments respectively. In the right panel, Dpp and Wg will not overlap because of their mutual repression. Morphogen expression and function is conserved in other insects to a certain extent.

The role of Hh in patterning and segment polarity in Drosophila is more or less conserved among other insects and arthropods (Farzana & Brown 2008, Janssen et al 2004, Kopp et al 1997, Simonnet et al 2004, Struhl et al 1997, Tabata & Kornberg 1994). In the beetle Tribolium, Hh functions to establish proper segmentation, but there is no evidence for a function in polarity (Farzana & Brown 2008). Moreover, milder hh phenotypes indicated that it had little effect on the development of the legs (Farzana & Brown 2008). In the cricket Gryllus, Miyawaki and coworkers could not deplete the hh transcript by RNAi and no further analysis of the function could be performed (Miyawaki et al 2004). Similarly, Dpp function is conserved among flies and between flies and other insects (Jockusch et al 2000[START_REF] Newfeld | Molecular Evolution at the decapentaplegic Locus in Drosophila[END_REF] while showing divergence in others (Dearden & Akam 2001, Ober & Jockusch 2006). In Tribolium, dpp is expressed in its segmented pattern, but, contrary to Drosophila, RNAi did not reveal any effect on either leg development or dll expression (Ober & Jockusch 2006). In the milkweed bug Oncopeltus, dpp RNAi resulted in a failure in germband formation (Angelini & Kaufman 2005). At around 40 hours of development, the cells of Oncopeltus embryos condense and invaginate to form the germband; however, the cells of dpp RNAi embryos condense but invagination does not occur making further analysis of dpp function in leg development not possible (Angelini & Kaufman 2005). In the grasshopper Schistocerca, dpp controls patterning of early embryos (Dearden & Akam 2001). Although the expression pattern of dpp in grasshoppers differs entirely from Drosophila, Jockusch and coworkers revealed that the downstream pathways shaping the P-D axis during appendage formation are similar (Jockusch et al 2000).

In Oncopeltus (Angelini & Kaufman 2005), Tribolium (Jockusch et al 2004, Nagy & Carroll 1994, Ober & Jockusch 2006), and Schistocerca (Dearden & Akam 2001, Jockusch et al 2004, Jockusch et al 2000), wg is expressed in a conserved pattern of segmental stripes along the A-P axis and through the legs. However, the position of the wg leg stripe is divergent among these species suggesting a divergence in wg function. In Tribolium, in addition to the conserved function in segmentation, wg is essential for leg development and growth (Ober & Jockusch 2006). Conversely, in Oncopeltus, wg only functions for proper segmentation and eye development with no detectable effect on appendage development (Angelini & Kaufman 2005). Furthermore, in the cricket Gryllus, wg RNAi was not successful and failed to give a detectable knockdown phenotype (Miyawaki et al 2004). 

Proximal-distal appendage specification

A later stage in appendage development is the proximal-distal (P-D) axis formation;

i.e. the protruding outwards of appendages leading to their final shape.

The role of key appendage specification genes

The formation of this axis is controlled, via the morphogen signaling molecules reviewed in the preceding section, through a set of genes such as distal-less (dll), dachshund (dac), homothorax (hth), extradenticle (exd), and epidermal growth factor receptor (egfr).

Dachshund and Distal-less role in proximal-distal appendage identity

According to the concentration of the morphogens Dpp and Wg, different leg specifying target genes will be activated [START_REF] Diaz-Benjumea | Cell interaction between compartments establishes the proximal-distal axis of Drosophila legs[END_REF][START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF].

A high concentration of both morphogens Dpp and Wg in the center of the Drosophila leg disc will induce the expression of the homeobox containing gene dll (Figure 14A) [START_REF] Diaz-Benjumea | Cell interaction between compartments establishes the proximal-distal axis of Drosophila legs[END_REF], Estella & Mann 2008[START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF]. Additionally, a lower threshold of the combined Dpp/Wg activity will activate the gene dac, whereas the higher concentration of both morphogens at the center of the disc will repress dac (Figure 14A) [START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF]. It is worth noting that the expression pattern of both dll and dac overlaps by one or two cells at the periphery of the central dll expression domain (Figure 14A) [START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF].

Dll is a homeodomain containing transcription factor that is responsible for the specification of the distal appendage identities (Figure 14B) (Cohen & Jürgens 1989a, Cohen et al 1989, Cohen & Jürgens 1989b). The gene was first described by Sunkel and Whittle in 1987 under the name 'Brista' where mutations led to the failure of the distal parts of the appendages to correctly develop [START_REF] Sunkel | <i>Brista: a gene involved in the specification and differentiation of distal cephalic and thoracic structures in <i>Drosophila melanogaster</i&gt[END_REF]. dll is well studied in Drosophila, not only the function of the protein, but its regulation as well (Estella et al 2008[START_REF] Galindo | Control of Distal-less expression in the Drosophila appendages by functional 3ʹ enhancers[END_REF]. The regulation of dll is of high complexity; Estella and coworkers described two The adjacent gene dac specifies the more proximal leg segments the femur and the proximal part of the tibia (Figure 14B). The gene dac encodes a nuclear protein that functions to specify both normal eye and leg development [START_REF] Mardon | dachshund encodes a nuclear protein required for normal eye and leg development in Drosophila[END_REF]. The phenotype of dac mutants is responsible for the gene's name where Drosophila mutants have normal proximal and distal leg segments, whereas the middle segments, where dac is expressed, are shortened and fused [START_REF] Mardon | dachshund encodes a nuclear protein required for normal eye and leg development in Drosophila[END_REF]. The expression pattern of dac is similarly conserved among insects and other arthropods (Abzhanov & Kaufman 2000, Angelini & Kaufman 2004[START_REF] Prpic | The expression of the proximodistal axis patterning genes Distal-less and dachshund in the appendages of Glomeris marginata (Myriapoda: Diplopoda) suggests a special role of these genes in patterning the head appendages[END_REF][START_REF] Prpic | Expression of <SMALL>dachshund</SMALL> in wild-type and <SMALL>Distal-less</SMALL> mutant <SMALL>Tribolium </SMALL>corroborates serial homologies in insect appendages[END_REF]. In Oncopeltus, dac is expressed in the intermediate region of

the leg that appears to be flaked by the 'ring' and 'sock' of dll, and functions to specify this region of the appendage (Angelini & Kaufman 2004). In milder phenotypes, the length of the tibia is reduced with a fusion at the joint between the tibia and femur, whereas in stronger phenotypes, the totality of the tibia is truncated (Angelini & Kaufman 2004). Tribolium shows a comparable pattern of dac expression, however, the dac zone overlaps with the dll 'sock'

expression [START_REF] Prpic | Expression of <SMALL>dachshund</SMALL> in wild-type and <SMALL>Distal-less</SMALL> mutant <SMALL>Tribolium </SMALL>corroborates serial homologies in insect appendages[END_REF]. The expression is also conserved in the woodlouse Porcellio scaber showing a band expression at the intermediate fourth leg segment from both the proximal and the distal poles of the embryonic leg (called the Mermus segment) (Abzhanov & Kaufman 2000). Gebelein and coworkers proposed a model where Exd and Hth dimerize and bind the Hox protein to form a tetramer of Hox-Exd-Hth-Hox to mediate the binding of the Hox protein to its target DNA sequence (Figure 15) [START_REF] Gebelein | Direct integration of Hox and segmentation gene inputs during Drosophila development[END_REF]. Therefore, the nuclear translocation of the Exd protein is a necessity for its function and it is only nuclear in the proximal cells (in the periphery) and cytoplasmic in distal cells (centered) of the leg disc [START_REF] Aspland | Nucleocytoplasmic localisation of extradenticle protein is spatially regulated throughout development in Drosophila[END_REF][START_REF] Mann | Nuclear import of the homeodomain protein Extradenticle in response to Wg and Dpp signalling[END_REF]. This nuclear localization is achieved by the presence of the homeobox gene hth [START_REF] Kurant | Dorsotonals/homothorax, the Drosophila homologue of meis1, interacts with extradenticle in patterning of the embryonic PNS[END_REF], Pai et al 1998[START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF]. The domains of expression of Hth/Exd activity is determined by Dll which antagonizes

Exd by inhibiting its nuclear transport, thus inactivating it (Figure 16) (Gonzalez-Crespo et al 1998). In the periphery of the disc, the weak Dpp/Wg signal is insufficient for dll expression and hence Hth and Exd remain functional [START_REF] Morata | How drosophila appendages develop[END_REF]. The antagonism between Exd and Dll is also reciprocal where ectopic expression of exd in the dll domain of expression resulted in appendage loss [START_REF] Gonzalez-Crespo | Genetic evidence for the subdivision of the arthropod limb into coxopodite and telopodite[END_REF].

The expression of hth/exd in Drosophila is comparable to other insects and arthropods (Abzhanov & Kaufman 2000, Angelini & Kaufman 2004[START_REF] Prpic | The expression of the proximodistal axis patterning genes Distal-less and dachshund in the appendages of Glomeris marginata (Myriapoda: Diplopoda) suggests a special role of these genes in patterning the head appendages[END_REF]. In

Oncopeltus, hth expression is extended throughout the embryonic germ band and in the proximal region of the leg appendages reaching until the trochanter/femur juncture (Angelini & Kaufman 2004). Interestingly, hth and dac expression seem to be mutually exclusive as reported in Drosophila (Angelini & Kaufman 2004). Severe hth RNAi in Oncopeltus results in segmentation defects and fusion analogous to the larval cuticle segmentation fusions reported in Drosophila (Angelini & Kaufman 2004[START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF]. In moderate phenotypes, leg defects are mainly in the segments proximal to the tibia and femur showing either truncation or fusion (Angelini & Kaufman 2004). Furthermore, other appendages are also affected by hth RNAi. The antennae are completely missing in hth RNAi, and the distal segments of the labium distal to the first two podomeres are transformed into leg segments (Angelini & Kaufman 2004). Similar antenna to leg transformations are described as a result of hth depletion [START_REF] Casares | Control of antennal versus leg development in Drosophila[END_REF][START_REF] Dong | Coexpression of the homeobox genes Distal-less and homothorax determines Drosophila antennal identity[END_REF]. In Oncopeltus, hth RNAi resulted in the total loss of antennae and the transformation of the labium to legs was observed similar to RNAi against the Hox gene proboscipedia (pb) (Angelini & Kaufman 2004[START_REF] Hughes | RNAi analysis of Deformed, proboscipedia and Sex combs reduced in the milkweed bug Oncopeltus fasciatus: novel roles for Hox genes in the hemipteran head[END_REF]. These homeotic transformations are due to the role of hth/exd as cofactors for the Hox proteins [START_REF] Rieckhof | Nuclear Translocation of Extradenticle Requires homothorax, which Encodes an Extradenticle-Related Homeodomain Protein[END_REF]. Despite of the general conservation of the Exd/Hth expression and function between insects and other arthropods such as the crustacean Parhyale hawaiensis [START_REF] Prpic | Expression of homothorax and extradenticle mRNA in the legs of the crustacean Parhyale hawaiensis: evidence for a reversal of gene expression regulation in the pancrustacean lineage[END_REF], a divergence has been reported between arthropods. For instance a substantial divergence in expression pattern was shown between Tribolium and the spider Cupiennius salei (Prpic et al 2003). In the beetle, exd is expressed throughout the entire leg and hth is confined in the proximal leg segments; on the other hand, in the spider, the expression patterns are reversed and exd is only expressed in the proximal segments whereas hth extends to more distal segments (Prpic et al 2003). Although the function of Exd/Hth in proximal segment identity is still conserved, this reversal in expression pattern suggests an evolutionary fine tuning in the leg developmental machinery [START_REF] Prpic | The expression of the proximodistal axis patterning genes Distal-less and dachshund in the appendages of Glomeris marginata (Myriapoda: Diplopoda) suggests a special role of these genes in patterning the head appendages[END_REF]. 

Conclusion

To summarize, arthropod leg development and segmentation are complex processes.

Despite the fact that a lot has been discovered in the past century since the analysis of homeotic mutations, the picture is far from being clear. The complexity also increases because most of the knowledge is based on model organisms (Drosophila being the most studied system) and comparisons to other less studied arthropod systems, in addition to conserved mechanisms, often reveal diversions and re-utilization of canonical signaling pathways during leg development.

IV.

Ultrabithorax the master control of the third thoracic segment

The most studied member of the Bithorax complex and the first to be isolated and molecularly characterized since the cloning of the genes constituting the complex in the early 1980s, is the Hox gene Ultrabithorax (Ubx) [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] Bender | Molecular Genetics of the Bithorax Complex in Drosophila melanogaster[END_REF][START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF]. Of the 300 Kb region containing the Bithorax complex, Ubx extends for about 100 Kb [START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF]. Ubx is an important early player in the developmental control of the third thoracic segment and proximal abdominal segments, and hence is a key player in hexapod appendage evolution [START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Ronshaugen | Hox protein mutation and macroevolution of the insect body plan[END_REF]. Therefore, Ubx function controls the early specification of both appendage bearing and appendage-less segments.

4.1

The transcription factor Ultrabithorax (Ubx)

Ubx early mutation analyses

The Ubx domain coding for the transcription factor has been extensively studied in Drosophila [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF]. Early description of Ubx functions were performed by the analysis of mutations in the Ubx domain [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF]. Morata and Kerridge gave the first evidence that Ubx expression is organized in parasegmental domains and demonstrated that Ubx functions to specify T3 and the posterior compartment of T2 [START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Morata | Sequential functions of the bithorax complex of Drosophila[END_REF]. It was believed that the function of Ubx was primarily to differentiate the T3 segment and the A1 segment from the identity of the T2 segment. Rather, Ubx specifies PS 5 (the posterior side of T2 and anterior side of T3) and PS 6 (the posterior side of T3 and the anterior side of A1) [START_REF] Duncan | The Bithorax Complex[END_REF]). In addition to the previous work done using adult cell clones, subsequent studies demonstrated the same role of Ubx in larval cuticle [START_REF] Hayes | Homoeosis in Drosophila: the ultrabithorax larval syndrome[END_REF][START_REF] Struhl | Splitting the bithorax complex of Drosophila[END_REF].

Aside from parasegment specification, there are other functions attributed to the Ubx domain.

For instance, Ubx controls the development of a number of structures in the abdomen [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF][START_REF] Struhl | Splitting the bithorax complex of Drosophila[END_REF]. Ubx suppresses the development of a sense organ -denoted the pit sense organ located in the thoracic segments -in the abdomen [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. Furthermore, the development of the setal belt in the abdomen also depends on Ubx [START_REF] Struhl | Splitting the bithorax complex of Drosophila[END_REF].

