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model lineage for the study of phenotypic evolution 5

Gerromorpha, also known as semi-aquatic bugs, present the 7 striking capability to walk on water surface, which has long 8 attracted the interest of many scientists. Yet our understanding 9 of the mechanisms associated with their adaptation and 10 diversification within this new habitat remain largely unknown. 11 In this review we discuss how new transcriptomic and genomic 12 resources have contributed to establish the Gerromorpha as an 13 important lineage to study phenotypic evolution. In particular 14 we outline the impact of recent comparative transcriptomic 15 analyses and first published genomes to advance our 16 understanding of genomic basis of adaptations to water 17 surface locomotion Q3 and sexual dimorphism.

Introduction 27

The semi-aquatic bugs (Hemiptera, Heteroptera, Gerro- In this review we aim to illustrate how sequencing in various species of the Gerromorpha made it possible to explore the genomic basis of adaptations, such as water surface locomotion or sexual dimorphism and sexual conflict, and opened new paths to establish Gerromorpha as a model lineage to study phenotypic evolution.

Developmental genetic basis of locomotion on the water surface

By living on water surface, the Gerromorpha face two primary challenges: how to remain afloat and how to generate efficient thrust forward on a fluid substrate [13][14][15]. The Gerromorpha evolved two main adaptations that are thought to be associated with these biomechanical challenges. On one hand, the hairs covering their legs act as non-wetting structures due to their specific arrangement and density. This adaptation allows to exploit water surface tension by trapping air between the leg and water [13][14][15]16 ] (Figure 1a). In the water strider Gerris buenoi, transcriptomic analyses showed that hydrophobic hairs are innervated bristles under the control of the achaetescute homologue (ASH) gene and changes in its regulation may have contributed to shaping these bristles [17]. On legs [13-15] (Figure 1b). The hindlegs being shorter act as rudders. A combination of transcriptomic and experimental analyses showed that species with a derived leg plan have increased levels of Ubx expression in the hindlegs linked with a new growth-inhibiting function [21].

They also allowed to identify a previously unknown target gene of Ubx, named Gamma-interferon-inducible lysosomal thiol reductase (GILT), with a previously undescribed role in leg elongation that contribute to shape the 2 Insect genomics COIS 870 1-6
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legs of water striders [22]. These findings show that novel interactions between ancient and highly conserved genes can contribute to the emergence of adaptive phenotypes.

Impact of taxon-restricted genes on evolutionary innovations

Increased bristle density and leg elongation are modification of two ancestral traits shared by all insects. In addition to these modifications, novelties or key innova- As a result, escalation could drive the evolution of grasping traits in males [26,31,32 ] and anti-grasping trait in females [26,33].

Males of the water strider Rheumatobats rileyi present one of the most spectacular trait modifications with a deep remodelling of their antenna morphology to grasp females' eyes during pre-mating struggles (Figure 1d). 358:386-390 This article presents an exquisite example of how a taxon-restricted genes can contribute directly to evolutionary novelties that allow access to unexploited ecological niches. Arthropod Struct Dev 2021, 60.

  28 morpha) represent a monophyletic group of predatory 29 insects characterized by the ability to live on the 30 water-air interface [1]. Of the 900 000 known insect 31 species (representing approximately 80% of the world's 32 species), Gerromorpha is the only lineage where the 33 entire life cycle takes place in contact with the water 34 surface. Gerromorpha's unique locomotory capabilities on 35 the water-air interface has long attracted scientific inter-36 est to understand the biomechanical and evolutionary 37 process of water walking -a long-standing question that raised curiosity every time someone has observed them 39 walking on a pond or lake. Over 200 million years ago, the 40 ancestor of the Gerromorpha transitioned from terrestrial habitats to the water surface, leading to a radiation that culminated in over 2000 species classified into eight families [1]. Character state reconstructions suggested that the ancestral habitat of the Gerromorpha was either humid terrestrial or marginally aquatic [1-3]. Water striders subsequently became true water surface dwellers and colonized a diverse array of niches, including streams, lakes, ponds, marshes, and the oceans [1,4,5]. The invasion of these new habitats provided access to resources previously underutilized by insects and made the Gerromorpha the dominant group on water [1]. Because of this striking life history, they have fascinated scientists from various disciplines, including naturalists, applied mathematicians, ecologists, taxonomists, paleontologists and evolutionists. However, until recently, understanding the genetic mechanisms underlying their evolution and adaptation has been hindered by the lack of genomic resources, which were mostly limited to DNA barcoding to study geographical ecosystems and molecular diversity [6-9] and transcriptomic data for phylogeny reconstruction [10-12]. The development of new genomics and transcriptomics approaches based on next-generation sequencing (NGS) technologies and their decreasing cost in the last decade have permitted the sequencing of many non-model organisms. As a result, many long-standing evolutionary questions could be approached under the light of new study models offering the appropriate life history context.

