conférences au LEEC, USPN "It may be said that natural selection is daily and hourly scrutinising, throughout the world, every variation, even the slightest; rejecting that which is bad, preserving and adding up all that is good; silently and insensibly working, whenever and wherever opportunity offers, at the improvement of each organic being in relation to its organic and inorganic conditions of life."

Introduction I.Species concept, speciation

The fundamental unit that all studies about evolutionary biology have in common is the species, and although a plethora of publications about how to define a species exists, a universal concept is still lacking [START_REF] Butlin | What do we need to know about speciation?[END_REF]. Any change in a determined species concept will affect research fields as taxonomy, biogeography, ecology, biological conservation and macroevolution [START_REF] Agapow | The impact of species concept on biodiversity studies[END_REF]). But, regardless these problems, when studying the process of speciation, evolutionary biologists need to keep in mind an objective criterion for species delimitation [START_REF] Butlin | What do we need to know about speciation?[END_REF].

Different concepts of species exist, i.e., ecological species concept which emphasizes on ecological differentiation; evolutionary species concept that refers to separately evolving and independent lineages; phylogenetic species concept which includes three distinct classes of species definitions associated with the taxonomic concepts derived from phylogenetic systematics or cladistics, and gives emphasis to cladogenesis and monophyly ( [START_REF] Queiroz | The General lineage concept of species, species, criteria, and the process of speciation[END_REF][START_REF] De Queiroz | Species concepts and species delimitation[END_REF][START_REF] Hong | Gen-morph species concept -a new and integrative species concept for outbreeding organism[END_REF], among others. With the aim to provide an alternative and overcome current difficulties about how to define species, de [START_REF] De Queiroz | Species concepts and species delimitation[END_REF] proposed the unified species concept which equates species with separately evolving metapopulation lineages, where metapopulation refers to an inclusive population made up of connected subpopulations. Despite some scientist agree that populations are a relevant aspect of species, others consider they are not sufficient for a species concept, and new species definition are added, like, the gen-morph species concept recently proposed by [START_REF] Hong | Gen-morph species concept -a new and integrative species concept for outbreeding organism[END_REF], that define species of outbreeding organisms.

In the case of sexually reproductive eukaryotes, up to now the most widely adopted species definitions have been the unified species concept ( [START_REF] De Queiroz | Species concepts and species delimitation[END_REF] and the biological species concept. The latter define species as groups of interbreeding natural populations that are reproductively isolated from other such groups (sensus [START_REF] Mayr | What is a species and what is not?[END_REF]. According to this concept, speciation, the joint evolution of two or more groups (Coyne and Orr 2004), implies the evolution of reproductive isolating mechanisms that prevent gene exchange between newly arising taxa, in a process involving many complex mechanisms, including ecology, behavior and interactions between multi-locus genotypes [START_REF] Turelli | Theory and speciation[END_REF]. In this thesis, the species definition I adopted is the biological species concept. Particularly, I agree with the view of Coyne and Orr (2004) about the biological species concept, for which species are characterized by substantial but not necessarily complete reproductive isolation. I will also adopt Coyne and Orr's (2004) view that speciation involves acquiring reproductive barriers, in a process that yields intermediate stages when species status is difficult to assign.

~ 3 ~ Among the diverse mechanisms driving the build-up reproductive isolation, the following ones have been identified: a) natural selection such as disruptive selection, directional selection, uniform directional selection [START_REF] Lowry | Speciation and Natural Selection[END_REF]; b) reproductive isolating barriers as premating, post-mating, prezygotic and postzygotic isolation barriers, reinforcement (Table 1); c) sexual selection through mechanisms like: 1. Sensory drive, where particular features of communication signals are preferred by individuals because some aspects ot their sensory world promted their preferences, i.e. snapper fishes are adapted to perceive better the wavelength of light in deep waters than closely related species of snapper that live in shallow estuaries [START_REF] Lowry | Speciation and Natural Selection[END_REF]; 2. Good genes, which means that individuals from a population carry alleles that confer them a higher fitness in comparison to those that do not carry them, i.e. genes to resist diseases [START_REF] Lowry | Speciation and Natural Selection[END_REF]; 3. Fisherian Runaway selection, where males display exaggerated traits as a response to female preferences, even if the traits imply a high fitness cost, i.e., the peacock tail [START_REF] Lowry | Speciation and Natural Selection[END_REF]; 4. sexual conflict, which occurs when the genetic interests of males and females diverge, leading to distinct roles, but traits favored in one sex can be costly to the other [START_REF] Chapman | Sexual conflict[END_REF], i.e., male water striders benefit by mating with multiple females, but because females benefit the most by mating only once, females evolved traits to resist frequent mating; these sex differences generate continual evolutionary change; d) hybridization: adaptive introgression (when the fitness of a species (its gene pool) is increased by the incorporation of the gene pool from a foreigner species) or allopolyploidization may accelerate speciation (Abbot et al. 2013;Bugarella et al. 2019); e) genetic drift and chance events [START_REF] Butlin | What do we need to know about speciation?[END_REF]): during divergence, drift and selection could work simultaneously and/ or interact [START_REF] Templeton | The reality and importance of founder speciation in evolution[END_REF][START_REF] Sobel | The biology of speciation[END_REF][START_REF] Sobel | The biology of speciation[END_REF]. Genetic drift can lead to shifts in allelic frequencies due to reduction of population size, resulting in fast divergence between populations. Also, speciation by founder effects is theoretically possible [START_REF] Gavrilets | Founder effect speciation: a theoretical reassessment[END_REF], where colonization by very few individuals promote the evolution of new species by favoring rapid genetic changes [START_REF] Moya | Founder-effect speciation theory: Failure of experimental corroboration[END_REF], as happens in invasive species [START_REF] Hedrick | Genetic drift[END_REF].

One of the challenges for the biological species concept concerns allopatric groups. It is hard to know if two geographically distant (allopatric) groups would merge into a single species if they become sympatric (secondary contact) (Hendry 2009). However, because many allopatric populations exchange migrants (they are not completely isolated), their ability to interbreed with local individuals may help to solve their species status (Coyne and Orr 2004). The other challenge is hybridization and introgression; according to the view of Coyne and Orr (2004), a low frequency of gene exchange is not an issue because taxa showing unbridled gene exchange are rare. Other factors that faint hybridization as a big challenge for their view of the biological species concept are: hybridization resulting from human disturbance of habitats (not common under natural conditions), the possibility of hybridization as a transient phase of evolution (because intermediates will disappear after reproductive isolation is attained), as well as, the confusion of geographic variants with hybrids. Nonetheless, recent studies have shown that hybridization is more frequent, but according to [START_REF] Schumer | How common is homoploid hybrid speciation?[END_REF] species will remain genetically differentiated due to hybrid incompatibilities even in species without complete reproductive isolation.

I.2. Species delimitation: integrative taxonomy

Species are framed by speciation events [START_REF] Bock | Species: the concept, category and taxon[END_REF], and for the process of speciation, properties as morphological distinguishability, reproductive isolation and monophyly remain the best lines of evidence to identify lineage divergence ( [START_REF] De Queiroz | A unified species concept and its consequences for the future of taxonomy[END_REF][START_REF] De Queiroz | Species concepts and species delimitation[END_REF]. But, the evolution of such properties does not have a sequential order and can arise at different times ( [START_REF] De Queiroz | A unified species concept and its consequences for the future of taxonomy[END_REF][START_REF] De Queiroz | Species concepts and species delimitation[END_REF]. The terms species concept and species taxon are sometimes confused [START_REF] Bock | Species: the concept, category and taxon[END_REF]Fiser et al. 2018), but while the former treats species as evolutionary units, the latter has a practical value, referring to an elementary unit differentiated by delimitation methods (Fiser et al. 2018). In other words, species taxa are recognized and delimited with descriptions that allow the identification of other individuals as members of the same species taxon [START_REF] Bock | Species: the concept, category and taxon[END_REF]; species taxa should be purely considered as scientific hypotheses of separately evolving entities [START_REF] Hey | Understanding and confronting species uncertainty in biology and conservation[END_REF][START_REF] De Queiroz | Species concepts and species delimitation[END_REF].