Mutations in the coding region of Ubx result in the interruption of the production of a functional Ubx protein (Figure 17). Another group of Ubx mutations affect non-coding regions that control position specific regulation of Ubx [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF]). This type of mutations could be grouped into four classes: the anterobithorax (abx), bithorax (bx), bithoraxoid (bxd), and postbithorax (pbx) (Figure 17) [START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Morata | The bithorax complex of Drosophila: an overview[END_REF]. Since the beginning of the 1950s, E. B. Lewis performed numerous thorough mutational analyses of these classes at the Ubx domain (Lewis 1954a, Lewis 1954b[START_REF] Lewis | Some aspects of position pseudoallelism[END_REF][START_REF] Lewis | Genes and developmental pathways[END_REF][START_REF] Lewis | Genetic control and regulation of developmental pathways[END_REF], Lewis 1968[START_REF] Lewis | Control of body segment differentiation in Drosophila by the bithorax gene complex[END_REF], Lewis 2004a, Lewis 2004b[START_REF] Lewis | Developmental Biology Using Purified Genes, ICN-UCLA Symp[END_REF][START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. Mutations in these regions result in a subset of the Ubx phenotype because they alter the spatial regulation of Ubx and subsequently the distribution of the Ubx protein at certain positions [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] White | Regulation of the distribution of Ultrabithorax proteins in Drosophila[END_REF]. Mutations in the abx and bx region result in a PS 5 (posterior T2 segment and anterior T3 segment) to PS 4 (posterior T1 segment and anterior T2 segment)

transformation by reducing the Ubx protein expression in PS 5 [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] Lewis | Control of body segment differentiation in Drosophila by the bithorax gene complex[END_REF][START_REF] Lewis | Developmental Biology Using Purified Genes, ICN-UCLA Symp[END_REF][START_REF] White | Regulation of the distribution of Ultrabithorax proteins in Drosophila[END_REF]. On the other hand, mutations in the bxd and pbx region reduces the Ubx expression in PS 6 region and hence results in the transformation of PS 6 (posterior T3 and anterior A1) towards PS 5 [START_REF] Beachy | Segmental distribution of bithorax complex proteins during Drosophila development[END_REF][START_REF] Duncan | The Bithorax Complex[END_REF][START_REF] White | Regulation of the distribution of Ultrabithorax proteins in Drosophila[END_REF]. An interesting observation is that the position of the abx and bx regions on the Ubx domain is more anterior than the bxd and pbx regions (Figure 17) and their spatial effect is corresponding to their position on the domain. The effect of abx/bx mutations is on the distribution of the Ubx protein in more anterior segments than the bxd/pbx mutations, similar to the Hox characteristic. Subsequent to the disappearance of the segmentation genes, other regulatory mechanisms continue to control Hox expression; for instance, epigenetic control of Hox expression is ensured by two groups of genes: the trithorax group (trxG) and the Polycomb group (PcG) [START_REF] Grimaud | From genetics to epigenetics: the tale of Polycomb group and trithorax group genes[END_REF]. These two groups of genes code for factors that, once recruited to their respective response elements, regulate the transcription of target genes via chromatin remodeling (in particular the post-translational histone modification and hence controlling chromatin accessibility) [START_REF] Grimaud | From genetics to epigenetics: the tale of Polycomb group and trithorax group genes[END_REF]. PcG and trxG genes work in cooperation to maintain the repression or maintain the activation of Hox genes respectively [START_REF] Hodgson | Site-Specific Recognition of a 70-Base-Pair Element Containing d(GA) n Repeats Mediatesbithoraxoid Polycomb Group Response Element-Dependent Silencing[END_REF][START_REF] Pirrotta | Distinct parasegmental and imaginal enhancers and the establishment of the expression pattern of the Ubx gene[END_REF][START_REF] Tillib | Trithorax-and Polycomb-Group Response Elements within an Ultrabithorax Transcription Maintenance Unit Consist of Closely Situated but Separable Sequences[END_REF]. Furthermore, Petruk and colleagues demonstrated a link between a trithorax complex TAC1 and Ubx regulation by noncoding RNA (ncRNA) [START_REF] Petruk | Transcription of bxd Noncoding RNAs Promoted by Trithorax Represses Ubx in cis by Transcriptional Interference[END_REF][START_REF] Petruk | Trithorax and dCBP Acting in a Complex to Maintain Expression of a Homeotic Gene[END_REF]. Several studies suggested that the bxd regulatory region encodes for ncRNA [START_REF] Cumberledge | Characterization of two RNAs transcribed from the cisregulatory region of the abd-A domain within the Drosophila bithorax complex[END_REF][START_REF] Lipshitz | Novel transcripts from the Ultrabithorax domain of the bithorax complex[END_REF][START_REF] Sanchez-Herrero | Spatially ordered transcription of regulatory DNA in the bithorax complex of Drosophila[END_REF]) and it was suggested that ncRNAs might have a regulatory effect on the Ubx transcript [START_REF] Rank | Transcription through Intergenic Chromosomal Memory Elements of the Drosophila Bithorax Complex Correlates with an Epigenetic Switch[END_REF].

Finally, other interactions control the regulation of Ubx transcription. For instance, the neighboring Hox genes abd-A and Abd-B have a repressing effect on Ubx in the abdominal segments [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] Struhl | Regulation of the Ultrabithorax gene of drosophila by other bithorax complex genes[END_REF][START_REF] White | Regulation of the distribution of Ultrabithorax proteins in Drosophila[END_REF].

Furthermore, in vitro assays demonstrated the binding of certain factors such as 'GAGA'

factor and the product of the zeste gene to Ubx regulatory sites; and the 'GAGA' factor was shown to activate Ubx expression [START_REF] Benson | The product of the Drosophila zeste gene binds to specific DNA sequences in white and Ubx[END_REF][START_REF] Biggin | Transcription factors that activate the Ultrabithorax promoter in developmentally staged extracts[END_REF].

Additionally, Ubx is documented to regulate its own expression; for instance, in the visceral mesoderm, Ubx is required to catalyze its own synthesis [START_REF] Bienz | Domain of Ultrabithorax expression in Drosophila visceral mesoderm from autoregulation and exclusion[END_REF].

Nonetheless, Crickmore and colleagues reported that Ubx is able to negatively autoregulate its expression [START_REF] Crickmore | Regulation of <italic>Ubx</italic> Expression by Epigenetic Enhancer Silencing in Response to Ubx Levels and Genetic Variation[END_REF]. In this study, the authors demonstrated that a Ubx threshold of approximately twice the normal level resulted in negative regulation of the expression [START_REF] Crickmore | Regulation of <italic>Ubx</italic> Expression by Epigenetic Enhancer Silencing in Response to Ubx Levels and Genetic Variation[END_REF].

The Ubx protein and isoforms

The Ubx gene is transcribed into different isoforms [START_REF] Kornfeld | Structure and expression of a family of Ultrabithorax mRNAs generated by alternative splicing and polyadenylation in Drosophila[END_REF][START_REF] O'connor | Alternative RNA products from the Ultrabithorax domain of the bithorax complex[END_REF]. There are six different splice variants for Ubx that differ in the presence or absence of three elements (9, 17, and 17 amino acids long): the B element, exon M1, and exon M2 (Figure 18) [START_REF] Kornfeld | Structure and expression of a family of Ultrabithorax mRNAs generated by alternative splicing and polyadenylation in Drosophila[END_REF][START_REF] O'connor | Alternative RNA products from the Ultrabithorax domain of the bithorax complex[END_REF]. These isoforms share the 5' region coding for the Hexapeptide (Hx) sequence, coding for the cofactor binding motif, the 3' region coding for the homeodomain, and the variable region between the different splice variants is in the linker region in between [START_REF] Chang | Pbx proteins display hexapeptide-dependent cooperative DNA binding with a subset of Hox proteins[END_REF][START_REF] Johnson | Extradenticle protein is a selective cofactor for the Drosophila homeotics: role of the homeodomain and YPWM amino acid motif in the interaction[END_REF][START_REF] Kornfeld | Structure and expression of a family of Ultrabithorax mRNAs generated by alternative splicing and polyadenylation in Drosophila[END_REF][START_REF] O'connor | Alternative RNA products from the Ultrabithorax domain of the bithorax complex[END_REF][START_REF] Reed | Alternative Splicing Modulates Ubx Protein Function in Drosophila melanogaster[END_REF]. The respective Ubx introns are large measuring 7.4 kb, 14.6 kb, and 51.5 kb [START_REF] Hatton | Generation of Alternative Ultrabithorax Isoforms and Stepwise Removal of a Large Intron by Resplicing at Exon-Exon Junctions[END_REF][START_REF] Martin | Complete sequence of the bithorax complex of Drosophila[END_REF]. Therefore, this would consequently imply that, especially for isoform IV, the removal of large intronic regions is necessary [START_REF] Hatton | Generation of Alternative Ultrabithorax Isoforms and Stepwise Removal of a Large Intron by Resplicing at Exon-Exon Junctions[END_REF]. 

Ubx target genes

The transcription factor Ubx controls a multitude of target genes [START_REF] Crickmore | Hox Control of Organ Size by Regulation of Morphogen Production and Mobility[END_REF][START_REF] De Navas | The Ultrabithorax Hox gene of Drosophila controls haltere size by regulating the Dpp pathway[END_REF][START_REF] Pavlopoulos | Hox gene Ultrabithorax regulates distinct sets of target genes at successive stages of Drosophila haltere morphogenesis[END_REF][START_REF] Vachon | Homeotic genes of the bithorax complex repress limb development in the abdomen of the Drosophila embryo through the target gene Distal-less[END_REF]. One of the classically described genes under the control of Ubx is the patterning gene dll [START_REF] Vachon | Homeotic genes of the bithorax complex repress limb development in the abdomen of the Drosophila embryo through the target gene Distal-less[END_REF]. Specific sites in the dll enhancer have been described to be binding sites for Ubx in order to repress any dll-mediated leg development in the abdomen [START_REF] Vachon | Homeotic genes of the bithorax complex repress limb development in the abdomen of the Drosophila embryo through the target gene Distal-less[END_REF]. The introduction of mutations into these sites resulted in the loss of limb repression due to the loss of the Hox binding [START_REF] Vachon | Homeotic genes of the bithorax complex repress limb development in the abdomen of the Drosophila embryo through the target gene Distal-less[END_REF]. Castelli-Gair and Akam also demonstrated that both 

Homeotic selector gene model vs modular model

Since their characterization, Ubx and the rest of the Hox genes have been considered

as 'master' developmental genes (Morata & Lawrence 1977). Additionally, a classical 'selector model' has been generally agreed upon since the 1970s considering Hox genes as binary switches managing cell fates according to whether they are 'on' or 'off' (Garcia- [START_REF] Garcia-Bellido | Genetic control of wing disc development in Drosophila[END_REF], Morata & Lawrence 1977). It is worthy to note, that this model poses an evolutionary problem in its rigidity [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF]. If Hox genes are indeed binary switches, then their effect can neither be additive nor incremental; hence, mutations would result into dramatic effects unlikely to be evolutionary reconcilable [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF]). On the other hand, there is evidence of dosage effect in Ubx function that gives insight that its function is not solely dependent on whether it is activated or not (Smolik-Utlaut 1990, [START_REF] Stern | A role of Ultrabithorax in morphological differences between Drosophila species[END_REF]). Akam proposed a revision of this classical model to amend it to a "post-selector gene" model [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF]). Akam argues in his revision that Hox genes share similarities with the rest of genes and that they should no longer be regarded as special [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF]. For instance, the spatial and temporal expression of Hox genes is an important determinant of segment identity [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF][START_REF] Castelli-Gair | How the Hox gene Ultrabithorax specifies two different segments: the significance of spatial and temporal regulation within metameres[END_REF]. Additionally, the regulation of Hox genes is also comparable to other genes such that their promoters are multi-modular with multiple binding sites that could differentiate the expression in different tissues [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF][START_REF] Peifer | The bithorax complex: control of segmental identity[END_REF][START_REF] Simon | Regulatory elements of the bithorax complex that control expression along the anterior -posterior axis[END_REF]. This proposition would reconcile the role of homeotic genes in segment identity specification with a stepwise function that could be incrementally modified making it possible for small evolutionary changes without involving dramatic mutations [START_REF] Akam | Hox genes, homeosis and the evolution of segment identity: no need for hopeless monsters[END_REF]). identical to that of Drosophila [START_REF] Bennett | Molecular and genetic analysis of the Tribolium Ultrabithorax ortholog, Ultrathorax[END_REF]. Furthermore, Ubx in Tribolium is expressed from PS 4 and throughout the abdominal parasegments, and functions to specify the pleuropodial cell fates repressing leg development in the first abdominal segment as well as hind wing specification [START_REF] Bennett | Molecular and genetic analysis of the Tribolium Ultrabithorax ortholog, Ultrathorax[END_REF][START_REF] Lewis | Distinct roles of the homeotic genes Ubx and abd-A in beetle embryonic abdominal appendage development[END_REF][START_REF] Tomoyasu | Ultrabithorax is required for membranous wing identity in the beetle Tribolium castaneum[END_REF]. In the Lepidopteran butterfly Bombyx mori, the expression and function of Ubx are also conserved [START_REF] Masumoto | Functional analysis of Ultrabithorax in the silkworm, Bombyx mori, using RNAi[END_REF]. Ubx is expressed at a higher expression in the first abdominal segment, although its later expression reaches to T2 segment, and function to repress leg development at A1 [START_REF] Masumoto | Functional analysis of Ultrabithorax in the silkworm, Bombyx mori, using RNAi[END_REF]. Finally, the Ubx function in wing specification is also conserved [START_REF] Weatherbee | Ultrabithorax function in butterfly wings and the evolution of insect wing patterns[END_REF].

Conservation of

4.2.1.1

Ubx role in third thoracic segment specification and appendage development.

Mahfooz and coworkers performed a comparative study of the expression distribution of Ubx across numerous insect species including the firebrat Thermobia domestica, the grasshopper Schistocerca americana, the house cricket Acheta domesticus, the field cricket Gryllus firmus, the mantis Tenodera aridifolia, the cockroach Periplaneta americana, the green lacewing Chrysoperla carnea, and the beetle Tribolium castaneum [START_REF] Mahfooz | Differential expression patterns of the hox gene are associated with differential growth of insect hind legs[END_REF]. The authors used comparative staining for Ubx and Abd-A proteins among the preceding species using an antibody developed by [START_REF] Kelsh | Homeotic gene expression in the locust Schistocerca: An antibody that detects conserved epitopes in ultrabithorax and abdominal-A proteins[END_REF] and arrived to two conclusions. First, that Ubx expression in the T3-leg is associated with the increase in length of this leg compared to the T2-leg. Second, the temporal start of Ubx expression is associated with the degree of the appendage such that in species where the difference between T3-and T2-legs is not large, Ubx expression starts later in embryogenesis compared to species with greater difference; whereas species with a uniform leg length lack Ubx expression in the T3-leg [START_REF] Mahfooz | Differential expression patterns of the hox gene are associated with differential growth of insect hind legs[END_REF]. Furthermore, using RNAi knockdown, in thoracic appendages and maxillipeds (modified appendages utilized for feeding rather than locomotion) and found that the development of maxillipeds is associated with repression of Ubx whereas uniform thoracic appendages express Ubx [START_REF] Averof | Crustacean appendage evolution associated with changes in Hox gene expression[END_REF]. Their analysis demonstrated that Ubx repression is correlated with the morphological modification of thoracic appendages into maxillipeds [START_REF] Averof | Crustacean appendage evolution associated with changes in Hox gene expression[END_REF]. This conclusion has been later strengthened by RNAi knockdown experiments which showed that Ubx directly controls the evolution of the crustacean appendage morphologies [START_REF] Liubicich | Knockdown of Parhyale Ultrabithorax recapitulates evolutionary changes in crustacean appendage morphology[END_REF]. Conversely, Ubx expression presents some diversions in chelicerates, for example, Ubx is only expressed in a single segment in the mite Archegozetes longisetosus and is never detected in any other segment in later stages [START_REF] Barnett | Posterior Hox gene reduction in an arthropod: Ultrabithorax and Abdominal-B are expressed in a single segment in the mite Archegozetes longisetosus[END_REF].

In conclusion, the Hox gene Ubx is a key, conserved, transcription factor responsible for controlling morphological appendage evolution between arthropods.

V.

Objective of the presented thesis

Semiaquatic insects acquired a number of adaptations in their appendages that increased their locomotion performance following the colonization of the water surface. A common characteristic of the whole group is that they have a longer appendage length compared to their body length. A second characteristic is specific to derived lineages, such as water striders, where they acquired a diverged appendage ground plan. A terrestrial insect leg ground plan is organized as T1-leg is shorter than T2-leg which is shorter than T3-leg. This ground plan allows them to move efficiently by tripod locomotion on solid surfaces. Basal semiaquatic lineages (and some derived species) retain this ancestral leg ground plan and move by alternate tripod movement both on the water surface and solid substrates. The derived water striders have reversed this ground plan where they have the T2-leg now longer than the T3-leg which is longer than the T1-leg (compare leg ground plan in Figure 4B). This derived ground plan is associated with their novel mode of locomotion by rowing such as the T2-legs move simultaneously in a stroke propelling the insect forward while T3-legs are used for guidance. This novel mode of locomotion is associated with the invasion of the open water niche of the derived lineages.

This thesis aims at studying the molecular and developmental mechanisms underlying the morphological adaptation of semiaquatic insects to life on the water surface habitat. The thesis study addresses this question through 4 goals:

1. To uncover the molecular genes and pathways underlying the dramatic growth of the appendages characteristic of the entire group (Manuscript I in the results). 

To analyze the role of the Hox gene

I. Gene cloning

The studied genes were cloned from total RNA extracted and converted to cDNA.

Before generating transcriptomic data, I cloned the genes using degenerate primers designed based on sequence alignments from Tribolium castaneum, the pea aphid Acyrthosiphon pisum, and the human louse Pediculus humanus. After generating the transcriptome for Limnoporus dissortis, I started designing specific primers for genes based on their retrieved sequences.