90

  the other hand, an increase in relative leg length allows to 91 effectively distribute weight without breaking the surface 92 tension[15,16 ]. In Gerromorpha, the Hox gene Ultrabithorax (Ubx) controls not only the growth of the hind-93 legs, as is the case in crickets and grasshoppers[18,19], 94 but also the mid-legs through a novel domain of expres-95 sion [20]. Changes in Ubx expression led to the evolution 96 of a derived leg plan where mid-legs are longer than 97 hindlegs. Basally branching lineages retain the ancestral 98 body plan with hindlegs being the longest, occupy tran-99 sitional zones, and move on the water using a tripod gait with alternating leg movements which allows them to be versatile and walk both on water and on land (Figure 1b). Derived lineages which evolved a derived body plan have specialized in open water zones and use the rowing gait through simultaneous sculling motion of the pair of mid-

  Figure 1 (a)

  tions have evolved and allowed the conquest of physically challenging niches, such as fast-flowing streams, by a strikingly speciose genus called Rhagovelia. Species from genus Rhagovelia have developed a unique structure, the propelling fan, which enabled this lineage to sustain permanenet movement on fast flowing waters (Figure 1 c). This structure folds and unfold synchronously with leg movement, effectively acting like a propelling fan, which increases the propelling impulse with a high energetic efficiency [23 ]. The family Veliidae contains 61 genera and about 900 species. Interestingly, half of these species are in the genus Rhagovelia and all of them have propelling fans (Polhemus). It is possible that this innovation contributed significantly to the impressive success of Rhagovelia. Comparative transcriptomic and experimental analyses found two taxon-restricted genes, geisha and mother-of-geisha, at the origin of this evolutionary innovation [23 ]. More precisely, transcriptomic data links this new structure with a first emergence of mother-of-geisha in the Hemiptera, with an unknown function, followed by a taxon-specific duplication, leading to geisha, and a combined control of the fan development [23 ]. With more than 400 known Rhagovelia species, the genus offers an exquisite model to further study the impact of taxonrestricted genes on rapid adaptive radiation. Semi-aquatic bugs as models to study sexual conflict and dimorphism Semi-aquatic bugs represent an historically prominent model for the study of sexual selection and sexual conflict, which are known to drive phenotypic divergence of the sexes [24-26]. In many species, males are favoured to mate repeatedly but females pay increasing fitness costs for multiple mating [27]. This conflict is often illustrated with evasive or struggling behaviour in females [28-30].

  photoperiod [57], water quality [58] and sex ratio [59]. Combined with first published genomes, approaches such as epigenetics and population genetics open new research opportunities to study such highly plastic trait. Indeed, as development of each wing morphs is in many cases dependent on condition, epigenetic changes are expected to play a major role in regulating wing development. The availability of a high-quality genome will allow to map and detect those epigenetic changes and correlate them with genes either known to be involved in wing development pathway or identified through comparative transcriptomics analyses. Future studies could then explore the distribution of those modifications, as well as potential polymorphisms, between and within populations over time, effectively opening the door to study microevolutionary events. The Gerromorpha can also be a model to study the role of epigenetic changes in the development and evolution of exaggerated sexually selected traits. The length of M . longipes males' hindlegs is dependent on both nutrition intake and genetic factors [60 ]. This interaction raises the question of what are the genes involved, what is the role of epigenetics, and how the combined action of polymorphism and epigenetic mechanisms impacts gene expression and phenotypic variation. While some advances were made on the genetic control of male leg length variation, nothing is known about potential epigenetic mechanisms. However, the recent publication of M . longipes genome laid the necessary foundation for the study of the role of epigenetic mechanisms in generating phenotypic variation within the same population.Finally, other important adaptative traits, involving physiology, behaviour and morphology, are well described in various Gerromorpha species. These include adaptations

310 3 .

 3 Damgaard J, Andersen NM, Meier R: Combining molecular and 311 morphological analyses of water strider phylogeny 312 (Hemiptera-Heteroptera, Gerromorpha): effects of alignment 313 and taxon sampling. Syst Entomol 2005, 30:289-309.

314 4 .

 4 Andersen NM: The evolution of marine insects: phylogenetic, 315 ecological and geographical aspects of species diversity in 316 marine water striders.Ecography 1999, 22:98-111. 

317 5 .