To describe and understand biodiversity, species taxa identification is a fundamental step (Schlick-Steiner et al. 2010), and the discipline in charge of the characterization, classification and naming of taxa (even if extinct) is taxonomy (Schlick-Steiner 2010;[START_REF] Padial | The integrative future of taxonomy[END_REF]. Traditionally, taxon identification has been based on morphological diagnoses [START_REF] Jinbo | Current progress in DNA barcoding and future implications for entomology[END_REF]), but, this morphology-based taxonomy presents some disadvantages, like: it only discriminates morphospecies (Dayrat 2005), only experts and trained personal are able to identify taxa [START_REF] Jinbo | Current progress in DNA barcoding and future implications for entomology[END_REF], and in many cases speciation is not accompanied by morphological changes [START_REF] Brickford | Cryptic species as a window on diversity and conservation[END_REF]). In the last century, the growing concern over threats to biodiversity fostered an emphasis on species delimitation and a desire to describe accurately as many species as possible before they disappear [START_REF] Wiens | Species delimitation: new approaches for discovering diversity[END_REF]. To reach this goal, different tools have been proposed, among them DNA barcoding as it is a reliable, cost-effective and an easy molecular identification tool suitable for many metazoan taxa [START_REF] Hebert | The promise of DNA barcoding for taxonomy[END_REF]. However, similarly to morphology based identification, taxonomy based on DNA face limitations; for example, when species taxa have very recent origins and still sharing alleles, it is difficult to differentiate them [START_REF] Tautz | A plea for DNA taxonomy[END_REF].

To solve taxonomic limitations linked to the use of a single type of character (i.e. mainly morphological), integrative taxonomy was proposed as an approach combining data obtained from different disciplines to delimit species, i.e., phylogeography, population genetics, ecology, behavioral biology [START_REF] Dyrat | Towards integrative taxonomy[END_REF]Will et al. 2005). According to Schlick- Steiner et al. (2010), at least three conclusive disciplines (defined arbitrary) should place all specimens into species in the same way, where the term "conclusive discipline" refers to a delimitation hypothesis resulted as significant, when more than one data set of a specific discipline was analyzed. Besides identification, the use of different disciplines could help scientists to understand evolutionary processes behind the taxa of study; also, integrative taxonomy provides more rigorous delimitation which results in better biodiversity inventories. For instance, the discovery of cryptic species has increased our appreciation of biodiversity.

Cryptic species are defined as two or more distinct species that were earlier classified as one because they were indistinguishable, at least morphologically [START_REF] Brickford | Cryptic species as a window on diversity and conservation[END_REF]. They have been identified in most animal phyla (Pérez-Ponce de León and Poulin 2016; Pfenninger and ~ 5 ~ Schwenk 2007) and despite being quite common, they are poorly considered in testing ecological and evolutionary theories [START_REF] Beheregaray | Cryptic biodiversity in a changing world[END_REF]. Because cryptic species lack of determinant morphological characters, to study their DNA variation has been a useful approach to uncover them [START_REF] Jörger | How to describe a cryptic species? Practical challenges of molecular taxonomy[END_REF]. Different hypotheses have been involved to explain the origin of cryptic species, among them: a) recent divergence: cryptic species are expected to have diverged recently, therefore, morphological differentiation is not evident yet [START_REF] Egea | Morphological and genetic analyses reveal a cryptic species complex in the echinoid Echinocardium cordatum and rule out a stabilizing selection explanation[END_REF]. Put differerently, if the morphological differentiation depends mainly on time since their divergence, its absence may indicate these taxa are relatively young (however, according to Fiser et al. 2018, recent divergence could explain only a fraction of cryptic species); b) phylogenetic niche conservatism: this hypothesis postulates that morphological differentiation and niche evolution are constrained by selection. This prompted some lineages to retain their ecological niches over time, as for instance, different species of whale lice (Cyamus) living on distinct parts of a whale's body [START_REF] Kaliszewska | Population histories of right whales (Cetacea: Eubalaena) inferred from mitochondrial sequence diversities and divergences of their whale lice (Amphipoda: Cyamus)[END_REF]; c) morphological convergence: morphological similarity evolved among distantly related species in response to similar selective pressures (Fiser et al. 2018), examples of this exist among amphipod cryptic species of the same complex that independently colonized freshwater-semiterrestrial, subterranean habitats [START_REF] Yang | Marine incursion into East Asia: A forgotten driving force of biodiversity Marine incursion into East Asia[END_REF][START_REF] Villacorta | Under the volcano: Phylogeography and evolution of the cave-dwelling Palmorchestia hypogaea (Amphipoda, Crustacea) at La Palma (Canary Islands)[END_REF]). d) morphological stasis, when environmental conditions impose stabilizing selection on morphology, reducing or preventing morphological changes [START_REF] Brickford | Cryptic species as a window on diversity and conservation[END_REF].

Integrative taxonomy has successfully helped to describe new species and delimitate boundaries of cryptic species, as for example in ants of the Tetramorium caespitum complex (Wagner et al. 2017). However, according to Pante et al. (2015), despite the use of integrative taxonomy has increased since its formal introduction in 2005 (Dayrat 2005;Will et al. 2005), when new species are discovered, a high proportion of them is not systematically described and they remain unnamed. Contrary to the the barcode approach, integrative taxonomy did not accelerate the rate of species descriptions between the years 2006 and 2013 (Pante et al. 2015). Some of the reasons for this include: authors do not describe species in the article where the species were delimited; the pressure to write more articles leads to publish studies in different sets of journals instead of a single synthetic publication; taxonomists refuse to describe species without morphological differences, lack of experience to describe species, or due to the lack of comparisons with type materials, among others. In this study, I combined data from different sources such as genetic sequences and traits from the communication system of the model species (recognition cues, acoustic signals and morphometry of acoustic organ). a. Behavioral isolation (also called "ethological" or "sexual" isolation). Includes all differences that lead to a lack of cross-attraction between members of different species, preventing them from initiating courtship or copulation. b. Ecological isolation. Isolating barriers based primarily on differences in species' ecology, i.e.

barriers that are direct byproducts of adaptation to the local environment. 1. Habitat isolation. Species have genetic or biological propensities to occupy different habitats when they occur in same general area, thus preventing or limiting gene exchange through spatial separation during the breeding season. This isolation can be caused by differential adaptation, differential preference, competition, or combination of these factors. 2. Temporal (allochronic) isolation. Gene flow between sympatric taxa is impeded because they breed at different times. c. Mechanical isolation. Inhibition of normal copulation or pollination between two species due to incompatibility of their reproductive structures. This incompatibility can result from lack of mechanical fit between male and female genitalia (structural isolation) or the failure if heterospecific genitalia to provide proper stimulation for mating (tactile isolation). d. Mating system "isolation". The evolution of partial or complete self-fertilization (autogamy) or the asexual production of offspring (apomixis) that can result in the creation of a new taxon or set of lineages. II. Postmating, prezygotic isolating barriers. Isolating barriers that act after sperm transfer but before fertilization.

a. Copulatory behavioral isolation. Behavior of an individual during copulation is insufficient to allow normal fertilization. b. Gametic isolation. Transferred gametes cannot effect fertilization.

1. Non competitive gametic isolation. Intrinsic problems with transfer, storage, or fertilization of heterospecific gametes in single fertilization between members of different species. 2. Competitive gametic isolation (conspecific sperm preference). Heterospecific gametes are not properly transferred, stored, or used in fertilization only when competing with conspecific gametes. a. Postzygotic isolating barriers (hybrid sterility and inviability). b. Extrinsic. Postzygotic isolation depends in the environment, either biotic or abiotic. c. Ecological inviability. Hybrids develop normally but suffer lower viability because they cannot find an appropriate ecological niche. d. Behavioral sterility. Hybrids have normal gametogenesis but are less fertile than parental species because they cannot obtain mates. Most often, hybrids have intermediate phenotypes or courtship behaviors that make them unattractive. e. Intrinsic. Postzygotic isolation reflects a developmental problem in hybrids that is relatively independent of the environment. f. Hybrid inviability. Hybrids suffer developmental difficulties causing full or partial lethality. g. Hybrid sterility. h. Physiological sterility. Hybrids suffer problems in the development of the reproductive system or gametes. i. Behavioral sterility. Hybrids suffer neurological or physiological lesions that render them incapable of successful courtship. j. Hybryd breakdown. Inviability or sterility observed in hydrbids in the F2 generation of interspecific or intersubspecific crosses, while F1 hybrids are viable and fully fertile [START_REF] Oka | Hybrid breakdown caused by substitution of the X chromosome between two mouse subspecies[END_REF])

I.3. Communication and its role in speciation

Organisms can alter the behavior of another organism in its proximity in many ways, and two types of sensory interactions can be distinguished. When the perceiver responds to cues associated with another organism, the interaction is described as an indicator system, and when the perceiver responds to a signal, the interaction is described as communication [START_REF] Ruxton | Resolving current disagreements and ambiguities in the terminology of animal communication[END_REF]. In this respect, cues and signals can be differentiated by the response they trigger in animal sensory interactions. Cues are generated inadvertently or for purposes other than communication, they are unintentionally presented by an emitter and used by a receiver to infer information about the emitter (Bradbury and Vehrencamp 2011;Leonhardt et al. 2016). Signals are stimuli produced by a sender and monitored by a receiver; the aim of which is to provide information to another animal (Bradbury and Vehrencamp 2011).