1.1 cDNA synthesis

1.1.1
Total RNA extraction I extracted total RNA using the TRIzol® (Life Technologies) reagent following the manufacturer's protocol. I extracted the total RNA from different embryonic and nymphal stages to cover a wider range of genetic representation of developmental genes. Live samples were manually homogenized directly in TRIzol®.

1.1.2

Reverse transcription I used the extracted total RNA for reverse transcription to cDNA using SuperScript® III (Life Technologies) according to manufacturer's protocol.

Bacterial transformation

After being verified by sequencing, cloned genes were incorporated into a plasmid vector and transformed into DH5-α bacterial cells.

Ligation

PCR products were purified using the Qiagen PCR purification kit according to the manufacturer's protocol. The purified product is then ligated in a linearized pGEM-T vector (Promega) following the ligation protocol in (Annex A).

Transformation of cloned inserts

The ligation product is transformed into DH5-α cells following the transformation protocol in (Annex A). White colonies are picked and diluted in distilled deionized water and the size of the transformed insert is verified by colony PCR. Clones with the correct expected size are sent for commercial sequencing (Beckman Coulter Genomics) to verify that the cloned gene is the actual expected gene. After verification, selected clones are cultured in an overnight culture in LB medium + 50-100 μg/ml Ampicillin. Part of this culture is preserved in 30% glycerol at -80°C as a bacterial stock, the rest is centrifuged and a minipreparation is performed using QIAprep® miniprep kit from Qiagen using the manufacturer's protocol.

II. Comparative transcriptomics

An essential resource that was generated in the course of this thesis is the different transcriptomes. Two main transcriptomes were generated: the total transcriptome for Limnoporus dissortis and the comparative leg transcriptome.

The total transcriptome

A representative sample of developmental (embryonic and nymphal) stages was used for TRIzol® total RNA extraction and sequenced using Roche 454 technology. Transcriptome assembly was performed using the Newbler assembler version 2.6 (Roche). A total 16,368 isogroups (genes) were assembled comprising a total of 26,237 isotigs (different isoforms). Limnoporus dissortis total transcriptome. The gene expression levels were determined after using the Reads Per Kilobase per Million (RPKM) reads map normalization method [START_REF] Mortazavi | Mapping and quantifying mammalian transcriptomes by RNA-Seq[END_REF].

The comparative leg transcriptomes

III. RNA interference

Two types of RNAi experiments were conducted in this thesis: parental RNAi and nymphal RNAi. In parental RNAi, reproductively active females are injected with dsRNA and the knockdown effect is retrieved in the progeny. This method is used to knockdown genes in the earlier stages of embryonic development. In nymphal RNAi, first and/or second instar nymphs are injected in the abdomen with dsRNA, and the phenotype is verified in the subsequent nymphal stages following molting. This type of RNAi knockdown is used to verify late phenotypes after embryonic patterning is already established.

dsRNA synthesis

dsRNA is synthesized by in vitro transcription using T7 RNA polymerase enzyme and a T7 binding site sequence flanked template of the desired gene. T7 flanked templates were generated either by PCR using primers including the T7 sequence, or by using the T7 sequence inherent in the pGEM-T vector. The protocol for dsRNA synthesis is supplied in (Annex A). dsRNA was purified using RNeasy RNA purification kit according to the manufacturer's protocol. Following purification, dsRNA is precipitated and reconstituted in injection buffer [START_REF] Rubin | Genetic transformation of Drosophila with transposable element vectors[END_REF].

Injection of dsRNA

Microinjection was performed using the CellTram® vario oil injector combined with a Zeiss steRIO Discovery V8 sterioscope. Females or nymphs were anesthetized with CO 2 and immobilized on double sticky tape on a slide for injection.

Phenotype collection and imaging

Embryos were routinely checked for phenotypes. In parental RNAi, after injection, the first embryos laid by the female are generally WT, and then knockdown phenotypes start emerging in a range of severity from mild to severe.

Light microscopy imaging of embryos and nymphs

Embryos and nymphs were analyzed using a Zeiss steRIO Discovery V12 with the AxioVision or the Zen software packages from Zeiss. Embryos were treated with 25% bleach until clean, dissected out of the chorion, and imaged either alive or after fixation with 4% formaldehyde.

Scanning electron microscopy imaging

Scanning electron microscopy was performed in the Centre Technologique des Microstructures at l'Université Claude Bernard Lyon 1. Embryos and nymphs were subject to a critical drying step before mounting, metal coating with gold/palladium using Baltec MED020 coating machine, and subsequent analysis using the Hitachi S800 FEG scanning electron microscope.

3.4

Leg measurement analysis

Cuticle mounting

Legs of embryos or nymphs were dissected and mounted on slides in Hoyer's medium. Leg images were taken using Zeiss steRIO Discovery V8 sterioscope and leg measurements were performed using the AxioVision or the Zen software package.

Statistical analyses

Statistical analyses performed throughout this thesis were conducted using SPSS software package (IBM Corporation) and the GraphPad Prism (version 6.01) software packages. To account for individual variation, leg measurements were corrected to egg length (for embryonic measurements), or to lower eyes width (for hatched nymphs).

IV. Gene expression analyses

Two types of expression analyses were performed in this thesis: in situ hybridization and antibody staining

Single and double in situ hybridization

In situ hybridization staining was used for the first time in the semiaquatic insects during the course of this thesis to detect mRNA expression. Anti-sense probes are synthesized by using either SP6 or T7 RNA polymerases, and a labelled NTPs mix (such as digoxigenin DIG labeling mix). The probe preparation protocol is described in (Annex A). The in situ protocol is based on a dextran sulfate hybridization solution and color development is performed using a secondary antibody coupled to an enzyme as described in the in situ hybridization protocol in (Annex B). We also developed a method of double staining that allows us to confirm the knockdown of a certain gene. In this method we stain for the knocked down gene in addition to another gene with a 1:10 diluted probe such that when the signal of the diluted control probe start developing in a given embryo, we are sure that the staining for the knocked down gene is expected to be sufficiently strong.

Single and double antibody staining

To detect protein products, we used antibody staining using antibodies that cross react from other systems (such as the Drosophila FP 6.86 detecting both Ubx and Abd-A).

Single and double antibody stainings are performed using secondary antibodies coupled to different enzymes or fluorescent fluorophores as described in (Annex B).

Imaging and confocal microscopy

Stained embryos were mounted in 80% glycerol in Phosphate Buffered Saline (PBS) on slides and pictures were taken using a Zeiss Axio Imager microscope. For fluorescent staining, Z-stack images were taken using the Zeiss LSM780 inverted confocal microscope.

Introduction

Any given population is faced with selective pressures -such as the nature of the environment, food availability, predation -that will act on certain traits resulting in a positive effect on the performance of the group (Ghalambor et al 2003). Selection in Nature favors phenotypes that are best adapted to the environment (Bell et al 1993, Emlen et al 2012, Kettlewell 1955, Khila et al 2012, Klepaker 1993, Lees & Creed 1975, Orr 2005a, Orr 2005b). Recently, there has been a great effort to understand the developmental mechanisms underlying the evolution of adaptive traits (Abzhanov et al 2004, Khila et al 2012) an area still unclear.

Water striders are a monophyletic group of semiaquatic heteropteran insects presenting a remarkable example of adaptation to water surface dwelling enabling them to invade various aquatic niches reaching to open oceans (Andersen 1982). Semiaquatic insects are hemimetabolous insects where embryos hatch in a nymphal form which will undergo successive molts to reach the mature adult stage (Andersen 1982). The implications of this direct mode are that the development of the legs and scaling of their allometry has to be completed during embryogenesis (Figure 1A). The legs of water striders leg appendages are highly adapted to water surface locomotion, and their length is significantly increased compared to their terrestrial counterparts (Andersen 1982). This increase in length together with the reversal of their relative length is characteristic to the entire group and is associated with evolution of a novel mode of locomotion through rowing on the water surface. T2-legs in water striders functioning as oars are longer than T3-legs functioning as rudders (Figure 1B) (Andersen 1982, Khila et al 2009). This derived ground plan is associated with a novel mode of locomotion of water striders where they use their T2-legs in simultaneous thrusting motion to propel themselves while their T3-legs serve primarily for orientation (Figure 1C) (Andersen 1982). This leg motion creates vortices on the water surface allowing the nymphs and adults to push themselves forward (Hu & Bush 2010, Hu et al 2003). This adapted mode of locomotion allows water striders to efficiently move on the water surface habitat.

In this work, we aim to understand the molecular and developmental mechanisms responsible for this adaptive leg elongation characteristic of water striders. There has been great effort to uncover the mechanisms underlying the reversal in leg ground plan specific to derived species and which is mediated by the Hox gene Ubx (Khila et al 2009, Khila et al 2014). However, Ubx functions only to fine-tune this difference between T2-and T3-legs (Khila et al 2009, Khila et al 2014, Refki et al 2014). However, how water strider acquire their extremely long legs is not yet clear. We hypothesized that this overall elongation of legs in water striders is controlled by key segmentation genes and signaling molecules expressed early during embryogenesis such as distal-less (dll), hedgehog (hh), wingless (wg), and epidermal growth factor receptor (egfr) (Campbell et al 1993, Clifford & Schupbach 1989, Cohen et al 1993, Ingham & McMahon 2001, Panganiban et al 1994). These genes are known to play a role in both the growth and patterning of imaginal discs in flies (Baena- Lopez & García-Bellido 2006, Baena-Lopez et al 2012, Baena-López et al 2003, Zecca & Struhl 2002).

We therefore investigated the expression pattern and function of dll, hh, wg, and egfr during the embryogenesis of the water strider Limnoporus dissortis to determine their role in leg development and elongation.

Results

The expression pattern of the patterning gene dll in L. dissortis legs is generally conserved

The leg patterning genes dll has a well described expression and role in proximaldistal leg development across insects (Abzhanov & Kaufman 2000, Angelini & Kaufman 2004, Estella & Mann 2008, Panganiban et al 1994, Rogers et al 2002) and other arthropods (Khila & Grbić 2007, Schoppmeier & Damen 2001). It has been shown that dll has a generally conserved pattern of a proximal "ring" and a distal "sock" first described by Panganiban and co-workers (Panganiban et al 1994). However, some variation is discernible in the position and size of the "ring", the "sock", and the gap between them. In L. dissortis, early dll expression is conserved showing the proximal ring (arrowheads in Figure 2A) and the distal sock at the developing limb buds (arrows in Figure 2A). The pattern remains the same after leg extension where "the ring" is retained at the distal region of the femur (arrowheads in Figure 2B), and the distal expression remains throughout the tarsus (arrows in Figure 2B). Later during embryogenesis, the expression of dll extends to form a gradient covering the entire leg (Figure 2C) suggesting that dll has a global role in the development of the entire leg rather than restricted at the distal region. A prominent dll expression is also clear in the pleuropodia on the first abdominal segment (Figure 2A-C).

Two isoforms of dll play a complementary role to control leg development

We identified two isoforms for the dll gene that differ in the presence or absence of a 105 bp (35 amino acids) sequence on exon 5 (Figure S1). We refer to the isoform with the alternative exon as 'long-dll'; and the isoform lacking the alternative exon as 'short-dll'. To determine the function of each of the isoforms in regulating leg growth, we performed a knockdown using parental RNAi (Khila et al 2009) for long-dll and short-dll separately. We silenced long-dll by targeting the sequence of the alternative exon, and silenced both isoforms by independently targeting two regions shared by both isoforms. Undiscriminating dll silencing resulted in a range of phenotypes in appendage development with increasing severity (Figure 2D-F). The mild phenotype resulted in fusion between distal leg segments (arrowhead in Figure 2D). In moderate phenotypes, this fusion was expanded to affect the femur, tibia, and tarsus as well as a reduction in their size (arrowheads in Figure 2E). And finally, the strongest phenotype resulted in total deletion of leg and antennal segments distal to the most proximal segment of the antennae and coxa of the legs (arrows in Figure 2F). On the other hand, selective knockdown of long-dll resulted in fusion between the most distal leg segments, the tarsus and the tibia (arrowheads in Figure 2G-I). This suggests that the global function of dll in appendage specification is fulfilled by the short-dll isoform, while the longdll isoform specifies the junction between the distal segments tarsus and tibia.

Signaling molecules hh, wg, and egfr are expressed in early embryonic development and control leg elongation

To determine the expression pattern of hh in early L. dissortis development, we detected the mRNA distribution using an anti-sense probe (Refki et al 2014). hh is expressed in a segmental pattern at the posterior boundary of each segment across the germband (Figure 3A). In extending legs, hh is strongly expressed along the posterior compartment and faints towards the anterior. In addition to this gradient pattern, hh is expressed into relatively faint stripes along the proximal-distal axis of all the legs (arrowheads in Figure 3A). RNAi knockdown revealed the role of hh in regulating leg development of L. dissortis early development (Figure 3B-D). Severe and moderate hh knockdown show both segmentation defects and leg development defects (Figure 3C, arrow in Figure 3D) indicating a conserved role of hh in insect segmentation (Farzana & Brown 2008). Mild hh phenotypes show a minor effect on patterning at the boundary between the second and third thoracic segments (T2 and T3) (arrowhead in Figure 3B), but had an apparent defect in leg development. The proximal leg segments of mild hh phenotypes appeared normal, but distal segments manifested a truncation such that part or the whole of the tarsus was missing (arrow in Figure 3B). This indicates a role of hh in specifying distal segments of legs during Limnoporus embryogenesis.

The distribution of wg mRNA reveals that wg is expressed in a segmental pattern across the germband (Figure 3E, S2). In extended legs of early embryos, wg is expressed in a stripe along the proximo-distal axis of the legs (Figure 3E) (Refki et al 2014); an expression pattern that is conserved compared to the closely related heteropteran relative Oncopeltus (Angelini & Kaufman 2005). However, in later embryos, wg expression pattern seems to diverge and occupy the posterior compartment of all the legs (Figure S2B). Although this is a subtle change in the pattern of expression, it indicates a putative divergence in the role of wg in leg development. In wg RNAi (Figure 3F-H), the most affected embryos show defects in segmentation and result in the disappearance of boundaries between adjacent segments (Figure 3H). This segmentation defect was also observed in Oncopeltus (Angelini & Kaufman 2005) and Tribolium (Ober & Jockusch 2006). In addition, severely affected embryos resulted in a defect in eye development close to a phenotype reported in Oncopeltus (Angelini & Kaufman 2005). Mild and moderate wg RNAi embryos, however, showed mainly leg growth defects and little if any patterning defects (Figure 3F, G). In these embryos, legs are shorter than untreated embryos (compare T2-leg in Figure 3F to the untreated embryo T2-leg in Figure 1A which normally reaches to the boundary between the head and the first thoracic segment).

The signaling receptor egfr is expressed in five distinct rings along the proximal-distal axis of the three thoracic legs. These rings seem to define the junction between different leg segments (Refki et al 2014) (Figure 3I). This pattern persists during later stages of embryogenesis and there appears to be an expression of a sixth ring at the distal region of the tarsus at the future claw-bearing tip (arrowhead in Figure 3I). In egfr RNAi embryos, strongly affected embryos displayed severe segmentation defects and reduced appendage growth (Figure 3L). All leg segments in these embryos are present but their length seem severely reduced (Figure 3L). We also observed a defect specific to the femur where a constriction forms in the middle of that segment (arrow in Figure 3K, L) in accordance with the fact that the first ring expression in early embryos -in the limb bud stage -appears at the base of the limb buds (Figure S3). Moderately and mildly affected embryos show little or no effect on segmentation, while the appendage growth defects persist (Figure 3J,K). Together, these results indicate that in addition to the role of hh, wg, and egfr in patterning and segmentation, they also have a role in promoting the development of the thoracic appendages in L. dissortis.