 5 Ikawa T, Okabe H, Cheng L: Skaters of the seas -comparative 318 ecology of nearshore and pelagic Halobates species (Hemiptera: Gerridae), with special reference to Japanese species. Mar Biol Res 2012, 8:915-936. 6. Leo SST, Cheng L, Sperling FAH: Genetically separate populations of the ocean-skater Halobates sericeus (Heteroptera: Gerridae) have been maintained since the late Pleistocene. Biol J Linn Soc 2012, 105:797-805. 7. Raupach MJ et al.: Building-up of a DNA barcode library for true bugs (insecta: hemiptera: heteroptera) of Germany reveals taxonomic uncertainties and surprises. PLoS One 2014, 9: e106940. 8. Havemann N et al.: From water striders to water bugs: the molecular diversity of aquatic Heteroptera (Gerromorpha, Nepomorpha) of Germany based on DNA barcodes. PeerJ 2018, 6:e4577. 9. Roma ´n-Palacios C et al.: Molecular phylogeny of sea-skaters (Halobates Eschscholtz, 1822), relationship between Halobatini and Metrocorini, and a catalogue of the subfamily Halobatinae (Hemiptera: Heteroptera: Gerridae). Insect Syst Evol 2020, 51:139-240. 10. Wang Y et al.: Diversification of true water bugs revealed by transcriptome-based phylogenomics. Syst Entomol 2021, 46:339-356. 11. Misof B et al.: Phylogenomics resolves the timing and pattern of insect evolution. Science 2014, 346:763-767. 12. Johnson KP et al.: Phylogenomics and the evolution of hemipteroid insects. Proc Natl Acad Sci U S A 2018, 115:12775-12780. 13. Andersen NM: A comparative study of locomotion on the water surface in semiaquatic bugs (Insecta, Hemiptera, Gerromorpha). Vidensk Meddel Dansk Naturhist Foren 1976, 139:337-396. 14. Crumie `re AJ et al.: Diversity in morphology and locomotory behavior is associated with niche expansion in the semiaquatic bugs. Curr Biol 2016, 26:3336-3342. 15. Hu DL, Bush JW: The hydrodynamics of water-walking arthropods. J Fluid Mech 2010, 644:29. 16. Gao X, Jiang L: Biophysics: water-repellent legs of water striders. Nature 2004, 432:36 This article describes thoroughly all the adaptations of water-walking arthropods and their impact on hydrodynamics from biophysics point of view. It includes aspects like floatability due to increased leg length, efficient propulsion thanks to air bubbles trapped in legs bristles and impact of dfferent locomotion modes on water vortices. 17. Finet C et al.: The achaete-scute complex contains a single gene that controls bristle development in the semi-aquatic bugs. Proc R Soc B Biol Sci 2018, 285. 18. Mahfooz NS, Li H, Popadic A: Differential expression patterns of the hox gene are associated with differential growth of insect hind legs. Proc Natl Acad Sci U S A 2004, 101:4877-4882. 19. Mahfooz N et al.: Ubx regulates differential enlargement and diversification of insect hind legs. PLoS One 2007, 2:e866. 20. Khila A, Abouheif E, Rowe L: Comparative functional analyses of ultrabithorax reveal multiple steps and paths to diversification of legs in the adaptive radiation of semi-aquatic insects. Evolution 2014, 68:2159-2170. 21. Refki PN et al.: Emergence of tissue sensitivity to Hox protein levels underlies the evolution of an adaptive morphological trait. Dev Biol 2014, 392:441-453. 22. Armise ´n D et al.: Predator strike shapes antipredator phenotype through new genetic interactions in water striders. Nat Commun 2015, 6:8153. 23. Santos ME et al.: Taxon-restricted genes at the origin of a novel trait allowing access to a new environment. Science 2017,

384 24 .

 24 Arnqvist G, Rowe L: Antagonistic coevolution between the 385 sexes in a group of insects. Nature 2002, 415:787-789. 386 25. Rowe L, Arnqvist G: Sexual selection and the evolution of 387 genital shape and complexity in water striders.

483 56 .

 56 Harada T: To fly or not to fly: response of water striders to 484 drying out of habitat. Ecol Entomol 1998, 23.57. Harada T, Numata H: Two critical day lengths for the determination of wing forms and the induction of adult diapause in the water strider, Aquarius paludum. Naturwissenschaften 1993, 80:430-432. 58. Cunha EJ et al.: Wing dimorphism in semiaquatic bugs (Hemiptera, Heteroptera, Gerromorpha) as a tool for monitoring streams altered by oil palm plantation in the Amazon. Ecol Indic 2020, 117:106707. 59. Han CS: Density-dependent sex-biased development of macroptery in a water strider. Ecol Evol 2020, 10:9514-9521. 60. Toubiana W, Khila A: Fluctuating selection strength and intense male competition underlie variation and exaggeration of a water strider's male weapon. Proc R Soc B Biol Sci 2019, 286 This article presents the first chromosome level assembly of a Gerromorpha species (Microvelia longipes). The findings also suggest that evolution of trait exaggeration can may take place through co-opting coding sequences that have been under positive selection in ancestral lineages. 61. Sekimoto T et al.: Lowered salinity tolerance in sea skaters Halobates micans, Halobates sericeus, and Halobates sp. (Heteroptera: Gerridae). Environ Entomol 2013, 42:572-577. 62. Castillo AM, De Leon LF: Evolutionary mismatch along salinity gradients in a Neotropical water strider. Ecol Evol 2021, 11:5121-5134. 63. Tsoukatou M et al.: Chemical composition and behavioral responses of the marine insect Halobates hawaiiensis (Heteroptera: Gerridae). Zeitschrift fur Naturforschung C 2001, al.: Water strider females use individual experience to adjust jumping behaviour to their weight within physical constraints of water surface tension. Sci Rep 2020, 10:18657 This article describes how water strider females are capable to adjust their jumping behaviour to counter male weight when mating. This behavioural adaptation is critical to escape predators efficiently and might have helped water striders to invade open waters. 65. Dallai R et al.: Coevolution between female seminal receptacle and sperm morphology in the semiaquatic measurer bug Hydrometra stagnorum L. (Heteroptera, Hydrometridae).