Without any communication means, social behavior is hardly conceived, as it is the transmission of information without any link to social interactions. Therefore, communication is fundamental for social systems [START_REF] Reznikova | Studying animal languages without translation: an insight from ants[END_REF]Luhman 1982), and its evolution is subjected to natural selection [START_REF] Wiley | The evolution of communication: Information and manipulation[END_REF]. Communication depends on the changes in the fitness of the sender and the receiver of a signal, that is, a change in the rate at which genes influencing an individual's actions spread in the population. An individual should produce and respond to signals that increase its fitness [START_REF] Wiley | The evolution of communication: Information and manipulation[END_REF].

Chemical senses were probably among the first senses to have evolved and all life forms are able to perceive them (Wyatt 2014a). Communication signals evolve to influence the action of other individuals (Bradbury and Vehrencamp 2011), in the sender-precursor model of signal evolution (Bradbury and Vehrencamp 2011; Figure 1), signals evolved from molecules released by an "originator animal or emitter". Firstly, in the "ancestral" phase of the evolution, an individual acts as the receiver of the molecules (or single molecule) released by the emitter, but it lacks special adaptations to receive the molecule(s) beyond detection. Secondly, in the "perception" phase, there is a change in the receiver and an association between the molecule(s) and a condition of the emitter (chemical and release remaining unchanged) exists. In this phase the molecule(s) becomes a cue and receivers must be able to perceive or evolve receptors for the cue and gain benefits from being able to do so. Thirdly, a further step leading to bilateral benefits to both sender and receiver could occur if there is a selective advantage to the sender, which leads to the ritualization of the cue that is now transformed into a signal, to maximize information transfer. In this phase true communication occurs (Wyatt 2014b;Leonhardt 2016).

~ 8 ~ In social insects, chemical communication is the main communication mode (Wyatt 2014b, Leonhardt et al. 2016). It has a significant role in the evolution of unicoloniality [START_REF] Helanterä | Two independent mechanisms of egg recognition in worker Formica fusca ants[END_REF]) and provides insects with information about important aspects for colony life, such as location of food resources [START_REF] Farina | Honeybees learn floral odors while receiving nectar from foragers with the hive[END_REF], identity of colony members (van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF] or health condition [START_REF] Beani | Cuticular hydrocarbons as cues of sex and health condition in Polistes dominula wasps[END_REF]. Nonetheless, other modes of communication such as acoustic/ vibrational, visual and tactile ones exist in social insects and contribute to the complexity of their social life [START_REF] Richard | Intracolony chemical communication in social insects[END_REF]Wyatt 2014b).

The most studied functions of communication signals in social insects are a) fertility signaling by chemical signals such as pheromones and visual signals (Hölldobler and Wilson 1990;[START_REF] Keller | The role of queen pheromones in social insects: Queen control or queen signal?[END_REF][START_REF] Tannure-Nascimento | The look of royalty: visual and odour signals of reproductive status in a paper wasp[END_REF][START_REF] Oi | The origin and evolution of social insect queen pheromones: Novel hypotheses and outstanding problems[END_REF]; b) nestmate recognition through chemical cues as cuticular hydrocarbons; c) recruitment to food sources by means of tactile, chemical signals such as pheromones or both (Leonhardt et al. 2016) and d) alarm signaling via chemical signals such as pheromones (Hölldobler and Wilson 1990;[START_REF] Verheggen | Alarm pheromones chemical signaling in response to danger[END_REF], acoustic signals (Hölldobler 1999;[START_REF] Nehring | Noise in chemical communication[END_REF]) and substrate-borne vibrations [START_REF] Virant-Doberlet | Vibrational communication in insects[END_REF].

Communication is also fundamental for reproduction. As pre-mating isolating mechanisms, signals are essential in mate recognition and thus play a vital role in the divergence of populations and their eventual reproductive isolation [START_REF] Zuk | Rapid evolution and sexual signals[END_REF]; in other words, signals have a key role in speciation [START_REF] Mj | Sexual selection, social competition, and speciation[END_REF]. Signals to recognize siblings can also arise from adaptation to specific ecological niches or drift [START_REF] Leal | Communication and speciation[END_REF].

Because behavior is often an evolved and heritable trait, communication behavior should be adaptive and related species should perform communication tasks in similar ways (Bradbury ~ 9 ~ and Vehrencamp 2011). Taxonomic groups with high abilities to diversify their speciesrecognition signals are more likely to speciate and are probably those that diverged to the greatest extent [START_REF] Leal | Communication and speciation[END_REF].

Cuticular hydrocarbons

Insects are covered with a thin epicuticular layer of wax that consists of lipids, including hydrocarbons, alcohols, fatty acids, waxes, glycerides, phospholipids and glycolipids [START_REF] Gibbs | The biology of Lipids: Integrative and Comparative Perspectives[END_REF]. In general, hydrocarbons are universally present in the epicuticular lipid layer of insects (Martin and Drijhout 2009a;Blomquist and Bagnères 2010) and consist of organic molecules of carbon and hydrogen. They are produced by specialized cells (oenocytes) [START_REF] Chung | Wax, sex and the origin of species: Dual roles of insect cuticular hydrocarbons in adaptation and mating[END_REF] and those that are transferred to the cuticule are referred to as cuticular hydrocarbons [START_REF] Kaib | Cuticular hydrocarbon profiles: A valuable tool in termite taxonomy[END_REF]. All cuticular hydrocarbons have the same general structure and typically consist of long chains of carbon atoms (Blomquist and Bagnères 2010).

The three major classes of cuticular hydrocarbons are: n-alkanes (saturated molecules, linear alkanes), methyl-branched components (saturated) and olfeins (unsaturated) (Drijfhout et al. 2009;Blomquist 2010a). Linear alkanes are saturated carbons joined by single bonds (Drijfhout et al. 2009) whose chain range generally extends from 21 to 33 carbons; nonetheless, some studies showed that more than 70 carbon atoms can be found in the cuticular layers of some insects [START_REF] Cvačka | Analysis of insect cuticular hydrocarbons using matrix-assisted laser desorption/ionization mass spectrometry[END_REF]. In insects, the odd-numbered n-alkanes predominate due to their formation from mostly two carbon units followed by a decarboxylation (Blomquist 2010b).

Olfeins have one (alkenes or monoenes), two (alkadiene or dienes) or three (alkatrienes or trienes) double bonds along the chain, and they exist in two isometric forms, the cis-form (Zalkenes) and the trans-form (E-alkenes), whose structures appear to be important in determining functions (Drijfhout et al. 2009). In insects, difficulties in determining the position and stereochemistry of the double bonds of cuticular hydrocarbons have sometimes rendered their characterization challenging, especially when they are found as minor components. The third major class of saturated hydrocarbons corresponds to methyl-branched hydrocarbons. They have one or more methyl groups (CH3) attached to one or more carbon atoms at the end or the middle of the chain; examples of methyl-branched alkanes can be monomethylalkanes, dimethylalkanes, tri and tetramethlyalkanes. Together with chain length, the presence and position of methyl groups and/or double bonds have a major impact on the physical properties of the compounds (Drijfhout et al. 2009) (see below).