Separating the role of dll, hh, wg, and egfr in leg development from their patterning function

In an attempt to separate the growth function of this set of developmental genes from their patterning function, we measured the legs dissected from embryos showing mild and/or moderate phenotypes (Figure 4). We consider elongation defects those affecting the length of the legs, but not the identity or specification of leg segments, as can be manifested in truncations or fusions of parts of the legs (Baena-Lopez et al 2009). We therefore consider in this definition embryonic leg segments that are complete. RNAi against long-dll isoform caused fusion between the tarsus and the tibia in all thoracic legs (Figure 4 D-F), and RNAi against hh caused the loss of part or the whole of the tarsal segment (Figure 4H). This demonstrates that hh functions to specify distal appendages, and that long-dll functions to specify the junction between the tarsus and the tibia. In addition, both hh and long-dll RNAi knockdowns caused the elongation of the femur of all three thoracic appendages though in long-dll RNAi, this elongation was not statistically significant in the femur of T2-legs (Figure 4 D-I, P, Q). This indicates that both hh and long-dll repress the growth, without affecting patterning, of the femur. In wg and egfr RNAi embryos, all leg segments are present but are dramatically shortened (Figure 4 J-O). This shortening affects all three thoracic legs and all the segments within each of them (Figure 4 R,S). This suggests that wg and egfr function to promote uniform leg elongation during L. dissortis embryogenesis.

Discussion

The challenging environment of the water surface imposed a certain number of adaptations on water striders to succeed in efficient locomotion. One of these adaptations is the dramatic growth of thoracic appendages -most importantly T2-and T3-legs -to generate stronger propulsion on the water surface (Figure 1C). Our results demonstrate that key developmental genes are involved in this dramatic appendage elongation. Hatched nymphs have fully developed legs and share the same mode of locomotion as adults by simultaneous rowing strokes to propel themselves on the water surface (Hu & Bush 2010, Hu et al 2003).

This behavior requires that the legs are specified and properly scaled during embryogenesis before hatching. Hence, a possibility arises that during the evolution of the rowing Gerridae, unlike in closely related terrestrial insects, signaling molecules have acquired a stronger effect on growth in addition to patterning resulting in the dramatic elongation of the T2 and T3 thoracic appendages.

dll and hh orchestrate patterning and elongation of thoracic legs during embryogenesis

During L. dissortis embryonic development, dll and hh play an essential role in both leg segment specification and elongation. This is in addition to the role of hh in patterning.

dll, with its two isoforms in L. dissortis, is essential for the specification of the three thoracic appendages early during ontogeny, a role similarly described for the Tribolium dll homologue Short antennae (Sa) (Beermann et al 2001). However, our results strongly suggest that this is mainly the role of the short-dll isoform because RNAi against long-dll resulted in fusion between the tarsus and the tibia in accordance with reported fusion between distal segments or even truncation of entire segments in Drosophila (Cohen & Jürgens 1989a, Cohen & Jürgens 1989b), the closely related hemipteran Oncopeltus (Angelini & Kaufman 2004), and the spider mite Tetranychus (Khila & Grbić 2007). Moreover, long-dll elongates the distal segment but shortens the femur, indicating that, in addition to leg specification, long-dll has acquired a function in the allometric scaling of the thoracic legs of Limnoporus. Although the function of dll is generally conserved, there are various described cases were it acquired a novel, usually distinctive, function such as the control of male-specific sexual traits in water striders (Khila et al 2012) and the gap gene function in anterior segmentation in spiders (Pechmann et al 2011).

The segment polarity gene hh (Ingham & McMahon 2001, Nüsslein-Volhard & Wieschaus 1980) has a well described function as a secreted morphogen (Heemskerk & DiNardo 1994) controlling patterning and segment polarity in Drosophila (Kopp et al 1997, Struhl et al 1997, Tabata & Kornberg 1994). The expression pattern and function of hh is, to a great extent, conserved among insects and other arthropods (Farzana & Brown 2008, Janssen et al 2004, Simonnet et al 2004), although this conservation has been mainly concluded by comparing hh expression patterns in different arthropods (Janssen et al 2004). In Tribolium, hh functions in segmentation although there was no evidence that the segments of RNAi embryos have a polarity defect and RNAi resulted in generally smaller embryos than WT (Farzana & Brown 2008). Moreover, mild hh RNAi in Tribolium had little or no effect on leg development (Farzana & Brown 2008). In the cricket Gryllus, however, embryonic RNAi failed to deplete the hh transcript and to subsequently give a detectable knockdown phenotype (Miyawaki et al 2004). In L. dissortis embryos, the expression pattern of hh appears to be conserved as segmented stripes in the posterior compartment of each segment and along the proximo-distal axis of the thoracic legs. Functional analysis indeed revealed a function of hh in segmentation, but, unlike Tribolium (Farzana & Brown 2008), mildly and moderately affected embryos show a defect in both leg patterning of distal segments as well as growth of proximal segments. Our results demonstrate that, in addition to the conserved role of dll and hh across arthropods, they have now acquired an overlapping additional role in leg patterning and growth in L. dissortis legs.

wg and egfr mediate uniform elongation of the thoracic legs

The function of wg is well described in the patterning and morphogenesis of imaginal discs in Drosophila (Campbell et al 1993, Cohen et al 1993). In L. dissortis legs, wg is expressed in segmental stripes on all the segments and extending in the proximo-distal axis of the thoracic legs. Although the segmented wg expression is more or less conserved between insects such as Oncopeltus (Angelini & Kaufman 2005), Tribolium (Jockusch et al 2004, Nagy & Carroll 1994, Ober & Jockusch 2006), and Schistocerca (Dearden & Akam 2001, Jockusch et al 2004, Jockusch et al 2000), the spatial location of the wg stripe along the legs seem to be divergent between them. In Oncopeltus, the wg stripe in the legs appears in the central midline of the developing legs (Angelini & Kaufman 2005). In both Tribolium and Schistocerca wg expression appears in the central midline in early embryos, then the stripe appears in the ventral midline in later embryos with elongated legs (Jockusch et al 2004, Jockusch et al 2000, Ober & Jockusch 2006). In L. dissortis, wg expression is conserved in earlier embryos as a stripe along the central midline. However, as embryos progress in embryogenesis and the legs extend, wg stripe expression appears to be located at the posterior midline of the thoracic legs (Figure S2B). Although this might be considered as a subtle change, it suggests a divergence in function in return. Functional analysis by RNAi confirmed a divergence in wg function. In Tribolium, in addition to the conserved wg function in proper segment boundary formation, it is essential for limb development where most (76%) of RNAi embryos showing complete loss of thoracic appendages, and the milder phenotypes show malformed thin appendages (Ober & Jockusch 2006). In Oncopeltus, wg RNAi has no detectable effect on appendage development but affects dorsal segmentation and eye development (Angelini & Kaufman 2005); and in Gryllus wg RNAi failed to give any detectable knockdown phenotypes (Miyawaki et al 2004). In contrast to other insects even the closely related heteropterans, in L. dissortis, the mild and moderate RNAi embryos show little or no patterning and segmentation defect but have a discernable effect on thoracic leg length.

In these embryos, wg function to elongate all three thoracic segments in a uniform manner and affect all leg segments similarly. Hence, our results support a divergence in both the expression pattern and the function of wg in L. dissortis leg development.

The expression pattern of the signaling molecule egfr is conserved among other insects. In embryos with extended legs, both the cricket Gryllus and the beetle Tribolium express egfr as segmental lateral rings along the proximo-distal axis of the thoracic legs (Grossmann & Prpic 2012, Nakamura et al 2008) just like in L. dissortis. Although a conservation of expression pattern suggests a conservation of function among insect, it does not seem to be the case. egfr is implicated in a multitude of developmental processes in Drosophila (Clifford & Schupbach 1989) including patterning of the tarsal leg segments as well as distal structures such as the claws (Campbell 2002, Clifford & Schupbach 1989, Galindo et al 2005). Unlike Drosophila, egfr has a wider function in the patterning of Tribolium legs where knockdown results in fusion of both proximal and distal leg segments distal to the trochanter (Grossmann & Prpic 2012). The role of egfr has diverged in L.

dissortis legs where little leg patterning defect was observed; but, similar to wg, egfr functions to elongate all thoracic legs on all leg segments. However, we also observed a characteristic femur-specific constriction, a phenotype resembling a defect observed for the downregulation of an egfr signaling component in Drosophila showing an ectopic joint formation (Galindo et al 2005). Our results therefore suggest a divergent function for both wg and egfr in L. dissortis leg elongation compared their described function in terrestrial insects.

Recruitment of key developmental genes to control leg growth in addition to patterning

While growth and pattern formation are tied together, most of the patterning genes studied in this work have a stronger function in patterning and segmentation rather than in growth control in terrestrial species. However, during the evolution of water surface locomotion, members of the Gerridae developed extremely long legs and a new mode of locomotion by rowing as an adaptation to the new niche. Our results strongly support the hypothesis that the same toolbox of patterning and segmentation genes has been recruited to control this extreme leg growth while retaining their conserved patterning and segmentation function.

Methods

Animal collection and rearing

Limnoporus dissortis adult individuals were collected from the Acadie river, Montréal -Québec, Canada -and other small streams in its vicinity. Animals were kept at room temperature in containers filled with tap water and were fed on crickets. A piece of floating Styrofoam was supplied to the insects for the females to lay eggs.

Gene Cloning

L. dissortis total RNA was extracted from different embryonic and larval stages. First strand cDNA synthesis was then performed (Life Technologies) using the total RNA as a template. dll, hh, wg, dac, dpp, egfr, and hth were cloned using degenerated or specific primers as described in (Refki et al 2014).

Embryo collection and dissection

Embryos were collected, treated with 25% bleach, and then washed with PTW 0.05% (1X PBS; 0.05% Tween-20). For picture taking, late embryos were dissected out of the chorion and pictures were captured either on live embryos or on embryos fixed with 4% formaldehyde. For stainings, embryos of various early stages were dissected out of the chorion, cleaned from yolk as much as possible, and kept briefly in PTW 0.05% on ice until fixation with the appropriate fixation method according to the type of subsequent staining.

In situ hybridization

Dissected embryos were fixed in 200μl 4% Paraformaldehyde (PFA) + 20μl Dimethyl Sulfoxide (DMSO), and 600μl heptane for 20 minutes at room temperature, then washed several times in cold methanol. Embryos were then rehydrated in decreasing concentration of methanol in PTW 0.05% and washed in PTW 0.05% and PBT 0.3% (1X PBS; 0.3% Triton X-100) three times each. Embryos were washed twice with PBT 1%, then transferred to 1:1 PBT 1% / Hybridization solution (50% formamide; 5% dextran sulfate; 100μg/ml yeast tRNA; 1X salts). Embryos were pre-hybridized for one hour at 60ºC, followed by addition of a Diglabeled RNA probe overnight at 60ºC. Embryos were then transferred gradually from In (R) an ANCOVA test was performed to compare the leg length of phenotype embryos to their WT counterparts using egg length as a covariate to correct for individual size variations. However, in (P, Q and S) an ANOVA test was performed instead due to the fact that some leg measurements did not meet the homogeneity of regression test required to proceed confidently with the ANCOVA test. In this case, length measurements divided by individual embryo length were used to correct for individual size variations. + indicates that the test was significant at (P ≤ 0.05); * indicates that the test was significant at (P ≤ 0.01).

Supplementary figures

Figure S1

Long Supplementary tables Table S1. T7 Primers used for dsRNA synthesis expression is conserved between basal and derived species of semiaquatic insects, yet it has a divergent role in leg ground plan. In this paper, we investigate the dynamics and mechanisms of Ubx control over leg development in the basal species Mesovelia furcata, a derived species that retained the ancestral ground plan Microvelia americana, and a derived member of the Gerridae with the novel ground plan Limnoporus dissortis.

Gene

Summary of results:

Ubx antibody staining indicates that protein expression is not uniform between T2and T3-leg. It is apparent that the protein level in T3-legs is much higher than in T2-legs of the same embryo. Our transcriptomic data suggests that the Ubx dose is approximately 6-7 folds higher in T3-legs than in T2-legs. Using incremental depletion of the Ubx transcript by

RNAi knockdown we demonstrate that in Limnoporus dissortis a moderate depletion results in a shorter T2-leg and a longer T3-leg. The phenotype of T2-leg is aggravated by further depletion of Ubx, in contrast to T3-leg where the phenotype is partially rescued by further depletion of the Ubx transcript. One the other hand, in walking species, Ubx depletion results in the shortening of T2-and T3-legs in a linear manner. Our results also indicate that Ubx controls this leg length adjustment without disrupting the pattern of expression of canonical developmental and patterning genes.

Conclusion:

Our results indicate that Ubx expression in walking species with the ancestral ground plan induce leg elongation for both T2-and T3-legs; however, derived rowing species have developed tissue sensitivity to Ubx levels such that Ubx elongates the leg until a certain threshold above which it will repress leg elongation. Given the difference in levels between T2-and T3-legs, Ubx levels in T2-legs do not reach this threshold, which results in T2-legs being longer than T3-legs. This non-linear bimodal response to Ubx emerged in derived rowers which resulted in the morphological adaptation of their legs to facilitate open water colonization. We also demonstrate that this sensitivity to Ubx dose shapes the legs without disrupting the expression of early developmental genes which are essential for leg development and patterning.

III. A Novel Ubx target gene (Manuscript in preparation):

This results section is part of the following manuscript (in preparation):

Title: Predator strike shapes escape-strategy phenotypes in the prey through co-option of immune system components.

Peter Nagui Refki I have shown that key developmental genes control general leg development and allometry, that Ubx mediates the reversal in leg ground plan in a concentration dependent manner, and that Ubx establishes this effect without disrupting the expression pattern of its known canonical targets in other systems. However, the molecular mechanisms underlying

Ubx fine-tuning are still to be determined. We investigated the hypothesis that Ubx could control differential leg elongation-repression through differential control of non-canonical downstream targets. We started by interrogating the generated Ubx RNAi and WT leg transcriptomes of Limnoporus dissortis for candidate genes that could be under Ubx control.

We defined the criteria of selection of target genes as genes that would respond either positively or negatively to the Ubx RNAi knockdown compared to their expression in the WT condition. One of the top ranked genes was a gene highly expressed in T2-legs compared to T3-legs in the WT state (Figure 20A). Interestingly, on the Ubx RNAi background, the normalized expression level of this gene increases in T2-legs, but increases dramatically in T3-legs (Figure 20A). This transcriptome-based result suggested that this gene is under Ubx control such that it is being partially repressed in T2-legs and completely repressed in T3legs. While BLASTp results for this gene against Drosophila melanogaster, Pediculus humanus, Acyrthosiphon pisum, and Tribolium castaneum did not yield any previously described protein, we detected a protein family (PFAM) motif corresponding to the gene gamma interferon inducible lysosomal thiol reductase (gilt), a member of the interferon-γ pathway [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF][START_REF] West | Expanding roles for GILT in immunity[END_REF].

To test the transcriptomic result, we cloned the gene gilt in Limnoporus dissortis. in situ hybridization using anti sense probe on WT embryos revealed that gilt is expressed in a localized set of cells at the distal-most side of the T2-leg (Figure 20B). No expression could be detected in T3-leg with the given resolution of the in situ hybridization technique. mRNA staining further confirmed the transcriptomic result such that on Ubx RNAi, in addition to the gilt localized "spot" in T2-legs, a similar expression appears at the distal side of T3-legs (Figure 20C). Our results indicate that gilt is a downstream target negatively regulated by Ubx. 3.2 RNAi knockdown uncovered the function of gilt in leg elongation.

In order to determine the role of gilt, we performed functional analyses by parental RNAi knockdown. To verify the efficiency of the knockdown, we performed double mRNA staining with two antisense probes for gilt and for egfr such that the egfr probe is 10-fold more diluted than gilt. The diluted probe will be an indicator such that by the time the characteristic egfr bands start appearing, gilt expression should already be strong (Figure 21A). This type of controlled staining confirmed the efficient depletion of the gilt transcript following RNAi knockdown (Figure 21B). The RNAi knockdown has been analyzed on both late embryos and first instar nymphs. gilt RNAi embryos showed a shortening of T2-legs (Figure 21D) which normally reach until the head of the embryo (compare with Figure 21C).

Dissected legs of first instar nymphs show a general shortening of the T2-legs (Figure 21 E,G) compared to injected control nymphs, and a less apparent effect on T3-legs (Figure 21 F,H).