  Evolution 2012, The costs of mating and mate choice in water striders.

		66:40-54.	388
	26. Crumie `re AJJ et al.: Escalation and constraints of antagonistic	389
		armaments in water striders. Front Ecol Evol 2019, 7:215.	390
	27. Arnqvist G, Rowe L: Sexual Conflict. Princeton University Press;	391
		2005.
	28. Arnqvist G: Multiple mating in a water strider: mutual benefits	392
		of intersexual conflict? Anim Behav 1989, 38:749-756.	393
	394 29. Rowe L: 395 Anim Behav 1994, 48:1049-1056.
	30. Ronkainen K, Kaitala A, Kivela ¨S: Polyandry, multiple mating,	396
		and female fitness in a water strider Aquarius paludum. Behav	397
		Ecol Sociobiol 2010, 64:657-664.	398
	31. Rowe L, Westlake K, Currie D: Biodiversity, systematics,	399
		morphology, and evolution-Functional significance of	400
		elaborate secondary sexual traits and their evolution in the	401
		water strider genus Rheumatobates. Can Entomol 2006,	402
		138:568-577.	403
	32.	Khila A, Abouheif E, Rowe L: Function, developmental genetics,

404

and fitness consequences of a sexually antagonistic trait. 405 Science 2012, 336:585-589 406 This article describes the genetic basis of a sexually antagonistic trait in 407 the water strider Rheumatobates rileyi. It also shows how genetically 408 altering the trait results in a severe reduction in the male's ability to secure 409 mating partner, thus demonstrating that these traits are under strong 410 selection. 411 33. Arnqvist G, Rowe L: Correlated evolution of male and female 412 morphologles in water striders. Evolution 2002, 56:936-947. 34. Toubiana W et al.: The growth factor BMP11 is required for the 413 development and evolution of a male exaggerated weapon 414 and its associated fighting behavior in a water strider. PLoS 415 Biol 2021, 19:e3001157 responses of the water strider, Aquarius paludum (Hemiptera: 478 Gerridae), to changing NaCl concentrations. Eur J Entomol 479 2007, 104:377-383. 480 55. Harada T et al.: Changes in life-history traits of the water strider 481 Aquarius paludum in accordance with global warming. Physiol 482 Entomol 2011, 36.

Available online at www.sciencedirect.com

Current Opinion in InsectScience 2019, 49:1-6www.sciencedirect.com

Please cite this article in press as: Armise ´n D, Khila A: Genomics of the semi-aquatic bugs (Heteroptera; Gerromorpha): recent advancesQ1 toward establishing a model lineage for the study of phenotypic evolution, Curr Opin Insect Sci (2022), https://doi.org/10.1016/j.cois.2021.12.010 www.sciencedirect.comCurrent Opinion in Insect Science 2019, 49:1-6

Please cite this article in press as: Armise ´n D, Khila A: Genomics of the semi-aquatic bugs (Heteroptera; Gerromorpha): recent advancesQ1 toward establishing a model lineage for the study of phenotypic evolution, Curr Opin Insect Sci (2022), https://doi.org/10.1016/j.cois.2021.12.010Current Opinion in Insect Science 2019, 49:1-6 www.sciencedirect.com

Please cite this article in press as: Armise ´n D, Khila A: Genomics of the semi-aquatic bugs (Heteroptera; Gerromorpha): recent advancesQ1 toward establishing a model lineage for the study of phenotypic evolution, Curr Opin Insect Sci (2022), https://doi.org/10.1016/j.cois.2021.12.010

Acknowledgements 300 This work was supported by ERC Co-G WaterWalking #616346 and Labex

Conflict of interest statement

298

Nothing declared.

CEBA grants to AK. We thank Severine Viala for her comments on the