Diverse studies indicate that oenocytes are the major site of hydrocarbon synthesis, including the three main classes, n-alkanes, methylalkanes and olfeins [START_REF] Lokey | Lipids of the insect cuticle: origin, composition and function[END_REF]. Oenocytes are cells associated with the epidermal layer or the peripheral fat bodies beneath the epidermis, modified for lipid metabolism; their anatomic location varies among insect species and developmental stages [START_REF] Lokey | Lipids of the insect cuticle: origin, composition and function[END_REF][START_REF] Bagnères | Site of synthesis, mechanism of transport and selective deposition of hydrocarbons[END_REF]. Insects synthesize hydrocarbons by elongating fatty acyl-CoAs to produce long-chain fatty acids that are later converted into hydrocarbons by loss of their carboxyl group [START_REF] Nelson | Insect waxes[END_REF][START_REF] Howard | Ecological, behavioral, and biochemical aspects of insect hydrocarbons[END_REF]. After their synthesis, hydrocarbons are shuttled via the hemolymph by lipophorin, but the mechanism of hydrocarbons up take to lipophorin, their deposition to epidermal cells and transit across cuticle to the surface or specific glands of insects have not ~ 10 ~ yet been completely elucidated [START_REF] Bagnères | Site of synthesis, mechanism of transport and selective deposition of hydrocarbons[END_REF]. The biosynthetic pathway of hydrocarbons involves the synthesis of medium-chain fatty acids by a fatty acid synthetase (FAS), their desaturation by desaturases followed by their elongation to very-long-chain fatty acids by elongases and their later decarboxylation to hydrocarbons (Wicker-Thomas and Chertemps 2010) mediated by cytochrome P450 [START_REF] Chung | Wax, sex and the origin of species: dual roles of insects cuticular hydrocarbons in adaptation and mating[END_REF]. Key enzymes in the cuticular hydrocarbon variation are fatty acid synthases, elongases, desaturases, reductases and a P450 decarbonylase [START_REF] Falcón | Exoskeleton formation in Apis mllifera: Cuticular hydrocarbons profiles and expression of desaturase and elongase genes during pupal and adult development[END_REF]).

Studies about the origin of cuticular hydrocarbons using Drosophila species as models of study, have shown that cuticular hydrocarbon production is controlled by genetic factors [START_REF] Holze | Advances in deciphering the genetic basis of insect cuticular hydrocarbon biosynthesis and variation[END_REF], and that different genetic mechanisms promote their convergent evolution [START_REF] Ferveur | Cuticular hydrocarbons: their evolution and roles in Drosophila pheromonal communication[END_REF]. A research work based on pharaoh ant Monomorium pharaonis also documented that they heritable and shaped by natural selection [START_REF] Walsh | Ant cuticular hydrocarbons are heritable and associated with variation in colony productivity[END_REF]. Moreover, several studies have started to unveil the contribution of a number of genes to variations in cuticular hydrocarbon composition [START_REF] Holze | Advances in deciphering the genetic basis of insect cuticular hydrocarbon biosynthesis and variation[END_REF]. Insects generally synthesize most of the components of their cuticular hydrocarbon profiles (Blomquist and Bagnères 2010) but hydrocarbons from different environmental sources can be incorporated into their cuticular profiles, i.e., from diet and from resins used for nest building (Blomquist 2010b;[START_REF] Leonhardt | The cuticular profiles of Australian stingless bees are shaped by resin of the eucalypt tree Corymbia torelliana[END_REF]Leonhardt et al. , 2013)). In comparison with solitary insects, social insects are expected to have a more complex cuticular hydrocarbon genetic architecture, because the individual odour is affected by that of the other colony members and depends on the collective genetic composition of the colony. That is, within-colony genetic variance exists (derived from variation between individuals, i.e., queen, workers), and it affects the phenotype of individuals in a colony [START_REF] Linksvayer | Direct, maternal, and sibsocial genetic effects on individual and colony traits in an ant[END_REF][START_REF] Linksvayer | The molecular and evolutionary genetic implications of being truly social for the social insects[END_REF]. Cuticular hydrocarbons can be socially transferred to nestmates by trophallaxis (transfer of liquid food among individual), allogrooming (van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF].

Cuticular hydrocarbons have a dual function as they serve both as protection from physical agents and as communication means (Blomquist and Bagnères 2010;[START_REF] Chung | Wax, sex and the origin of species: dual roles of insects cuticular hydrocarbons in adaptation and mating[END_REF]. They play a major role in protection against desiccation: they control the trans-cuticular flux of water on insects' cuticle by restricting the amount of water loss and preventing insects' dehydration (Drijfhout et al. 2009). The melting point of hydrocarbons increases with chain length, and by introducing a double bond into the molecule (i.e. alkenes) or a methyl group in the carbon chain (branched hydrocarbons), the boiling point and volatility of hydrocarbons are also affected. For example, chains of n-alkanes longer than 16 carbon atoms are wax-like solids at room temperature with a melting point of around 50°C. When they are mixed with alkenes and methyl-branched alkanes, their melting point decreases and allows insects to keep their cuticle flexible and regulate the permeability of their cuticle in wide range of ambient temperatures [START_REF] Morgan | Biosynthesis in insects[END_REF]Drijfhout et al. 2009;[START_REF] Gibbs | Cuticular lipids and water balance[END_REF].

Besides waterproofing properties, cuticular hydrocarbons also act as a barrier against microbes [START_REF] Howard | Ecological, behavioral, and biochemical aspects of insect hydrocarbons[END_REF] and in social insects they encode information about tasks within the colony, information about castes, and are involved in advertising reproductive status (i.e., species-specific sex pheromones) and allowing nestmate recognition (Drijfhout et al. 2009;Blomquist and Bagnères 2010;van Zweden and d'Ettorre 2010). For instance, nestmate ~ 11 ~ recognition was tested by exposing captive colonies of harvester ants (Pogonomyrmex barbatus) to glass blocks covered with cuticular extracts from nestmate and non-nestmates workers. As a result, blocks coated with cuticular extracts from non-nestmates elicited higher levels of aggression than those coated with nestmates' cuticular extracts, thus demonstrating that harvester ants can use cuticular hydrocarbon composition for nestmate recognition [START_REF] Wagner | Harvester ants utilize cuticular hydrocarbons in nestmate recognition[END_REF]. Additionally, cuticular hydrocarbons in ant footprints' serve as indirect cues for taking decisions about their movement direction, i.e., in an experimental arena, foragers of Lasius niger avoided footprints of non-nestmate conspecifics that could represent potential unknown opponents (Würst and Menzel 2016).

Hydrocarbons like alkenes, monomethyl and dimethyl alkanes are expected to play an important role in chemical communication because they can be distinguished by the position of the double bond or methyl groups, while linear alkanes can only be distinguished based on their chain length [START_REF] Walsh | Ant cuticular hydrocarbons are heritable and associated with variation in colony productivity[END_REF]. Within colonies, cuticular hydrocarbons can encode information like, age, social environment and caste [START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]. For example, in the cuticular profile of Formica exsecta ants, the linear alkane part of the chemical profile was found to vary among individuals depending on task (forager vs non-forager) (Martin and Drijfhout 2009). In Pogonomyrmex ants, the behavior of scouts elicited foragers to wait for their return before starting harvesting seeds and tests showed that the behavioral response was triggered only by scout cuticular hydrocarbons (Greene and Gordon 2003). Between colonies, cuticular hydrocarbons information is important for nestmate/ non-nestmate discrimination and this role has been documented in many social insect taxa (van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF][START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]. Branched alkanes and alkenes have been especially linked to this role [START_REF] Dani | Deciphering the recognition signature within the cuticular chemical profile of paper wasps[END_REF]Châline et al. 2005;Lorenzi et al. 2011). While it is generally unclear which compounds, or which part of the profile encodes colony identity information (van Zweden & d'Ettorre 2010;[START_REF] Ferguson | Odor coding of nestmate recognition in the eusocial ant Camponotus floridanus[END_REF]Martin et al. 2008), (z)-9-alkenes may be directly involved in nestmate recognition in Formica exsecta (Martin and Drijfhout 2009).

Cuticular hydrocarbons represent discrete and constant characters that are heritable and shaped by natural selection (Drijfhout et al. 2009;[START_REF] Walsh | Ant cuticular hydrocarbons are heritable and associated with variation in colony productivity[END_REF]). In addition, because typically the same species possess the same qualitative composition across populations (van Zweden and d'Ettorre 2010), cuticular hydrocarbons have been used as taxonomic tools (chemotaxonomy).

For example, the study of cuticular hydrocarbons in the termites Reticulitermes santonensis and R. flavipes allowed researchers to suggest the synonymy between the two species and to identify the recent origin of the European populations from the North-American R. flavipes ones. This termite was introduced into Europe during commercial exchanges (presumably of wood) occurring between the two continents during the 19 th century; in this case, the origin of colonization in France has been identified in the harbour of La Rochelle [START_REF] Bagnères | Cuticular hydrocarbons and defensive compounds of Reticulitermes flavipes (Kollar) and R. santonensis (Feytaud): Polymorphism and chemotaxonomy[END_REF];

~ 12 ~ nowadays it is widely recognized that the best way to delimit species is by integrating different lines of evidence (Pante et al. 2015). In this view, cuticular hydrocarbons have been added to the taxonomy toolkit of scientists and combined with data from different sources (i.e., morphology, behavior, genetics, etc.); they have been employed to delimit closely related taxa such as ants of the Cataghlyphis bicolor group, Cataglyphis niger complex, Crematogaser levior and Camponotus femoratus (Eyer et al. 2017;Brodetzi et al. 2019;Hartke et al. 2019).