Despite the fact that gilt expression in early embryonic development is not detected in T3-legs, the leg transcriptome generated for late embryonic development suggests late expression of gilt in T3-legs (Figure 22). Therefore, it would not be surprising to find a mild gilt effect in T3-legs as well. However, it is technically challenging with our current staining methods to confirm gilt expression in late embryogenesis. We generated the comparative transcriptome for two developmental spans: the early embryogenesis, representing approximately from the start to mid-embryogenesis; and the late embryogenesis, representing approximately from mid-to the end of embryogenesis and the first instar nymphs. In the early transcriptome, gilt transcript expression appear to be exclusively in T2-legs. On the other hand, the late embryogenesis transcriptome suggests late gilt expression in T3-legs.

In order to examine gilt effect in further detail, we analyzed the temporal effect of the injected female progeny directly after injection. Nymphs were collected daily at hatching and a sample of each day was dissected for leg measurement (Figure 23). The first nymphs hatched are generally WT or very mildly affected. Then, subsequently hatching nymphs present an increasing severity of the phenotype until the effect start decreasing again. This approach allowed us to determine the population of nymphs bearing the severest effect (red arrow in Figure 23). Furthermore, we performed leg measurement for each leg segment (the femur, tibia, and tarsus) separately (Figure 24). Leg segments were measured separately for the sample of the nymphs to determine the effect on each leg in further detail.

The preceding temporal analysis allowed for the selection of the most severe phenotype nymphs for further analysis of the gilt knockdown. Samples of these nymphs were analyzed and compared to injected yfp control (Figure 25). These results demonstrate that gilt RNAi resulted in nymphs with a shortening in T2-legs and a less pronounced shortening effect on T3-legs (Figure 25). To further characterize the role of gilt in each leg in more detail, we measured each leg segment of the same sample (Figure 26 A-C). In T2-legs, gilt seems to control leg elongation of all three segments as all of them were substantially shorter than the control. On the other hand, gilt control of the T3-legs seems to be more due to a shortening of the T3-femur than the shortening of the tibia and tarsus (Figure 26 A). 3.3 gilt functions to shape the phenotype required for predation escape in Limnoporus dissortis.

In an attempt to associate the genetic function of gilt to an ecological measureable readout, we designed a controlled experiment where we simulated an aquatic predator attack and measured the jumping response of fifth instar nymphs using a high speed camera (Phantom Miro M310) (Figure 27 A-C). Control and gilt RNAi nymphs were re-injected in early nymphal stages to ensure that the phenotype prevails after molting. We recorded several jumping attempts for each nymph and measured the height of jumps using graduated paper at the background (Figure 27 B,C). An average of the best three jumps for each nymph was used in the comparative analysis between the control and gilt RNAi nymphs. Our results demonstrate that there is a significant difference between the jumping performance of control nymphs and gilt RNAi nymphs (Figure 27A). This indicated that the leg elongation adjustment controlled by gilt is directly correlated with juvenile performance in predator escape reflexes. 3.4 Other members of the interferon-γ pathway are expressed in embryonic legs.

According to the comparative leg transcriptome, other members of the interferon-γ pathway are expressed in Limnoporus legs. For example, the gene interferon regulatory factor 2 binding protein 2 (irf2-bp2) is expressed at low levels in T2-legs (RPKM = 3.51) and T3-

The study of molecular mechanisms underlying the evolution of adaptive traits has been a basis of much debate [START_REF] Hoekstra | THE LOCUS OF EVOLUTION: EVO DEVO AND THE GENETICS OF ADAPTATION[END_REF][START_REF] Wray | The evolutionary significance of cis-regulatory mutations[END_REF]). Additionally, there has been great effort to understand the developmental mechanisms underlying the evolution of adaptive traits in both vertebrates and invertebrates (Abzhanov et al 2004, Beldade & Brakefield 2002, Khila et al 2012[START_REF] Moczek | Differential recruitment of limb patterning genes during development and diversification of beetle horns[END_REF][START_REF] Shirai | Evolutionary history of the recruitment of conserved developmental genes in association to the formation and diversification of a novel trait[END_REF]. This thesis investigated the molecular and developmental basis behind the remarkable elongated leg morphology characteristic of all semiaquatic insects and the reversal in leg ground plan of the derived lineages. This ground plan switch facilitated the invasion and specialization of these lineages to open water surfaces. Using gene expression, protein staining, and functional analyses, it was feasible to investigate how the adapted appendages of these insects are shaped during development and evolution.

I. Bridging patterning and leg elongation

Semiaquatic insects are hemimetabolous insects whose embryos hatch into a nymphal form similar to the adult (Andersen 1982). Hatched nymphs have their legs properly scaled and fully functional for the locomotion on the water surface in order to meet the constrains imposed on them by their ecological habitat (Hu & Bush 2010, Hu et al 2003). This necessitates that legs fully develop and get their allometric scaling established during embryogenesis. We hypothesized that canonical patterning and signaling molecules are involved in the control of leg elongation in the water strider Limnoporus dissortis. It was already demonstrated that canonical developmental genes and signaling pathways are possibly recruited and co-opted to accomplish divergent roles (Beldade et al 2002[START_REF] Brakefield | Development, plasticity and evolution of butterfly eyespot patterns[END_REF], Carroll et al 1994[START_REF] Carroll | Developmental regulatory mechanisms in the evolution of insect diversity[END_REF][START_REF] Keys | Recruitment of a hedgehog Regulatory Circuit in Butterfly Eyespot Evolution[END_REF], Khila et al 2012, Pechmann et al 2011[START_REF] Shirai | Evolutionary history of the recruitment of conserved developmental genes in association to the formation and diversification of a novel trait[END_REF]. For instance, butterfly wing spot patterns are controlled by developmental genes such as Hox genes, the appendage patterning gene dll, and signaling morphogens such as the hh pathway [START_REF] Carroll | Pattern formation and eyespot determination in butterfly wings[END_REF][START_REF] Keys | Recruitment of a hedgehog Regulatory Circuit in Butterfly Eyespot Evolution[END_REF][START_REF] Shirai | Evolutionary history of the recruitment of conserved developmental genes in association to the formation and diversification of a novel trait[END_REF].

Additionally, there are examples of patterning genes acquiring a novel distinctive function such as the dll control of male specific sexual traits in water striders, and the gap gene function in spiders (Khila et al 2012, Pechmann et al 2011). These observations led us to conduct a wide survey on the putative role of the early developmental genes dll, hh, wg, and egfr in the global leg elongation of water striders. The first step was to verify the expression pattern of these genes in the legs of L. dissortis during embryonic development. Expression analysis confirmed the localization of all the analyzed genes in the legs in a similar pattern in all three thoracic appendages. This indicated that the role of these genes is most likely to be the same in all three legs. We confirmed this hypothesis by RNAi functional analysis which revealed that each of these genes have a distinctive role in leg elongation during early development. Our results reveal that dll control global leg development as described for this gene in other insects (Angelini & Kaufman 2004, Beermann et al 2001, Cohen & Jürgens 1989a, Cohen & Jürgens 1989b). However, in L. dissortis, two isoforms control leg development. We demonstrate that the global conserved function of dll is mainly the function of the short-dll isoform, whereas the long-dll isoform has a subset of functions mainly controlling the integrity and elongation of the distal-most segment as well as the shortening of the proximal segment. The role of long-dll overlaps with the role of hh in the developing leg.

Unlike other insects (Farzana & Brown 2008), we show a role of hh in the elongation of the most distal leg segments and a shortening of the most proximal leg segments. We conclude that long-dll and hh together have a tuning effect adjusting the length of the femora and tarsi of all legs which is essential for the proper overall leg length in L. dissortis embryos.

The segmented wg expression is more or less conserved between insects such as Oncopeltus (Angelini & Kaufman 2005), Tribolium (Jockusch et al 2004, Nagy & Carroll 1994, Ober & Jockusch 2006), and Schistocerca (Dearden & Akam 2001, Jockusch et al 2004, Jockusch et al 2000); however, a subtle divergence in the spatial location of the wg stripe along the legs seem to be apparent. In Oncopeltus, the wg stripe in the legs appears in the central midline of the developing legs (Angelini & Kaufman 2005). In both Tribolium and Schistocerca, wg expression appears first in the central midline in early embryos, then, later in embryogenesis, the stripe appears in the ventral midline (Jockusch et al 2004, Jockusch et al 2000, Ober & Jockusch 2006). In L. dissortis, wg expression is conserved in earlier embryos as a stripe along the central midline. However, as embryos progress in embryogenesis and the legs extend, wg stripe expression appears to be located at the posterior of the thoracic legs.

Despite the fact that this might appear as a subtle modification in expression, it suggests a divergence in wg function between these insect species. Functional analysis confirmed this divergence, as in L. dissortis wg functions to uniformly elongate all thoracic legs. This function was not reported for closely related insects such as Oncopeltus where wg RNAi has no detectable effect on appendage development but affects dorsal segmentation and eye development (Angelini & Kaufman 2005); and Tribolium, where wg functions for proper specification rather than leg elongation (Ober & Jockusch 2006).

As for the signaling receptor egfr, the expression pattern is conserved among insects such as Tribolium and Gryllus (Grossmann & Prpic 2012, Nakamura et al 2008). However, surprisingly, the function of egfr in leg development has diverged in L. dissortis. For example, in Tribolium, egfr has mainly a proximal-distal patterning function in the legs (Grossmann & Prpic 2012) unlike in Limnoporus where egfr functions to elongate all the thoracic leg segments.

Our results support the hypothesis that the same toolbox of patterning and segmentation genes has been recruited to control this extreme leg growth while retaining their conserved patterning and segmentation function. During the evolution of water surface locomotion, when members of the Gerridae developed extremely long legs and a new mode of locomotion by rowing, patterning genes were not disrupted to ensure proper segmentation, but were tuned such that they control leg growth as well.

II. Ubx control of the novel ground plan of the Gerridae

The second major appendage adaptation transition in semiaquatic life history is the reversal in leg ground plan (T2-leg now longer than T3-leg which is longer than T1-leg) characteristic of derived lineages such as the family of the Gerridae (Andersen 1982).

Previous work has demonstrated that this reversal in ground plan is controlled by the Hox gene Ubx (Khila et al 2009). However, it was ambiguous how a single transcription factor can mediate two opposite functions in the adjacent thoracic segment appendages. In order to uncover this, the dynamics of Ubx expression have been studied and compared across derived and ancestral species (Refki et al 2014).

Ubx expression levels in T2-legs and T3-legs across semiaquatic insects

As a first step to assess the role of Ubx in the divergence of semiaquatic insects and their adaptation to water surface, we compared the Ubx expression between semiaquatic insects and terrestrial relatives. In the terrestrial species Oncopeltus, Ubx is expressed in T3legs and control the elongation of this appendage [START_REF] Mahfooz | /italic> Regulates Differential Enlargement and Diversification of Insect Hind Legs[END_REF]. We tested the expression in three species: Mesovelia furcata as a representative of basal species, Microvelia americana as a representative of derived species retaining the ancestral leg ground plan and mode of locomotion, and Limnoporus dissortis representing derived species with the derived reversed ground plan and mode of locomotion. There are two main differences with Ubx expression in Oncopeltus compared to semiaquatic insects in general. First, Ubx is only detected in T3-legs in Oncopeltus (Angelini et al 2005[START_REF] Mahfooz | /italic> Regulates Differential Enlargement and Diversification of Insect Hind Legs[END_REF], compared to semiaquatic insects where it is expressed in both T2-and T3-legs during early development.

Second, in semiaquatic insects, Ubx is not expressed homogenously in T2-and T3-legs. A difference in Ubx levels is detected such that Ubx is highly expressed in T3-than in T2-legs (an increase in levels to be 6 to 7 folds higher based on our comparative transcriptomic data).

Although we have not measured the levels of Ubx in Oncopeltus, it seems that both the mRNA (Angelini et al 2005) and protein [START_REF] Mahfooz | /italic> Regulates Differential Enlargement and Diversification of Insect Hind Legs[END_REF] in T3-legs are not very prominently high. As these two features of Ubx expression are shared among the semiaquatic insects tested, it appears that during the split between semiaquatic and terrestrial lineages, these features arose simultaneously.

Tissue sensitivity in T3-legs developed in rowing species

An interesting observation is that all the species tested demonstrated the same difference in Ubx levels between T2-and T3-legs despite the fact that only the rowing species show the differential role of Ubx. Our experiment of gradual depletion of Ubx supports the hypothesis that at the early stages during the evolution of the whole group, Ubx was required for leg elongation of both T2-and T3-legs with no reversing effect of the higher dose in T3legs. This is verified in both Mesovelia and Microvelia which show a linear response to the gradual depletion of Ubx and retain the ancestral ground plan (Figure 29). Furthermore, our data support that this difference in the Ubx dose established a genetic potential that was exploited by the rowing species such as Limnoporus dissortis when a sensitivity to high levels of Ubx emerged in the T3-legs. This is demonstrated by the non-linear response to gradual deletion of Ubx indicating that there is a threshold of Ubx expression that induces leg elongation, but when exceeded, this results in a hindrance of further leg elongation (Figure 29). In T2-legs of Limnoporus, Ubx levels are already below this threshold explaining the linear effect of Ubx in T2-legs. The deployment of Ubx expression in T2-legs as well as the appearance of a difference in the levels of expression between both T2-and T3-legs are a characteristic of semiaquatic insects and marked the split diversification of this group (red circle). This difference in levels has set the genetic potential and was utilized by derived species through the emergence of dose sensitivity to Ubx in T3-legs (yellow circle).

Hypotheses of Ubx dose function

The difference of the dose of Ubx mediating two different functions could be explained by several hypotheses based in similar described developmental mechanisms. For instance the transcription factors Hunchback (Hb) and Krüppel (Kr) are able to either activate or repress targets according to their concentration [START_REF] Sauer | Concentration-dependent transcriptional activation or repression by Kruppel from a single binding site[END_REF][START_REF] Schulz | Autonomous concentration-dependent activation and repression of Kruppel by hunchback in the Drosophila embryo[END_REF]. For instance, lower concentrations of Hb are able to activate Kr whereas high concentration represses the latter [START_REF] Schulz | Autonomous concentration-dependent activation and repression of Kruppel by hunchback in the Drosophila embryo[END_REF]. Furthermore, Kr itself functions in a concentration dependent manner as a positive and negative regulator of target genes [START_REF] Sauer | Concentration-dependent transcriptional activation or repression by Kruppel from a single binding site[END_REF]. The Kr protein was found to mediate this opposite function through forming homodimers [START_REF] Sauer | Dimerization and the control of transcription by Kruppel[END_REF]. At a low concentration, Kr stays as a monomer and functions as an activator of target genes, whereas at a high concentration, dimers of Kr form acting as a repressor of the same genes [START_REF] Sauer | Dimerization and the control of transcription by Kruppel[END_REF]. Dimerization is also reported for Hox transcription factors such as Abd-A and Sex combs reduced [START_REF] Hudry | Visualization of protein interactions in living Drosophila embryos by the bimolecular fluorescence complementation assay[END_REF][START_REF] Papadopoulos | Dimer formation via the homeodomain is required for function and specificity of Sex combs reduced in Drosophila[END_REF]. Therefore, it is plausible that Ubx mediates elongation and repression of leg length in a similar manner.

Another possibility is the differential interaction with Hox collaborators which, unlike Hox cofactors that cooperatively bind DNA with Hox proteins, they contribute to Hox transcription by binding simultaneously to cis-regulatory elements of Hox target genes [START_REF] Mann | Chapter 3 Hox Specificity: Unique Roles for Cofactors and Collaborators In Current Topics in Developmental Biology[END_REF]. Additionally, the observation that some target genes respond positively to high levels of Ubx [START_REF] Feinstein | Identification of homeotic target genes in Drosophila melanogaster including nervy, a proto-oncogene homologue[END_REF] led us to hypothesize that Ubx might have a higher affinity to certain targets (growth promoting genes for example) compared to a lower affinity to others (growth suppressing genes). At a lower concentration, Ubx would be binding to its higher affinity growth promoting targets, whereas at a higher concentration, Ubx would bind to the growth suppressing lower affinity targets as well.

Ubx deployment and morphological evolution

Our data show that the deployment of the Ubx protein in T2-leg, as well as the difference in Ubx levels between T2-and T3-legs which were characteristic of semiaquatic insects, could be associated to promoting leg length in general. Furthermore, this difference in levels was exploited by derived lineages to reshape their ground plan evolving the novel rowing locomotion. While our transcriptomic results demonstrate that the expression levels of canonical patterning genes known to be under Ubx control change in the absence of Ubx, we demonstrate that their expression pattern does not change. An explanation to this finding is that these early patterning genes are critical to early leg development (publication manuscript 1 in the results section). Given the early expression of Ubx during embryonic development, disruption of these genes would potentially disrupt essential leg development and would be difficult to be tolerated by natural selection.

III. Novel target genes under Ubx control

While the derived adjustment of leg ground plan is mediated by Ubx expression levels thresholds in T2-versus T3-legs, the molecular mechanisms underlying this control were still unclear. Additionally, the candidate gene approach based on described Ubx target genes in Drosophila did not reveal target genes of Ubx in L. dissortis. After generating the comparative leg transcriptome, it became possible to investigate the genes that respond to Ubx knockdown specifically in the T2-and T3-legs.

3.1 Gamma-interferon inducible lysosomal thiol reductase (gilt), a novel target gene under Ubx control 3.1.1 The reductase enzyme GILT Gamma-interferon inducible lysosomal thiol reductase (GILT) is a reducing enzyme member of the interferon-γ pathway, the role of which is well described in immunity [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF]. GILT primarily functions in the process of antigen presentation by major histocompatibility complex (MHC) class II, a process needed for the activation of CD4 + T lymphocytes by the presented MHC complex at the cell surface [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF], Maric et al 2001[START_REF] Rocha | MHC class II molecules on the move for successful antigen presentation[END_REF]. The mature GILT protein is localized in the late endosome and subsequently the lysosome where it functions to reduce the disulfide bonds in phagocytosed foreign antigens (Figure 30) [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF].

This disulfide bond reduction is crucial to MHC antigen presentation because it opens the conformation of the antigen protein and renders it accessible for presentation [START_REF] Jensen | Acidification and disulfide reduction can be sufficient to allow intact proteins to bind class II MHC[END_REF][START_REF] Santoro | Monoclonal IgG as antigens: reduction is an early intracellular event of their processing by antigen-presenting cells[END_REF] and the subsequent efficient T cell stimulation [START_REF] Collins | Reduction of disulfide bonds within lysosomes is a key step in antigen processing[END_REF][START_REF] Jensen | Reduction of disulfide bonds during antigen processing: evidence from a thioldependent insulin determinant[END_REF][START_REF] Kang | Processing and Reactivity of T Cell Epitopes Containing Two Cysteine Residues from Hen Egg-White Lysozyme (HEL74-90)[END_REF].

The gene coding for GILT is conserved among eukaryotes such that more than 45 eukaryotic species possess GILT homologues [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF], Phan et al 2001).

These species share the conserved GILT motif of CXXC (although the motif in insects seem to be CXXS) constituting the active site of the reductase activity [START_REF] Arunachalam | Enzymatic reduction of disulfide bonds in lysosomes: Characterization of a Gamma-interferon-inducible lysosomal thiol reductase (GILT)[END_REF][START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF]. This is in addition to a conserved signature sequence of exchange of CLIP with the processed antigen. The complex is then targeted for exocytosis and presentation on the surface of the cell for CD4 + cell activation.

In Drosophila, studies of fly longevity by gene screens suggested that GILT functions in the redox balance as a mechanism against oxidative stress [START_REF] Aigaki | Genetic bases of oxidative stress resistance and life span in Drosophila[END_REF][START_REF] Aigaki | Longevity determination genes in Drosophila melanogaster[END_REF][START_REF] Seong | Application of the gene search system to screen for longevity genes in Drosophila[END_REF]. Furthermore, a recent study described three GILT homologues functioning in innate immunity and host defenses against bacterial infection [START_REF] Kongton | Identification of gamma-interferon-inducible lysosomal thiol reductase (GILT) homologues in the fruit fly Drosophila melanogaster[END_REF].

The Hox gene Ubx suppresses GILT expression in Limnoporus dissortis

We demonstrated that Ubx suppresses the expression of gilt in T3-legs and partially in T2-legs. This conclusion is supported by both transcriptomic results and mRNA staining.

In the Ubx knockdown background the gilt transcript increases in both T2-and T3-legs. We confirmed this result by in situ hybridization where in the WT, gilt mRNA was only detected in the T2-legs, and in Ubx RNAi gilt is detected in both legs with a stronger staining in T2compared to T3-legs (compare gilt strength in the legs of the same embryo in Figure 20C).

This indicates that gilt levels go up in the absence of Ubx in both legs. The fact that gilt is partially suppressed in T2-legs compared to T3-legs is in accordance with the dose dependent function of Ubx previously demonstrated.

GILT gene co-option in the morphological leg elongation of Limnoporus dissortis

It has been hypothesized that 'the appearance of GILT homologs in the most primitive eukaryotes, and long before the development of adaptive immunity in jawed fish, suggests that GILT has a fundamental role in cellular processes and was adapted to facilitate antigen processing' [START_REF] Hastings | Disulfide reduction in the endocytic pathway: immunological functions of gamma-interferon-inducible lysosomal thiol reductase[END_REF]. We demonstrate that GILT, an immune system reductase enzyme, is implicated in the elongation of both the T2-and T3-legs. The function of gilt is more pronounced in T2-legs than in T3-legs in accordance with the transcriptomic data suggesting that gilt is expressed later in embryonic development in T3legs. Interestingly, gilt function seems to be affecting the entire leg rather than just the distal segment where the mRNA is localized. This observation leads us to hypothesize that despite the spatial localization of the mRNA, the GILT protein might be secreted in a gradient which would explain this range of effect from distal to proximal leg segments. GILT has also been found to control cell proliferation via the stabilization of the mitochondrial enzyme superoxide dismutase 2 (SOD2) which functions to convert superoxide radicals to hydrogen peroxide [START_REF] Bogunovic | An Unexpected Functional Link between Lysosomal Thiol Reductase and Mitochondrial Manganese Superoxide Dismutase[END_REF]. Although this stabilization leads to a decrease in cell proliferation [START_REF] Bogunovic | An Unexpected Functional Link between Lysosomal Thiol Reductase and Mitochondrial Manganese Superoxide Dismutase[END_REF], it is a hypothesis to be investigated in Limnoporus dissortis legs. Nonetheless, despite the fact that we have not tested a role for GILT in immunity, its role in leg development suggests that GILT has a function in growth and cell proliferation and/or apoptosis that was later co-opted in antigen reduction in immunity.

Annex A Molecular Biology protocols

The objective of this annex is to provide bench step-by-step protocols of the molecular biology techniques used in the course of this thesis methodology. These include procedures of gene cloning such as ligation and bacterial transformation, dsRNA and antisense probe preparation. For some of the steps, a representative picture of the result is provided as a guide, and useful tips are included in red.

Ligation Protocol

-Prepare the following mix: 10X buffer 2.5 l 2.

50mM MgCl 2 1.5 l 3.

dNTPs (10mM) 1 l 4.

Taq 0.25 l 5.

T7-F primer 1 l 6.

T7-R primer 1 l 7.

H 2 O (total 25μl) 16.75 l 8. cDNA 1 l

Note that instead of the forward T7 primers the M13-F primer can be used to include the T7 sequence included in the pGEM-T vector. Adjust pH to 6.8 and the volume to 100 ml. Autoclave and add 0.2 g of BSA.

Hybe-B :

Final concentration [Stock] Volume

Formamide 50 % 100,00% 
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  au niveau du plan d'organisation de leurs pattes. Cette adaptation consiste à un nouveau plan d'organisation de la longueur des pattes dans lequel les individus possèdent les pattes P2 plus longues que les pattes P3, elles-mêmes plus longues que les pattes P1. Cette organisation est associée à leur nouveau mode de locomotion par rame. Les travaux antérieurs ont démontré que le facteur de transcription Hox, Ubx, est exprimé dans les pattes P2 et P3 et contrôle cette inversion du plan des pattes (Khila et al 2009). Cependant, bien que l'expression d'Ubx soit conservée entre les espèces semi-aquatiques basales et dérivées, il joue un rôle divergent dans le plan des pattes puisque les espèces basales retiennent le plan ancestral. Dans cette étude, nous avons examiné les mécanismes du contrôle d'Ubx sur le développement des pattes chez trois espèces : -une espèce basale Mesovelia furcata, -une espèce dérivée qui retient le plan ancestral Microvelia americana, -et une espèce dérivée des Gerris : Limnoporus dissortis.

Figure 1 .

 1 Figure 1. Environmental selective pressure drives the evolution of phenotypes. Multiple interactions pose a selective pressure on a given population [denoted here by the question mark (?)]. Examples of these factors include physical factors, the availability and type of food resources, foraging behavior, competition with members of the population, the

  (Figure 2 A,B), the Burmese amber (Møller Andersen & Grimaldi 2001), and the Late Albian French amber (Perrichot et al 2005) (Figure 2 C,D).

Figure 2 .

 2 Figure 2. Fossil examples of Gerromorphan insects. Adapted from (Andersen & Poinar 1998, Perrichot et al 2005) (A-B) Specimen and drawing of Halovelia electrodominica type specimen from Dominican amber. (C-D) Specimen and drawing of Cretogerris albianus, the oldest representative of the family Gerridae, from Late Albian French amber.

Figure 3 .

 3 Figure 3. Phylogeny of the Gerromorpha.The drawn phylogeny is based on(Damgaard 2008a, Damgaard 2008b). Simplified phylogeny of the monophyletic group of semiaquatic insect families (infraorder Gerromorpha) alongside the closely related terrestrial infraorder Pentatomorpha represented here by the milkweed bug Oncopeltus fasciatus. Semiaquatic insects are highlighted in grey. Insects are not drawn to scale.

Figure 4 .

 4 Figure 4. Semiaquatic colonization of diverse habitats. (A) Different types of semiaquatic habitats conquered by Gerromorphan insects: a-b humid terrestrial surfaces, c-d wet surfaces occasionally flooded by water, e-h water surface covered by plants, i-k open water habitat (Andersen 1982). (B) Semiaquatic insects are distributed on "microhabitats". Ancestral species (example Mesovelia) dwell closer to the shore and are comfortable to move both on water and on a solid substrate by a walking motion similar to their terrestrial relatives. Derived species (example Limnoporus) are specialized in open water

  furcata, embed their eggs inside the leaves; and the Styrofoam stripe provides a substrate soft enough to accommodate for this behavior. Other species, such as Microvelia americana lay their eggs on top of the Styrofoam stripe. For the last two examples, we provide a wet tissue on top of the Styrofoam stripe to keep the surface constantly humid thus protecting eggs from desiccation. Additionally, the lab managed to maintain inbred populations of many of the laboratory species for multiple generations which facilitates subsequent genomic and transcriptomic analyses.

Figure 6 .

 6 Figure 6. A typical animal structure for semiaquatic insect rearing (A) Part of the animal structure of the Khila lab at the Institute of Functional Genomics in Lyon (IGFL).The top shelf shows the aquaria fed on top with the water hoses. Most of the structure is composed of these aquaria, alternatively, some species can be reared in a system as simple as little containers of water frequently changed (bottom shelf). (A') Females are provided with a Styrofoam stripes as a floating substrate for egg laying.

Figure 7 .

 7 Figure 7. Styrofoam stripes as a substrate for egg laying. A female Limnoporus dissortis positions itself on the edge of the Styrofoam strip and lays the eggs aligned underneath it. This facilitates the determination of embryonic age (compare the orange earlier embryos with the darker embryos ready to hatch).

Figure 8 .

 8 Figure 8. The Hox cluster. Adapted from (McGinnis et al 1984, Pearson et al 2005)

  Lawrence & Martinez-Arias 1985, Martinez-Arias & Lawrence 1985). The early segmented Drosophila embryo is constituted of 14 parasegments (PS 1 -14) (Martinez-Arias & Lawrence 1985).

Figure 9 .

 9 Figure 9. A typical mechanism to establish a morphogen gradient.Adapted from[START_REF] Lawrence | Morphogens, compartments, and pattern: lessons from drosophila?[END_REF] The posterior compartment is set by a non-Hox selector gene engrailed (en) (blue dots expressing cells. Following en expression, the posterior cells will express hedgehog (hh) (red) which will act as a short-range morphogen signal. Upon receiving hh signal, target cells will secrete decapentaplegic (dpp) (yellow) which will defuse as a long-range morphogen gradient away from the source cells.

Figure 10 .

 10 Figure 10. Models of morphogen diffusion to target cells. (Teleman et al 2001) There is evidence for two modes of morphogen gradient formation. (A) The morphogen is secreted by source cells and moves away from the source by passive diffusion. (B) The morphogen is secreted and transported from cell to cell across the tissue by active transport through successive endocytosis and re-secretion rounds.

  ), Wingless (Wg), and Decapentaplegic (Dpp) signaling in appendage developmentThe function of the morphogens Hh, Wg, and Dpp is well described during the development of the Drosophila appendages[START_REF] Basler | Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein[END_REF], Campbell et al 1993, Cohen et al 1993, Heemskerk & DiNardo 1994, Ingham & McMahon 2001, Nüsslein-Volhard & Wieschaus 1980[START_REF] Wartlick | Dynamics of Dpp Signaling and Proliferation Control[END_REF].

Figure 11 .

 11 Figure 11. Expression of wg, dpp, and Hh in Drosophila imaginal leg discs. Modified from (Aza-Blanc et al 1997, Basler & Struhl 1994, Morata 2001) (A) En (red) activates the expression of Hh (green) in the posterior compartment of the leg disc. (B) Hh in turn will diffuse to the anterior compartment and activate the expression of high levels of dpp in the dorsal at the A-P boundary. (C) At the ventral side, Hh will activate high levels of wg expression. (D) The morphogens Dpp and Wg will diffuse to control the A-P patterning of the developing leg disc.

  Dpp and Wg function cooperatively to control effector genes controlling Proximal-Distal (P-D) axis formation[START_REF] Diaz-Benjumea | Cell interaction between compartments establishes the proximal-distal axis of Drosophila legs[END_REF][START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF]. A higher concentration of Dpp and Wg together will induce the expression of distal-less (dll) while a lower concentration of the Dpp plus Wg will trigger the dachshund (dac) expression, both of which control proximal-distal leg development as will be reviewed in the coming section (Figure13)[START_REF] Diaz-Benjumea | Cell interaction between compartments establishes the proximal-distal axis of Drosophila legs[END_REF], Estella & Mann 2008[START_REF] Lecuit | Proximal-distal axis formation in the Drosophila leg[END_REF]). On the other hand, Dpp and Wg signaling will repress the expression of homothorax (hth) restricting it to the proximal region of the developing leg (Figure13) (Abu-Shaar& Mann 1998[START_REF] Wu | Proximodistal axis formation in the Drosophila leg: subdivision into proximal and distal domains by Homothorax and Distal-less[END_REF]).

Figure 12 .

 12 Figure 12. Dpp and Wg antagonize their respective expression.

Figure 13 .

 13 Figure 13. Pathways and target genes controlled by Dpp and Wg morphogen signaling. Modified from (Kojima 2004). Dpp and Wg signaling positively activate P-D effector genes dll and dac, and the epidermal growth factor receptor (egfr) pathway members, while repressing hth. Arrows and interrupted bars indicate the activation and repression respectively; arrow thickness indicates the degree of morphogen activity.

  regulatory elements driving dll expression: the Leg Trigger (LT) element and the Maintenance (M) element(Estella et al 2008). The LT element receives the input of both the Dpp and Wg signaling; both the signal activated transcription factor (Tcf) and Mothers against Dpp (Mad) members of the Wg and Dpp pathways respectively directly bind the LT element to drive dll expression(Estella et al 2008). On the other hand, the M element contains the dll promoter, the Dll protein binds to this element for auto-regulation, and controls dll regulation independently from Wg and Dpp signaling(Estella et al 2008). Furthermore, another enhancer element denoted the leg primordium (LP) element was described and the deletion of which causes leg truncation[START_REF] Galindo | Control of Distal-less expression in the Drosophila appendages by functional 3ʹ enhancers[END_REF].The expression pattern and function in P-D leg specification is conserved among insects(Abzhanov & Kaufman 2000, Angelini & Kaufman 2004, Panganiban et al 1994, Rogers et al 2002), and other arthropods including myriapods and crustaceans(Khila & Grbić 2007[START_REF] Panganiban | The Development of Crustacean Limbs and the Evolution of Arthropods[END_REF][START_REF] Prpic | The expression of the proximodistal axis patterning genes Distal-less and dachshund in the appendages of Glomeris marginata (Myriapoda: Diplopoda) suggests a special role of these genes in patterning the head appendages[END_REF][START_REF] Prpic | Expression of <SMALL>dachshund</SMALL> in wild-type and <SMALL>Distal-less</SMALL> mutant <SMALL>Tribolium </SMALL>corroborates serial homologies in insect appendages[END_REF], Schoppmeier & Damen 2001[START_REF] Williams | A Complex Role for Distal-less in Crustacean Appendage Development[END_REF]. The conserved dll expression pattern of a proximal 'ring' and a distal 'sock' in developing limb buds was first described by Panganiban and co-authors for the Lepidopteran butterfly Precis coenia(Panganiban et al 1994). Similarly, the function of dll is also conserved in appendage specification among these systems such as Tribolium(Beermann et al 2001[START_REF] Prpic | Expression of <SMALL>dachshund</SMALL> in wild-type and <SMALL>Distal-less</SMALL> mutant <SMALL>Tribolium </SMALL>corroborates serial homologies in insect appendages[END_REF], Oncopeltus(Angelini & Kaufman 2004), and the spider mite Tetranychus(Khila & Grbić 2007).