Acoustic signals

Besides chemical communication, which represents the main communication mode of insects, acoustic and vibrational signals are also employed to communicate (Bradbury and Vehrencamp 2011;Wyatt 2014).

Sound is a radiating disturbance in the density and pressure of a medium and it is propagated as waves. Graphically, waves are represented as wave-forms when in pressure-versus-time plots. The frequency of the sound measures how many times complete cycles of sound waves occur/repeat per second and its fundamental unit is expressed in Hertz (Hz). The most common way to characterize animal sound signals is with spectrograms (also named sonograms). Acoustic signals spread in air or water and sounds are attenuated or amplified by vegetation, physical barriers, acoustic impedance, but also by the morphology or posture of the animal that generates the sound [START_REF] Greenfield | Evolution of acoustic communication in insects[END_REF]. Insects produce acoustic signals in different ways: a) by rubbing one body part against another, as in stridulations; b) by hitting some body part; c) by vibrating some body part; d) by vibrating drum-like membranes called tymbals; and e) by forcibly ejecting air or fluids.

In general, insects produce sounds according to daily periods (likely determined by light intensity, temperature or humidity) or when the presence or activities of other organisms promote it, i.e., alarm sounds or distress calls (Alexander 1957). Particularly, ants produce sounds in situations of alarm, recruitment, after the end of mating by females (Hölldobler and Wilson 1990) and when they dig soils [START_REF] Pielström | Vibrational communication in the spatial organization of collective digging in the leaf-cutting ant Atta vollenweideri[END_REF]. The most common sound produced by ants is the stridulation, which is produced by specialized structures consisting of a scraper and a plate of arrayed ridges (stridulatory file) typically located in the post-petiole and the first gastral segment [START_REF] Stuart | Stridulation by Workers of the Ant, Leptothorax muscorum (Nylander) (Hymenoptera: Formicidae)[END_REF]Hölldobler and Wilson 1990). Stridulations are produced by the dorso-ventral movement of the gaster of ants, which telescope the scrapper beneath the stridulatory file [START_REF] Stuart | Stridulation by Workers of the Ant, Leptothorax muscorum (Nylander) (Hymenoptera: Formicidae)[END_REF]. According to Hikling and Brown (2000), ant stridulations are transmitted by the air, and their reception is thought to occur through their hairlike sensilla located on the antennae. Nonetheless, according to [START_REF] Roces | Ants are deaf[END_REF] ants perceive stridulations as substrate-borne vibrational signals because they are unable to perceive airborne sounds.

Acoustic signals have the advantages that they can be detected at a distance; hence, costs associated with direct encounters are minor with respect to those that are direct. Also, because they encode information about the identity of the signaler, acoustic signals are suited to mediate discrimination between species [START_REF] Wilkins | Evolutionary divergence in acoustic signals: causes and consequences[END_REF]. One of the best examples of speciesspecific sounds is represented by the Laupala crickets [START_REF] Jacob | Structure, activity and function of a signing CPG interneuron controlling cricket species-specific acoustic signaling[END_REF]. In these crickets, sister species exist that often live in sympatric communities; they are morphologically ~ 13 ~ similar but differ in the temporal patterns of their songs [START_REF] Shaw | Polygenic inheritance of a behavioral phenotype: interspecific genetics of song in the Hawaiian cricket genus Laupala[END_REF][START_REF] Shaw | Conflict between nuclear and mitochondrial DNA phylogenies of a recent species radiation: what mtDNA reveals and conceals about modes of speciation in Hawaiian crickets[END_REF]. In solitary hymenopterans as velvet ants (Mutilidae), stridulations can vary at both the inter-and intraspecific level (Polidori et al. 2013). Indeed, Polidori and coworkers (2013) documented that different taxonomic groups of velvet ants exhibit species-specific patterns in both temporal parameters of their stridulation, and in the morphology of their stridulatory organ. Also, in closely related ant species of the Neoponera apicalis complex, species-specific variation was reflected in the stridulation produced by sympatric ants and in the morphology of their stridulatory organ (Ferreira et al. 2010). In such cases, stridulations represent potential taxonomic tools. In fact, differences in acoustic patterns of communication have been found to drive speciation in closey related species of insects [START_REF] Henry | Signing and cryptic speciation in insects[END_REF][START_REF] Hoikkala | Courtship songs of the picturewinged Drosophila planitibia subgroup species[END_REF][START_REF] Mendelson | Sexual behaviour: rapid speciation in an arthropod[END_REF]. As an illustration, in the previously cited genus of crickets Laupala, the variation of temporal patterns of songs is closely linked to female signal preferences (i.e., sexual selection) [START_REF] Shaw | Interspecific genetics of mate recognition: inheritance of female acoustic preference in Hawaiian crickets[END_REF][START_REF] Jacob | Structure, activity and function of a signing CPG interneuron controlling cricket species-specific acoustic signaling[END_REF].

I.4. The model system Ectatomma ruidum species complex

The genus Ectatomma Smith. The ants of the genus Ectatomma are one of the most common groups of foraging ants in the neotropics. This genus comprises 15 species whose habitats include wet forest, dry forest and savannah [START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF]. These ants are typically generalist predators of small arthropods and earthworms; additionally, they also collect honeydew from homopters and nectar from plant sources (Kugler and Brown 1982).

Biological aspects of Ectatomma ruidum (Roger)

Geographic distribution. E. ruidum is one of the most common species of its genus. It is distributed from the state of Tamaulipas in the Northeast of Mexico to at least the northern border of Brazil in the region of the "Tepuis", but it is not reported far inside the Amazonas Basin (Krugler and Brown 1982;Schatz et al. 1997;Meza-Lázaro et al. 2018). E. ruidum represents a complex of different putative species (Aguilar-Velasco et al. 2016), hence, along its large distribution, different putative species could be found (see below).

Habitat. These ants occur in damp rain-forests and in disturbed habitats (Schatz 1997) such as plantations of cocoa, coffee and maize (Lachaud 1990), as well as dry and semi-desertic zones, secondary forests and urban areas (Fernandez 1991) from sea level to altitudes between 1500-1600 m (Lachaud 1999).

Nest architecture and nest density. Nests of E. ruidum are hypogeal with one circular entrance with a diameter of about 3 mm; entrances are frequently masked by soil vegetation. From the entrance, a sloping tunnel connects the chambers situated at different levels, up to 2 m deep below the surface; sometimes nests can have two or three close entrances (Lachaud 1990;[START_REF] De Carli | Interactions intraspécificques chez une fourmi néotropicale: Ectatomma ruidum Roger (Hymenoptera, Ponerinae) [Interspecific interactions in a neotropical ant: Ectatomma ruidum Roger (Hymenoptera, Ponerinae)[END_REF] (Figure 2). The size of a mature colony varies between 50 and 200 ants and nest density varies from 360 to 11,200 nests/ hectare (Lachaud 1990;[START_REF] Lachaud | Comparaison de l'impact de prédation de deux ponérines du genre Ectatomma dans un agroécosystéme neotropical[END_REF]. In cultivated habitats, they can reach really high nest density, up to 11500 nests/ha [START_REF] Schatz | Effect of high nest density on spatial relationships in two dominant Ectatommine ants (Hymenoptera: Formicidae)[END_REF]) leading to overlap of foraging areas and local competition. Because of the high nest density the species is regarded as a dominant one and has an important role of natural biological control agent in Neotropical countries [START_REF] Perfecto | Vegetational diversity, ants (Hymenoptera: Formicidae), and herbivorous pests in a Neotropical agroecosystem[END_REF][START_REF] Lachaud | Comparaison de l'impact de prédation de deux ponérines du genre Ectatomma dans un agroécosystéme neotropical[END_REF].

Diet. E. ruidum has an omnivore diet that also includes plant remains (Breed 1990;Arias-Penna 2008) and during dry seasons E. ruidum have mainly predator and necrophagic behaviors, as it was reported in the region of the south of Mexico known as the Soconusco in Chiapas, Mexico (Lachaud 1996, Figure 2)

Foraging behavior. These ants are diurnal earth-dwelling (Lachaud et al. 1999); they forage individually during daylight but nocturnal foraging has also been reported during dry seasons (Lachaud 1990). E. ruidum foragers hunt solitary but, depending on prey size and weight, they can recruit other foragers in numbers which match the weight of the prey (Schatz et al. 1997). Also, when live prey are especially abundant, hunters are subdivided into two categories: stingers (specialized in killing prey) and transporters (specialized in carrying dead prey one by one to the nest) (Schatz et al. 1999). Social structure (number of queens). Colonies of E. ruidum have a single queen (monogyny), but facultative polygyny (presence of more than one reproductive female per colony), has been found in two populations of E. ruidum Chiapas, México (Lachaud et al. 1999). Polygynous colonies present macrogynes or exhibit two morphological queen types: microgynes (isometric reduction of macrogynes) and macrogynes [START_REF] Schatz | Existence de microgynes chez la fourmi ponérine Ectatomma ruidum Roger[END_REF]Lachaud et al. 1999).