Figure 14 .

 14 Figure 14. Proximal-Distal Drosophila leg patterning.Adapted from[START_REF] Morata | How drosophila appendages develop[END_REF][START_REF] Wu | Proximodistal axis formation in the Drosophila leg: subdivision into proximal and distal domains by Homothorax and Distal-less[END_REF]). (A) Expression of the genes hth, dac, and dll controlling the P-D patterning of the Drosophila leg disc. The left panel shows a Drosophila leg disc stained for Dll protein in green, Dac-lacZ reporter protein in dark blue, and Hth protein in red. The overlap between the Dll and Dac-lacZ proteins is shown in light blue, the overlap between the Dll proximal ring and Hth is shown in yellow. The right panel shows an illustration of the leg disc with the central expression of dll in red, the overlap between dll and dac in purple, the dac expression in blue, and the hth/exd expression domain in green. The dll/dac domain will give rise to the distal and proximal segment of the developing appendage respectively through their downstream target genes. The hth/exd expression domain will become the most proximal segments of the appendage close to the thorax. The thick line and the thin lines represent the domains of the morphogens Hh, Dpp, and Wg respectively. (B) The imaginal leg disc will "telescopically" protrude giving rise to the leg. The schematic drawing represents the Drosophila leg showing the dll expression in the distal-most domains (the tibia and the tarsus), dac expression in the proximal parts (the femur and the tibia), and the hth/exd in the proximal-most part (the coxa and the trochanter).

Figure 15 .

 15 Figure 15. Cooperative binding of Exd/Hth as Hox cofactors.Adapted from[START_REF] Gebelein | Direct integration of Hox and segmentation gene inputs during Drosophila development[END_REF]. The proposed model by Gebelein and coworkers of Exd/Hth cofactor binding is depicted in the Drosophila abdomen. Exd and Hth form a dimer that binds the Hox transcription factor Ubx in the anterior side of the abdomen and AbdA in the posterior side in a tetramer of Hox-Exd-Hth-Hox. In the anterior side the tetramer complex binds to Sloppy paired (Slp), whereas in the posterior side the complex binds to Engrailed (En).

Figure 16 .

 16 Figure 16. Dpp/Wg signal antagonizes Exd through Dll. Adapted from (Gonzalez-Crespo et al 1998). Dpp/Wg signals at the periphery of the leg disc are not sufficient to induce dll/dac signals and therefore Exd is translocated through Hth to the nucleus (Exd-nuc in green). Conversely, the activated Dll in the center of the leg disc inhibits (red T lines) Exd nuclear localization and hence Exd remains inactive in the cytoplasm (Exd-cyt in yellow).

Figure 17 .

 17 Figure 17. The Drosophila Ubx domain and mutations.

  Hatton and colleagues investigated this splicing process and revealed that the different Ubx isoforms are attained by a stepwise process of exon joining and then re-splicing (Hatton et al 1998). This re-splicing is controlled by the RNA polymerase II (RNA pol II) rate of Ubx transcription elongation (de la Mata et al 2003).

Figure 18 .

 18 Figure 18. The Ubx isoforms in Drosophila. (Reed et al 2010) The Ubx gene is transcribed into 6 different isoforms denoted Ia, Ib, IIa, IIb, IVa, and IVb. All isoforms share the sequence of the Homeodomain and the Hexapeptide both of which are conserved among other Hox genes such as Antp, pb, and lab. On the other hand, the Ubx isoforms differ in the linker region comprising three elements: the B element, exon M1, and exon M2.

  the spatial expression and the timing of expression of Ubx are essential for the two different segments under the control of the gene, and suggested dll as a potential target[START_REF] Castelli-Gair | How the Hox gene Ultrabithorax specifies two different segments: the significance of spatial and temporal regulation within metameres[END_REF].Insights from studying the comparison between the Drosophila wing and haltere development revealed a lot about other Ubx target genes[START_REF] Crickmore | Hox Control of Organ Size by Regulation of Morphogen Production and Mobility[END_REF][START_REF] De Navas | The Ultrabithorax Hox gene of Drosophila controls haltere size by regulating the Dpp pathway[END_REF][START_REF] Pavlopoulos | Hox gene Ultrabithorax regulates distinct sets of target genes at successive stages of Drosophila haltere morphogenesis[END_REF]. Ubx represses and limits the expression and migration of Dpp through controlling the expression of its receptor thickveins (tkv) therefore resulting in the difference in size between the two organs[START_REF] Crickmore | Hox Control of Organ Size by Regulation of Morphogen Production and Mobility[END_REF][START_REF] De Navas | The Ultrabithorax Hox gene of Drosophila controls haltere size by regulating the Dpp pathway[END_REF]. Interestingly, the year 2011 marked the appearance of several studies investigating Ubx targets in global genome wide approaches[START_REF] Agrawal | Genome-level identification of targets of Hox protein Ultrabithorax in Drosophila: novel mechanisms for target selection[END_REF][START_REF] Choo | Genome-Wide Analysis of the Binding of the Hox Protein Ultrabithorax and the Hox Cofactor Homothorax in <italic>Drosophila</italic>[END_REF], Slattery et al 2011a). For example, Pavlopoulos and Akam investigated the same two systems in a large scale study combining Ubx misexpression and microarray analysis[START_REF] Pavlopoulos | Hox gene Ultrabithorax regulates distinct sets of target genes at successive stages of Drosophila haltere morphogenesis[END_REF]. Their analysis resulted in uncovering a vast list of Ubx regulated genes belonging to diverse developmental processes summarized in (Figure19)[START_REF] Pavlopoulos | Hox gene Ultrabithorax regulates distinct sets of target genes at successive stages of Drosophila haltere morphogenesis[END_REF].

Figure 19 .

 19 Figure 19. Ubx target genes. Adapted from (Pavlopoulos & Akam 2011) Ubx regulates a variety of processes. Target genes have been assigned into groups according to their putative function. Genes names are color-coded such that genes up-regulated by Ubx are colored in blue and genes down-regulated by Ubx are colored in red.

  Mahfooz and co-authors demonstrated that Ubx functions in the elongation of the T3-leg in both Acheta domesticus and Oncopeltus fasciatus[START_REF] Mahfooz | /italic> Regulates Differential Enlargement and Diversification of Insect Hind Legs[END_REF]. 4.2.2 Ubx role is relatively conserved among other arthropods The expression and role of Ubx has been investigated in other arthropods such as chelicerates and crustaceans (Averof & Patel 1997, Barnett & Thomas 2013, Khadjeh et al 2012, Liubicich et al 2009, Pavlopoulos et al 2009). Averof and Patel studied Ubx expression in 13 different species of crustaceans in 9 different orders. They studied the expression of Ubx

4 .

 4 Ubx in the reversal of the leg ground plan characteristic to the derived lineages (Publication II in the results). Previous work from the lab uncovered that Ubx is the mediator transcription factor of the reversal in ground plan, however, the mechanisms by which this single transcription factor is controlling two different effects in T2-legs and T3-legs were obscure(Khila et al 2009).3.To analyze the role of Ubx in a comparative context between basal species, derived species that retain the ancestral ground plan and mode of locomotion, and the derived species with the reversed ground plan (Publication II in the results). To investigate downstream targets of Ubx as a potential mediator controlling the opposite developmental effects of Ubx in the two tissues of T2-leg and T3-leg (Section III in the results, Manuscript in preparation).

A

  comparative leg transcriptome was generated for two developmental periods spanning approximately 0-50% embryogenesis and 50-100% embryogenesis and the first nymphal instar. Transcriptomes were generated for both wild type (WT) and Ubx knockdown [an approximate injection of 2μg/μl double stranded RNA (dsRNA)]. Embryonic and nymphal legs were dissected manually under a dissecting microscope in a diluted solution of RNAlater® (Life Technologies). Dissected legs were kept in RNAlater® in -80°C until TRIzol® RNA extraction. RNA was sent to ProfilExperts (Lyon -France) for deep sequencing using Illumina HiSeq2000 technology and a TruSeq RNA kit. The approximately 50 million reads per sample retrieved from the sequencing were aligned to the generated
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 20 Figure 20. The comparative leg transcriptome revealed the Ubx target gene gilt.(A) The comparative transcriptome revealed a putative candidate gene differentially expressed between T2-and T3-legs in WT. Increased expression levels in both T2-and T3legs in Ubx RNAi suggested that this gene is under negative regulation by Ubx. (B) in situ hybridization reveals the localized expression of gilt at the tip of T2-legs. (C) In Ubx knockdown, gilt expression in T2-legs prevail and an additional localized expression in T3legs appear confirming that gilt is repressed by Ubx.

Figure 21 .

 21 Figure 21. RNAi knockdown reveals the role of gilt in leg elongation. (A) Double in situ hybridization using a 10 fold diluted egfr probe and a gilt probe on WT Limnoporus dissortis embryo. (B) The same double staining confirmed the gilt transcript depletion in gilt RNAi knockdown. (C) WT Limnoporus dissortis late embryo showing T2legs folding dorsally and reaching until the head segment. (D) gilt RNAi late embryo showing an apparent shortening in T2-legs. (E-F) T2-and T3-legs of the injected control. (G-H) T2and T3-legs of gilt RNAi nymphs. Dissected legs in (E-H) are all to scale. Error bar = 100μm.

Figure 22 .

 22 Figure 22. The leg transcriptome suggests late gilt expression in T3-legs.We generated the comparative transcriptome for two developmental spans: the early embryogenesis, representing approximately from the start to mid-embryogenesis; and the late embryogenesis, representing approximately from mid-to the end of embryogenesis and the first instar nymphs. In the early transcriptome, gilt transcript expression appear to be exclusively in T2-legs. On the other hand, the late embryogenesis transcriptome suggests late gilt expression in T3-legs.

Figure 23 .

 23 Figure 23. Temporal analysis of the gilt RNAi knockdown.Subsequent to female injection, nymphs were collected after hatching on a daily basis. A sample of n=4 nymphs of each day was dissected for leg measurement. This approach gave a temporal overview on the RNAi effect and revealed the period of the most severe effect (red arrow). Error bars equal +/-1 Std.

Figure 24 .

 24 Figure24. Temporal gilt knockdown analysis for each leg segment separately. Leg segments were measured separately for the sample of the nymphs to determine the effect on each leg in further detail.

Figure 25 .

 25 Figure 25. Analysis of the gilt phenotype.A sample of the strongest phenotype nymphs were measured in order to determine the effect of gilt RNAi. Total leg measurements reveal a function of gilt in leg elongation of both T2and T3-legs. However, the effect in T2-legs is more substantial. n=12 for gilt RNAi, n= 7 for yfp control, and error bars = +/-1 Std. The (*) symbol indicates that ANOVA was significant at P ≤0.01, (**) indicates that significance was at P≤0.001, (***) indicates that significance was at P≤0.0001).

Figure 26 .

 26 Figure 26. Detailed analysis of the gilt phenotype per leg segment. Leg segments of the preceding sample were measured separately for the femur (A), the tibia (B), and the tarsus (C). gilt RNAi results in shorter T2-leg in all three leg segments and a shortening of T3-femur. Error bars = +/-1 Std. The (*) symbol indicates that ANOVA was significant at P ≤0.01, (**) indicates that significance was at P≤0.001, (***) indicates that significance was at P≤0.0001).

Figure 27 .

 27 Figure 27. gilt effect is correlated with predator escape jumping performance. The performance of control and gilt RNAi nymphs was measured using a high speed camera. (A) gilt RNAi nymphs perform significantly lower in jumping height than control nymphs (P≤0.01) n= 20 for gilt RNAi, n = 9 for control, and error bars = +/-1 Std. (B) An example of a control nymph jump. (C) An example of a gilt RNAi nymph jump.

Figure 29 .

 29 Figure 29. Ubx dose sensitivity emerged in the derived rowing species.The deployment of Ubx expression in T2-legs as well as the appearance of a difference in the levels of expression between both T2-and T3-legs are a characteristic of semiaquatic insects and marked the split diversification of this group (red circle). This difference in levels has set the genetic potential and was utilized by derived species through the emergence of dose sensitivity to Ubx in T3-legs (yellow circle).

--

  Incubate at RT for 2 hours or overnight at 4 C Transformation Protocol 1. Add 40 l X-gal and 10 l IPTG to the LB-Amp agar plates to be used and let them dry in the incubator X-gal conc. 20mg/ml (2% w/v in N,N-Dimethyl Formamide) IPTG conc. 0.1M 2. Mix the 10 l ligation to 50 l of DH5 competent cells 3. Incubate the cells on ice for 30 min 4. Heat shock for 30 sec. at 42 C and transfer really quickly back to ice for 2 min 5. Add 500 l LB medium 6. Transfer to Falcon incubation tubes 7. Incubate at 37 C with shaking for 45-60 min 8. Plate the cells on LB-Amp agar plates (+X-gal and IPTG) -Add 1 l DNase (RNase free) and incubate 10 min at 37 C -Check 1 l on a gel Representative gel for a probe synthesis of the gilt gene in Limnoporus (19 Dec. 2013) Purify probe immediately (with Qiagen Rneasy kit) -Elute in 50 l DEPC water -Check 1 l on a gel -Add 50 l of Hybridization solution on the probe and store at -80 C Representative gel of the gilt probe after Qiagen RNeasy purification. Note that it is normal to see two bands as single stranded RNA molecules may coil and therefore show different sizes Gilt probe Gilt probe Typical PCR reaction for dsRNA preparation 1.

-

  Representative gel of a PCR for Limnoporus Ubx for dsRNA synthesis before purification(11 Feb 2013) Representative gel for a PCR product after Qiagen purification of the three preceding products combined(11 Feb 2013) Incubate overnight at 37 C -Add 2 l DNase and incubate 10min at 37 C -Check 1 l on a gel Representative gel of Limnoporus ds-Ubx before purification (12 Feb 2013) -Purify the dsRNA (with Qiagen RNeasy kit) -Elute in water (not DEPC water). Elute twice with 100 l each and wait for 5 min before centrifuging each elution. -Precipitate the dsRNA to concentrate it: Add 12 l of 5M NaCl (in DEPC) Add 600 l ice-cold Ethanol (95%) Incubate 30 min on ice Centrifuge 10 min at full speed (preferably cold) in situ and antibody staining protocols 10X PBS : 80 g NaCl, 2 g KCl, 2 g KH 2 PO 4 , 11,5 g Na 2 HPO 4 fill up to 1 L with deionized water, pH to 7.4 with NaOH, autoclave.