Microgynes and macrogynes can produce eggs of both queen morphs; however, the nest foundation capacity of microgynes is lower than that of macrogynes. Therefore, microgynes are thought to represent an alternative and less costly reproductive strategy (Lachaud et al. 1999). Indeed, once mated, microgynes are usually re-adopted into their natal nest (Lenoir et al. 2011). Up to know, the presence of microgynes has been reported in populations from the Yucatan Peninsule and south-east Mexico, as well as in western Colombia (Lachaud et al. 1999;[START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF]. In two populations from Chiapas, Mexico, mother-daughter genetic relationships showed that functional monogyny occurs in the presence of several dealate and mated females. This result confirmed that queens are able to inhibit the laying capacities of other dealate females. Populations without microgynes were originally thought to represent an evolutionary lineage distinct from the populations were the presence of microgynes occurs [START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF]. Finally, with respect to males, polyandry (females mating with more than one male) has been reported in polygynous colonies but seems unfrequent [START_REF] Passera | Individual food source fidelity in the neotropical ponerine ant Ectatomma ruidum Roger (Hymenoptera Formicidae)[END_REF]Lenoir et al. 2011). In addition, according to the lack of inbreeding and to field observations in ~ 16 ~ Chiapas, Mexico, gene dispersion was suggested to be done mainly by flying males in populations of E. ruidum Lenoir et al. (2011).

Cleptiobiosis and parasitism. E. ruidum is one of the few ant species where cleptobiosis has been reported. Cleptobiotic or thief ants steal food, nest materials or other items of value from other colonies (Breed et al. 2012). Concerning E. ruidum, intraspecific cleptobiosis has commonly been reported in populations from Costa Rica and Mexico (Breed et al. 1990;de Carli et al. 1998), while in a population from Nicaragua it was suggested they steal from colonies of other ant species [START_REF] Perfecto | Cleptobiosis in the ant Ectatomma ruidum in Nicaragua[END_REF]. The behavior of thief ants differs from that of foragers: when thieves steal food from other colonies, they walk slowly, pause frequently and avoid encountering conspecifics in route (Mc Glynn et al. 2015). They also hide quickly when disturbed (Jandt et al. 2015). Their behavior is so peculiar that Mc Glynn and coworkers (2015) proposed they represent a distinct caste of foragers. For E. ruidum, cleptobiosis was found to have low fitness cost in populations with high nest-density, because the experimental removal of thiefs did not caused fitness gains in the affected colonies. Also, the permissive acceptance threshold exhibited by these ants when they regularly come into contact with conspecifics from neigbouring nests was proposed as an explanation for the persitance of cleptobiosis in the species (Jandt et al. 2015).

Besides thievery, colonies of E. ruidum can be affected by the presence of parasites as the Mermis worms [START_REF] Wheeler | Ants, their structure, development and behavior[END_REF]Weber 1946in Arias-Penna 2008) and eucharitid parasitic wasps [START_REF] Lachaud | Impact of natural parasitism by two eucharitid wasps on a potential biocontrol agent ant in southeastern Mexico[END_REF]. According to Lachaud and Perez-Lachaud (2009) despite the presence of the eucharitid wasps affected the growth of colonies, the high nest density reached by these ants decrease the impact of wasp parasitism in their populations.

Taxonomy of E. ruidum E. ruidum was firstly described as Ponera ruida by Roger J. in 1861 from specimens collected in Colombia, but other localities included Brazil and Cayenne in the French Guiana. Later, it was renamed as Ectatomma ruidum by Kugler and Brown (1982), but in their study the authors synonymized this species with Ectatomma aztecum Emery 1901 by analyzing specimens collected in Acapulco, Veracruz and other localities of the lowland southern of Mexico (Figure 3). Kugler and Brown (1982) mentioned that E. aztecum appeared to be a very hispid variant of E. ruidum. Their arguments relied on slight differences in morphological features: they mentioned that some of the Mexican specimens of E. aztecum tend to have the first gastric (postpetiolar) tergum with more nearly transverse costulation (less strongly arched than usual) over the anterior half or more of the disc. The type specimen of E. aztecum was collected in Michoacan, Mexico and is located in the Museum of natural history "Giacomo Doria" in Genoa, Italy (Figure 3).

The diagnostic traits to identify E. ruidum are as follows: head in the perfect full-face view with posterior outline transverse, nearly straight over most of the distance between the eyes or indented mesad; median eminence of pronotum low, angular in front as seen from the side; lateral teeth prominent, acute or rectangular (Krugler and Brown 1982). In lateral view the petional node is high and thin, at least the upper half with the anterior and posterior surfaces ~ 17 ~ vertical and subparallel (Arias Penna 2008). The size of the ants is approximately 7-9 mm in length and they weight around 5-12 mg [START_REF] Brown | Contributions toward a reclassification of the formicidae. II. Tribe Ectatommini[END_REF]in Schatz et al. 1997). In a previous article focused on the evolution, biogeography and phylogenetic relationships of ants of the genus Ectatomma in relation with the presence of small queens, [START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF] reported first evidence about the existence of two different sister clades of E. ruidum, one consisting of populations where microgynes were present and another where they were not. Later, based on the previous findings of [START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF], Aguilar-Velasco and co-workers (2016) performed a study focusing on populations of E. ruidum from several localities along its geographic distribution (Figure 4). They analyzed the morphology of the specimens and performed phylogenetic molecular analyses for which two mitochondrial (COI and Cytb genes) and one nuclear genetic marker (H3 gen) were sequenced. Aguilar-Velasco et al. (2016) reported the presence of at least four morphospecies within E. ruidum and one putative hybrid population, with specimens sharing characters between the E. ruidum sp. 2 and E. ruidum sp. 3; for this reason they assigned those individuals as E. ruidum sp. 2x3. The morphologic descriptions of the morphotypes and their pictures are described in the Table 2 and Figure 6. With respect to genetic analyses, the phylogenetic tree inferred with sequences of the COI gen presented two main clades, one containing specimens from the morphotypes E. ruidum sp. 1 at a basal position and another one divided in two, one containing E. ruidum sp.2 on one side, and another one grouping E. ruidum spp. 3 and 4 (Figure 5). The analysis of nuclear sequences confirmed the putative hybrid origin of the samples of the morphotype E. ruidum sp. 2x3, reason why those samples were not included in the phylogenetic analyses of mitochondrial sequences.

Additionally, a number of sequences of the different morphotypes presented highly polymorphic sites that were considered as numts (also called pseudogenes; non-functional fragments of mitochondrial DNA integrated into the nuclear genome). These sites were excluded from the further analyses. This finding showed that identifying the presence of pseudogenes is essential given that they can interfere with phylogenetic inferences, for example because of their different mutation rates. Therefore, the researchers highlighted the necessity to detect them, in order to avoid lineage overestimation due to numts. In their study, Aguilar-Velasco and co-workers (2016) showed that the putative E. ruidum sp.

1 and E. ruidum sp. 2 has the widest distribution. E. ruidum sp. 1 occurs from the extreme South of Mexico (Chiapas, at the border with Guatemala), across all Central America and from northern and north-eastern South America, while E. ruidum sp. 2 is distributed along the Atlantic and Pacific coasts. Additionally, these putative species differed by the presence or absence of microgynes: E. ruidum sp. 1 does not present microgynes while E. ruidum sp. 2 does. About E. ruidum sp. 3 and 4 and sp. 2x3, the authors highlighted that they presented a limited distribution restricted to a region of the Pacific coast of Mexico. Moreover, the finding of putative hybrids between E. ruidum sp. 2 and sp. 3 suggested the existence of a hybrid zone situated between the distribution ranges of both species, near the pacific coast of Oaxaca in Mexico. Furthermore, the possibility that E. ruidum sp. 3 belonged to the ancient type specimen of E. aztecum was proposed, because they had a high morphological similarity and their field collection sites overlapped.

~ 20 ~ as two different putative species; in contrast, the mitogenomes of the species E. ruidum spp. 3, 4 and 2x3 were grouped together, suggesting they represented the same lineage (Figure 7). Also, the presence of heteroplasmy was confirmed in the morpho species E. ruidum spp. 3, 4 and 2x3.

In addition, the different haplotypes contained in each heteroplasmic individual were analyzed separately for COI and Cytb genes to reconstruct additional phylogenetic trees. These analyses documented that the heteroplasmic haplotypes were functional. Moreover, their phylogenetic analyses indicated that the heteroplasmic haplotypes were highly divergent, characterized by long branches (Figure 7, 8), that their presence did not allow the separation of the different putative species and would be considered as a putative single species (Figure 7, 8). Instead, the clustering of heteroplasmic individuals suggested their populations share heteroplasmy. The authors suggested that the origin of the heteroplasmy in E. ruidum cannot be explained by occasional paternal leakage because it was limited among individuals, but might be due to a prevalent source of a second mitochondrial lineage. 

I.5. Aim of the study

The ants of the Ectatomma ruidum species complex represent an excellent model to study evolution: they exhibit a fascinating biology that includes cleptobiotic behavior, social polymorphism and queen dimorphism. Also, the high genetic variability and the presence of heteroplasmy restricted to a limited geographic zone, suggest that the south of Mexico (and particularly the region of the southern Sierra Madre) could represent a hot spot for the diversification of the species. Speciation may be promoted by divergence in communication signals [START_REF] Mj | Sexual selection, social competition, and speciation[END_REF] and for social insects such as ants, diversification in major lifehistory traits such as recognition cues may promote speciation (Brodetzki et al. 2019). Also, in complex and heterogenous environments, population structure may be affected by factors different from geographical distance (de Queiroz et al. 2017). Spatial differences in environmental features may promote different local selective pressures that could drive evolution (Wang et al. 2014). Indeed, the geographic region that up to now concentrates the highest variability in E. ruidum (i.e., different putative species) and where a putative hybrid zone was suggested, is considered an environmentally heterogenous area, which might favor speciation events in different taxa [START_REF] Santiago-Alvarado | Áreas de endemismo de la Sierra Madre del Sur: una síntesis preliminar [Areas of endemism in the Southern Sierra Madre: a preliminary synthesis[END_REF]Salas-Morales et al. 2018 in Oaxaca).

The aim of this project was to study phenotypic and genotypic traits to understand the possible mechanisms involved in the population divergence that lead to the species diversification of the E. ruidum species complex. This study could represent a channel for the identification of potential local selection pressures along a possible geographic hot spot for the diversification of this group of ants. Furthermore, these results will provide evidence to support the separation of the different putative species of the E. ruidum species complex. In the Chapter 1 of this thesis, I studied the cuticular hydrocarbon profiles of the different putative species of the complex to investigate their variation and test their potential as taxonomic tools. I applied these analyses to one new putative species we discovered during a sampling performed in 2019 and to the different morphospecies of the E. ruidum complex. I discussed the possible causes of variation in chemical cues with respect to thievery and other biotic and abiotic factors. In the Chapter 2, I compared acoustic and morphologic data to test for inter-specific variation among the different putative species of the complex. These analyses tested if acoustic and morphologic traits could represent potential taxonomic tools to discriminate among these species. Finally, in the Chapter 3 of this thesis, the species boundaries of the different putative species of the complex and the putative hybrid population were studied. The application of cutting-edge sequence techniques, combined with the study of variation in phenotypic characters (cuticular hydrocarbons) would help to clarify the phylogenetic relationships of the different putative species of the complex. These analyses also highlighted that the study of heteroplasmic individuals could be problematic while performing phylogenetic inferences only based on mtDNA. At the end of the thesis, I included an Appendix section with a brief description of an ongoing project (Characterization of the genetic structure of populations from the E. ruidum species complex along a transect in Oaxaca, with microsatellite loci) started in the last year of my PhD studies.

Introduction

Recognition of group members has favored the evolution and maintenance of sociality [START_REF] Hamilton | Discrimination nepotism: expectable, common, overlooked[END_REF]d'Ettorre and Lenoir 2010). Albeit social insects communicate in different forms, chemical communication is the main communication mode among colony members, allowing them to exchange different kinds of information (Wyatt 2014;Leonhardt et al. 2016).

Among the different contents that a chemical message can encode, social insects use the blend of hydrocarbons they bear on their cuticle as a chemical signature that conveys information about castes, task specialization and reproductive status (Blomquist and Bagnères 2010). Cuticular hydrocarbons also allow social insects to discriminate between nestmates and nonnestmates, and prevent exploitation of nest resources by aliens (van Zweden and d'Ettorre 2010; Leonhardt et al. 2016). Indeed, when social insects encounter another individual, the presence of sufficiently large differences between their cuticular hydrocarbon profiles can trigger aggressive behavioral responses and allows colony residents to reject intruders [START_REF] Dani | Deciphering the recognition signature within the cuticular chemical profile of paper wasps[END_REF]Martin et al. 2008;van Zweden and d'Ettorre 2010).

In insects, cuticular hydrocarbon mixtures are usually composed of different hydrocarbon classes, such as linear alkanes (n-alkanes), alkanes with one or more methyl branches (mono-, di-, tri-, tetra-methylalkanes) and hydrocarbons with one or two unsaturations, alkenes and alkadienes (Blomquist and Bagnères 2010). Usually, quantitative variations of the same set of hydrocarbons discriminate between colonies (intraspecific differences), whereas different species have qualitatively different profiles, even among closely related taxa [START_REF] Hölldobler | Mechanisms of identification and discrimination in social Hymenoptera[END_REF]van Zweden and d'Ettorre 2010). Cuticular hydrocarbons are typically speciesspecific and qualitatively stable across the entire species distribution range (Lockey and Metcalfe 1988;Drijfhout et al. 2009;[START_REF] Guillem | Species-specific cuticular hydrocarbon stability within European Myrmica ants[END_REF]. Consequently, they are considered as useful taxonomic tools for species delimitation (Bagnères and Wicker-Thomas 2010;Kather and Martin 2012). For instance, cuticular hydrocarbons allowed to separate Myrmica sabuleti from M. scabrinodis, two species that are morphologically extremely similar but differ chemically in the composition of their cuticular layers, in particular in the presence of specific methylalkanes, which thus can serve as accurate diagnostic characters [START_REF] Guillem | Using chemo-taxonomy of host ants to help conserve the large blue butterfly[END_REF]. Studies focused on species such as Formica japonica [START_REF] Akino | Intraspecific variation of cuticular hydrocarbon composition in Formica japonica Motschoulsky (Hymenoptera: Formicidae)[END_REF], Neoponera (=Pachycondyla) villosa (Lucas et al. 2002), Tetramorium caespitum/impurum complex (Schlick- Steiner et al. 2006), Crematogaster levior and Camponotus femoratus (Hartke et al. 2019) are other examples of ant taxa with confirmed cryptic diversity that was discovered after examining their cuticular hydrocarbon profiles. Cuticular hydrocarbon analyses have also recently highlighted that sympatric, cryptic species exist in Cr. levior and Ca. femoratus, two neotropical ant species that exhibit parabiotic association, a lifestyle which might have promoted chemical divergence (Hartke et al. 2019).

Ectatomma ruidum (Roger) is a mainly Neotropical, widely distributed ant taxon that is likely to include a cryptic species diversity, which only has been recently started to be unveiled. Two recent studies based on mitochondrial (mt) and nuclear DNA sequence data and morphological evidence revealed that this taxon actually represents a species complex (Aguilar-Velasco et al. 2016;Meza-Lázaro et al. 2018), though its species delineation still remains unclear. In the first of these studies, morphological data indicated the existence of four morphospecies, two of which apparently are widespread along the Neotropics (E. ruidum spp. 1 and 2), whereas the remaining two species (E. ruidum spp. 3 and 4) and a presumably hybrid population (E. ruidum sp. 2 x 3) are restricted to few localities in Oaxaca, southeast Mexico. These results became more complicated with the subsequent discovery of extensive heteroplasmy (i.e. presence of multiple mtDNA haplotypes in a single organism; Magnacca and Brown 2010) in specimens of the morphospecies E. ruidum spp. 3, 4 and 2x3 which might represent a single species whose populations share heteroplasmy (Meza-Lázaro et al. 2018).