  

  

  

  

  

  

  

  

  

  

  

  

  Ubx, le phénotype de la patte P2 est aggravé (raccourcissement plus important), tandis que le phénotype de la patte P3 est partiellement inversé (patte légèrement raccourcie). D'autre part, pour les espèces qui retiennent le plan d'organisation ancestral, la diminution d'Ubx conduit au raccourcissement des deux paires de pattes P2 et P3 de façon linéaire. Nos résultats démontrent également qu'Ubx modifie la longueur des pattes sans perturber le patron d'expression des gènes développementaux essentiels pour la segmentation.Nous avons démontré que l'expression d'Ubx chez les espèces qui marchent induit la croissance des deux paires de pattes, tandis que chez les espèces qui rament, une sensibilité du niveau d'Ubx a évolué de telle sorte qu'Ubx induit l'élongation de la patte jusqu'à une certaine limite au-delà de laquelle Ubx induira le raccourcissement de la patte.Un marquage in situ avec une sonde anti-sens sur des embryons sauvages a montré que l'ARN messager de gilt est exprimé et localisé sur la partie distale de la patte P2, alors qu'aucune expression n'est détectée dans la patte P3. Le même marquage de cet ARNm sur des embryons knockdown pour Ubx a révélé qu'une expression apparaît sur la patte P3 en plus de l'expression sur la patte P2, confirmant ainsi l'hypothèse que gilt est une cible d'Ubx.

	Résumé des résultats :
	Le marquage d'Ubx indique que l'expression protéique n'est pas uniforme entre les
	pattes P2 et P3. Il apparaît que le niveau de la protéine dans la patte P3 est beaucoup plus
	élevé que dans la patte P2 au sein du même embryon. Les données transcriptomique
	suggèrent que le niveau d'Ubx est environ 6-7 fois plus élevé dans la patte P3 que dans la

patte P2. L'ARN interférence d'Ubx à différentes concentrations a démontré que chez Limnoporus dissortis, une diminution modérée d'Ubx conduit à une patte P2 plus courte et une patte P3 plus longue par rapport à un embryon sauvage. Lors d'une diminution plus sévère d'

III.

Nouveau gène cible sous le contrôle d'Ubx.

Cette partie de la thèse fait partie d'un manuscrit en préparation intitulé 'Predator strike shapes escape-strategy phenotypes in the prey through co-option of immune system components'. Bien que nous ayons décrit l'effet différentiel d'Ubx dans le développement et la croissance des pattes chez Limnoporus dissortis, les mécanismes moléculaires responsables de cet effet restent toujours obscurs. Nous avons examiné l'hypothèse qu'Ubx pourrait contrôler l'effet différentiel d'élongation-raccourcissement à travers un contrôle différentiel des gènes cibles non-canoniques. Nous avons tout d'abord analysé les transcriptomes comparatifs des pattes de L. dissortis générés à partir d'embryons knock-down pour Ubx et d'embryons sauvages afin de sélectionner quelques gènes candidats. Les gènes sélectionnés doivent répondre positivement ou négativement pour les embryons knock-down pour Ubx par rapport aux embryons sauvages. Un gène très intéressant et inattendu est ressorti de ces analyses, il est très fortement exprimé dans la seconde paire de patte et très faiblement dans la troisième pour les embryons sauvages. Lorsque les embryons sont knock-down pour Ubx, le niveau d'expression de ce gène augmente fortement dans les deux paires de pattes P2 et P3. Les comparaisons par BLAST de ce gène contre les espèces Drosophila melanogaster, Pediculus humanus, Acyrthosiphon pisum, et Tribolium castaneum n'ont pas donné de résultats avec des gènes déjà décrits. Cependant, la base de données des familles protéiques (PFAM) a suggéré le gène gamma interferon inducible lysosomal thiol reductase (gilt), un membre de la voie de signalisation de l'interferon-γ (Hastings & Cresswell 2011, West & Cresswell 2013). Ce résultat transcriptomique a également proposé que ce gène soit sous le contrôle d'Ubx. Pour vérifier le résultat du transcriptome, nous avons cloné le gène gilt de L. dissortis. Nos résultats indiquent donc que gilt est une cible réprimée par le facteur d'inscription Ubx. L'analyse fonctionnelle par ARN interférence contre gilt a illustré que celui-ci est impliqué dans le développement des pattes. Les nymphes knockdown pour gilt possèdent des pattes P2 plus courtes alors que les pattes P3 sont moins affectées. Nos résultats montrent que gilt a pour fonction d'allonger essentiellement la patte P2 et dans une moindre mesure la patte P3. Nous avons également caractérisé l'effet de gilt plus en détails en mesurant chaque segment de la patte. Ces mesures ont indiqué que pour la patte P2, gilt contrôle la croissance de tous les segments, tandis que pour la patte P3, l'effet de gilt est plus impliqué dans le fémur. Nous avons également réussi à associer ce phénotype à un succès écologique mesurable en réalisant une expérience de fitness. Pour se faire, nous avons simulé une attaque de prédateur (par exemple un insecte aquatique), et nous avons mesuré la hauteur du réflexe d'échappement (la hauteur du saut). Nous avons ainsi trouvé que les nymphes contrôles étaient plus efficaces (sautent plus haut) que les nymphes knockdown pour gilt. Ce résultat démontre que gilt a un effet direct pour promouvoir la croissance des pattes ce qui est associé à un succès écologique dans leur mode de déplacement et dans les interactions prédateurproie.

  1. La croissance générale des pattes caractéristique de tous les insectes semi-aquatiques (basales et dérivées) est contrôlée par les gènes développementaux canoniques qui ont un rôle plus conservé dans la segmentation embryonnaire. Nous avons déterminé que leur rôle dans la segmentation est conservé chez les insectes semi-aquatiques, mais qu'ils sont également impliqués dans la croissance des pattes.2. Nous avons étudié le contrôle du gène Hox Ubx dans la médiation de l'inversion du plan d'organisation des pattes, caractéristique des espèces dérivées. Nos résultats montrent qu'Ubx joue deux rôles distincts selon la patte observée grâce à une différence de dose d'expression de la protéine dans les deux tissus. Pour ces espèces dérivées, une sensibilité de la dose élevée de la protéine Ubx a émergée de sorte qu'à faible dose, Ubx favorise la croissance des pattes.

Cependant, au-delà d'un certain seuil, Ubx réprime la croissance. Les doses d'Ubx dans la patte P2 sont en dessous de ce seuil, par conséquent Ubx favorise sa croissance par rapport à la patte P3 où les doses sont plus élevées, ce qui entraîne une diminution de croissance.

3. Nous avons examiné l'hypothèse qu'Ubx contrôlerait la croissance des pattes grâce à des interactions différentielles avec des gènes cibles. Nous avons ainsi démontré qu'Ubx contrôle un nouveau gène cible, gilt dont nous avons décrit la fonction dans la croissance des pattes de Limnoporus dissortis, croissance essentielle à leur survie en milieu-semi-aquatique.
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 [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF]The solid line in the middle represents the DNA of the Bithorax complex. The genomic size is represented at the bottom in Kb. The arrow at the top represents the Ubx transcription unit with the exons drawn in solid black boxes and the introns in white. Different Ubx mutations are depicted at the upper side of the genomic line. Insertions such as Ubx 1 are represented by a white arrowhead, nonsense mutations such as Ubx 195 are represented by the black arrowhead, and deletions such as Ubx 849 , Ubx 6.28 , and Ubx 9.22 are represented by opened and closed brackets. The black stripes below the genomic line depict the non-coding regulatory regions abx, bx, bxd, and pbx. Mutations in these regions are represented by the black perpendicular lines below the genomic line.

4.1.2

Ubx transcriptional regulation

The regulation of Ubx transcription is complex. The abx/bx which is approximately 25 kb sequence lying inside an intronic region in the Ubx transcriptional unit and the approximately 40 kb bxd/pbx region located upstream the Ubx transcriptional unit constitute regulatory sequences for Ubx expression [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF][START_REF] White | Regulation of the distribution of Ultrabithorax proteins in Drosophila[END_REF]. Ubx regulation is controlled by both maternal and early zygotic segmentation genes [START_REF] Irish | Spatial regulation of the Antennapedia and Ultrabithorax homeotic genes during Drosophila early development[END_REF]. The regulation of spatial expression of Ubx was shown to be controlled by gap genes such as hunchback (hb) and krüppel (kr), pair-rule genes such as fushi tarazu (ftz) and evenskipped (eve), and segment polarity genes such as engrailed (en) [START_REF] Ingham | The correct activation of Antennapedia and bithorax complex genes requires the fushi tarazu gene[END_REF][START_REF] Irish | Spatial regulation of the Antennapedia and Ultrabithorax homeotic genes during Drosophila early development[END_REF][START_REF] Martinez-Arias | Ultrabithorax and engrailed expression in Drosophila embryos mutant for segmentation genes of the pair-rule class[END_REF][START_REF] Tremml | An essential role of even-skipped for homeotic gene expression in the Drosophila visceral mesoderm[END_REF]. This Ubx regulation most likely involves the cis-regulatory sequences of the abx/bx and bxd/pbx [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF]. For instance, Qian and co-workers demonstrated that Hb binds to regulatory regions at the bx, abx, and bxd regions to repress Ubx expression [START_REF] Qian | The bx region enhancer, a distant cis-control element of the Drosophila Ubx gene and its regulation by hunchback and other segmentation genes[END_REF]. The authors described a bx enhancer element (BRE) that lies in a 500 bp fragment in the bx region approximately 30 kb from the promoter [START_REF] Qian | The bx region enhancer, a distant cis-control element of the Drosophila Ubx gene and its regulation by hunchback and other segmentation genes[END_REF]. The BRE region is responsible for both the activation of Ubx in PS 6,[START_REF]Move to 3 wells dish[END_REF]10,12 and the repression of Ubx in the anterior abdominal segments [START_REF] Qian | The bx region enhancer, a distant cis-control element of the Drosophila Ubx gene and its regulation by hunchback and other segmentation genes[END_REF]. In addition to Hb binding, the BRE element is also interacting with ftz and tailless (tll) segmentation genes [START_REF] Qian | The bx region enhancer, a distant cis-control element of the Drosophila Ubx gene and its regulation by hunchback and other segmentation genes[END_REF].

The expression of Ubx and the other members of the bithorax complex cannot depend solely on early segmentation genes because of the fact that the latter genes disappear after early embryogenesis but Ubx expression continue to later stages [START_REF] Beachy | A molecular view of the Ultrabithorax homeotic gene of Drosophila[END_REF]).

I. Publication manuscript 1:

Adaptive leg growth control by key developmental genes in the water strider Limnoporus dissortis Peter Nagui Refki A general characteristic of the semiaquatic insects is that they have elongated legs in comparison to their terrestrial relatives. This elongation is associated with the efficient colonization of the water surface by this group. However, the genetic and developmental mechanisms responsible for this trait are not known. Here, we investigate the roles of canonical patterning and signaling genes in leg development and elongation of the water strider Limnoporus dissortis.

Summary of results:

Using gene expression analyses and RNAi knockdown, we investigated the role of the key developmental genes distal-less (dll); hedgehog (hh), wingless (wg) and epidermal growth factor receptor (egfr). Expression analysis revealed that these genes are all expressed in the three thoracic legs during early embryogenesis supporting their role in leg development.

Functional analysis revealed that all these genes are required for leg elongation. Both dll and hh elongate the femur and specify tarsal identity, whereas wg and egfr function to elongate all three segments of all thoracic legs.

Conclusion:

The role of the studied genes is well described in pattern formation in Drosophila and other insects. Our results demonstrate that these genes still function in pattern formation.

However, in addition to this conserved role, they are required in leg elongation during L.

dissortis early development.

Adaptive leg growth control by key developmental genes in the water strider

Limnoporus dissortis

Abstract

The developmental mechanisms underlying adaptive morphologies are not well understood. Water striders, a group of hemipteran insects, present a unique example of adaptation to their semiaquatic habitat. The group has undergone a set of thoracic leg adaptations allowing them to efficiently move on water surface and hence invade a variety of niches, including open oceans. Their adaptation to water surface locomotion is attributed to an overall elongation of thoracic legs relative to the body and to a reversal in leg ground plan allowing them to use T2-legs in simultaneous propelling motion and their T3-legs for oriention. To determine the developmental mechanisms underlying this specific leg elongation, we examined the expression and function of the key developmental genes distalless (dll); hedgehog (hh), wingless (wg) and epidermal growth factor receptor (egfr) in embryonic development of the water strider Limnoporus dissortis. Using RNAi knockdown, we could generate a series of phenotypes with increasing severity such that mildly affected embryos show little or no patterning and segmentation defects; thus, determining the role of these genes in leg development and elongation. Our results demonstrate that both dll and hh elongate the femur and specify distal appendages. On the other hand wg and egfr function to elongate all three segments of all legs. Together, our results demonstrate that key developmental genes and signaling molecules, in addition to their well described patterning and segmentation function, control adaptive leg elongation in Limnoporus dissortis. hybridization solution to PBT 0.3% through consecutive washes with 3:1, 1:1, 1:3 (prewarmed hybridization solution: PBT 0.3% gradient). A blocking step was performed with PAT (1X PBS; 1% Triton X-100; 1% BSA) at room temperature followed by incubation with anti-dig antibody coupled with alkaline phosphatase for two hours at room temperature.

Embryos were washed several times in PBT 0.3% then in PTW 0.05% before color reaction is conducted with NBT/BCIP in AP buffer (0.1M Tris pH 9.5; 0.05M MgCl 2 ; 0.1M NaCl; 0.1% Tween-20).

Parental RNAi

Gene knockdowns using parental RNAi was conducted following the protocol in (Khila et al 2009). Control RNAi was conducted by injecting ds-yfp (double stranded RNA against yellow fluorescent protein). Template for in vitro transcription to produce ds-RNA for each gene was prepared using T7-tagged primers in table S1.

Leg measurements

A sample of 10 embryos (N = 10) was used for each RNAi group. Two sets of measurements were recorded for each embryo: the embryo length, and the leg length. After measuring embryo length, embryos were dissected, split longitudinally, and mounted on slides on Hoyer's medium. Measurements for each leg segment of each pair of legs were recorded on a Zeiss microscope using the Axiovision or Zen software.

Statistical analyses

Statistical significance in leg length between each RNAi group and the Wild Type was determined by performing an analysis of covariance (ANCOVA). Embryo length was used as a covariate as a possible factor impacting leg length, and the mean value of each pair of leg segments was used as the dependent variable. In cases where some data sets do not meet the assumption of homogeneity of regression required to proceed with the ANCOVA test, an analysis of variance (ANOVA) was performed for the mean values of leg segments corrected for embryo length by dividing the mean value of the leg segments with the corresponding embryo length. Statistical analyses were performed using the SPSS software package (IBM corporation). 

Figure S2 wg expression is divergent as embryogenesis proceeds

(A) wg is expressed in the midline of the extending legs. (B) As embryogenesis proceeds, wg expression appears to shift and appear expressed in the posterior side of the three thoracic legs.

Figure S3

egfr expression in early embryogenesis (A) egfr expression appear in the proximal most segment first during early embryogenesis. (B) As the legs extend, the characteristic egfr rings start to appear.

II. Publication 2:

Emergence of tissue sensitivity to Hox protein levels underlies the evolution of an adaptive morphological trait.

Peter Nagui Refki 1, 2 , David Armisén 1 , Antonin Jean Johan Crumière 1, 2 , Séverine Viala 1 , and Abderrahman Khila 

Paper context:

In addition to the general leg elongation compared to body length characteristic of semiaquatic insects, basal and derived species differ in leg morphology. Basal species have retained the ancestral ground plan similar to terrestrial species of T1-leg shorter than T2-leg which is shorter than T3-leg. This ground plan is associated with the alternate tripod mode of locomotion, and these species are comfortable in moving both on water and on solid substrate. Some derived lineages (such as the family of the Gerridae) have reversed this leg ground plan with the derived plan of T2-leg now longer than T3-leg which is longer than T1-leg. This novel leg ground plan is associated with a derived mode of locomotion through rowing by simultaneous strokes of the T2-leg which facilitated the invasion of the open water habitat.

These derived species are specialized in open water due to their mode of locomotion.

Previous work demonstrated that the Hox transcription factor Ubx is expressed in both T2and T3-legs and controls this reversal in leg ground plan (Khila et al 2009). However, Ubx legs (RPKM = 4.04). In order to verify the expression of this member of the pathway, we performed an in situ hybridization. Despite its very low expression for the resolution of the in situ technique, mRNA staining suggests that irf2-bp2 is expressed in a localized spot at the distal side of the T2-leg comparable to gilt localized expression (Figure 28 A,B). This similarity in expression pattern indicates that irf2-bp2 and gilt are most probably interacting, and that part of the interferon-γ pathway is implicated in the control of adaptive leg morphology in Limnoporus dissortis. 
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