E. ruidum, as currently known, is unique in a behavioral trait named intraspecific cleptobiosis. Besides the "normal" foraging behavior, some colony members display an alternative, parasitic, foraging strategy that consists of visiting conspecific colonies to take food from inside the nest and bringing it back to their home colony (Breed et al. 1990;De Carli et al. 1998). During foraging, thief ants exhibit a peculiar behavior: unlike other foragers, during their travel home they do not always follow a narrow path to their colony, and often hide (Jandt et al. 2015). Thieves also differ from other foragers in their cuticular chemical profile, which is significantly poorer in hydrocarbons [START_REF] Jeral | Thief ants have reduced quantities of cuticular compounds in a ponerinae ant, Ectatomma ruidum[END_REF], and have been proposed as a distinct caste of foragers (McGlynn et al. 2015). This behavior has been reported in different locations along the distribution range of E. ruidum (De Carli et al. 1998[START_REF] Breed | Thief workers and variation in nestmate recognition behavior in a ponerine ant, Ectatomma ruidum[END_REF]), but its relation with the taxonomic complexity of the species remains unclear.

The intriguing complexity for species identification within the E. ruidum complex, coupled with its cleptobiotic behavior make it an ideal model system to study variation in recognition cues, as parasitic relationships have been identified as potential evolutionary drivers of polymorphism in these cues (Crozier 1986). These results might also contribute to future integrative taxonomy approaches where data from multiple sources (i.e. morphology, genetic analyses, ecological niche modeling, chemical analyses, etc.) are useful to identify or define species boundaries [START_REF] Heethoff | Integrative taxonomy: combining morphological, molecular and chemical data for species delineation in the parthenogenetic Trhypochthonius tectorum complex (Acari, Oribatida, Trhypochthoniidae)[END_REF][START_REF] Steiner | Turning one into five: Integrative taxonomy uncovers complex evolution of cryptic species in the harvester ant Messor "structor[END_REF]). Here we compared the cuticular hydrocarbon profiles within the E. ruidum complex. Specifically, we tested for the intraspecific variation of the cuticular hydrocarbon profiles between populations of E. ruidum sp. 3-4 from southeast Mexico, whose boundaries remain controversial (Aguilar-Velasco et al. 2016;Meza-Lázaro et al. 2018).
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Material and methods

Study model

Ectatomma ruidum is an earth-dwelling ant that occurs in a wide range of habitats in Neotropics, including plantations and damp forests, from sea level up to 1600 m (McGlynn et al. 2015;Aguilar-Velasco et al. 2016). Typically, E. ruidum nests have a single entrance and contain between 50 and 200 individuals [START_REF] Lachaud | Recruitment by selective activation: an archaic type of mass recruitment in a ponerine ant (Ectatomma ruidum)[END_REF] and their densities can be very high (up to 11200 nests per hectare, [START_REF] Schatz | Effect of high nest density on spatial relationships in two dominant Ectatommine ants (Hymenoptera: Formicidae)[END_REF]. These ants have a very generalist diet and the foraging activity is mainly diurnal (Lachaud 1990). In general, colonies are monogynous but in some regions they are facultatively polygynous with size-dimorphic queens (macro and microgynes) (Lachaud et al. 1999).

Collection of ants

We collected E. ruidum colonies in the populations Cozoaltepec, Huaxpaltepec, Punto 3, Río Grande and Santo Domingo de Morelos along a transect of 150 km across the Pacific coastal zone in the state of Oaxaca, México, in order to increase the sampling area covered by Aguilar-Velasco et al. ( 2016) (populations Coyula, Mazunte, Piedras Negras, Puerto Escondido). We also collected ants in two additional populations, one 500 km far from Coyula, Oaxaca to the south Pacific coast in Cantón Leoncillos, Chiapas, Mexico, and the remaining one in Cali, Colombia (Fig. 1 and Table 1); the ants from Cali, Canton Leoncillos, Coyula, Mazunte, Piedras Negras and Puerto Escondido belong to the same sampling as that in Aguilar-Velasco et al. (2016) and Meza-Lázaro et al. (2018). Colonies from the same population were at least 2 m distant from each other. In Oaxaca and Chiapas, Mexico, the climate is hot and semi-humid to semi-dry with tropical deciduous and semi-deciduous forests [START_REF] Rzedowski | Vegetación de México. 1ra edición digital[END_REF]. Ants in Mexico were collected in plantations or forest, whereas in Colombia, they were collected in the urban area.

Species identification

We identified the ants from Cozoaltepec, Huaxpaltepec, Punto 3, Río Grande, and Santo Domingo de Morelos based on the diagnostic morphological features of the species E. ruidum mentioned by Kugler and Brown's (1982) and Arias-Penna's (2008) keys to species of Ectatomma. For their molecular characterization, we sequenced the barcoding region, which is a fragment of the cytochrome oxidase I (COI) mtDNA gene. We also included in the molecular analyses previously published sequences of ants from Cali, Cantón Leoncillos, Coyula, Mazunte, Puerto Escondido and Piedras Negras (Aguilar-Velasco et al. 2016;Meza-Lázaro et al. 2018). All newly generated sequences were obtained following the laboratory procedures, primers and PCR programs mentioned by Aguilar-Velasco et al. (2016) (Table 1). The specimens that were sequenced in the current study were deposited in the National Collection of Insects (CNIN) at the National Autonomous University of Mexico (UNAM), Mexico, and the National Natural History Museum (MNHN) in Paris, France.

To confirm the taxonomical identification, we conducted a Maximum Likelihood (ML) analysis using the program RAxML version 8 (Stamatakis 2014) to reconstruct the phylogenetic relations among representative specimens (workers) of all the examined populations of the E. ruidum complex. We used the GTRCAT model of sequence evolution and partitions based on codon position, and bootstrap support values were generated with 1000 rapid bootstrap replicates. ML analyses were carried out in the CIPRES Science Gateway v. 3.3 (Miller et al. 2010) portal. In case it was not possible to assign ants to any of the previously proposed morphospecies we used the putative species assignation of Meza-Lázaro et al. (2018) based on mitogenome information. In Meza-Lázaro et al. ( 2018), all the seven individuals of E. ruidum spp. 3 and 4 that were examined were heteroplasmic with highly divergent mitochondrial haplotypes (1.88 -5.81 % polymorphic sites spread across their genomes).

Fig. 1 Map showing the examined populations of the E. ruidum species complex

Chemical analyses

A total of 130 foragers collected from the foraging area were used for the chemical analyses (five ants per colony, with the exception of Huaxpaltepec with nine ants per colony, and Santo Domingo de Morelos, with six ants in one of the colonies) (Table 1). Ants were killed by freezing them in individual tubes at -20 °C after their arrival to the laboratory. The extracts of their cuticular hydrocarbons were obtained by dipping each ant separately in 100 µl of pentane supplemented with an internal standard (C18 at 5ng/µl) for 20 min. The extracts were then dried and re-diluted in 20 µl of pentane before use.

We injected 2 µl of the extract in a 7890A Gas Chromatograph (Agilent Technologies, Santa Clara, CA, USA), equipped with an HP-5MS capillary column (30 m × 250 µm × 0.25 µm) and a splitless injector, coupled to a 5975C Mass Spectrometer (Agilent Technologies) with 70 eV electron impact ionization. The carrier gas was helium at a constant flow of 1 ml/min. The temperature program was as follows: an initial hold at 70°C for 1 min, then 70-200°C at 30°C/min, then 200-300°C at 3°C/min, then 300-320°C at 20°C/min, then hold at 320°C for 3 min. Peaks areas were integrated with the MSD ChemStation software E.02.01.1177 (Agilent Technologies).

Hydrocarbons were identified based on diagnostic ions and mass spectra and compared with entries of the mass spectral library in NIST 2014 to known standards. We calculated relative abundances of hydrocarbons as ion count proportions with respect to total ion-count in the chromatogram. Thirty-one peaks were not identified because at trace levels. These unknown hydrocarbons were used for the visual representation of proportions of different classes of cuticular hydrocarbons, but were excluded from the statistical analyses.

Statistical analyses

In general, the chemical profiles of the ants of the E. ruidum species complex consisted of large numbers of very small peaks between 23 and 37 carbon atoms. Individuals from each population had both shared and population-specific hydrocarbons, which were absent in individuals from the other populations. The high number of hydrocarbons (i.e., variables) and the high number of zeros in the whole dataset of the relative abundances (population-specific hydrocarbons absent from most populations) made most statistical analyses inappropriate. Moreover, both qualitative and quantitative data are relevant when comparing the chemical profiles of different species, especially if information (e.g., colony identity) is mainly encoded in quantitative traits (Menzel et al. 2017a). Therefore, we built a simplified chemical profile of each ant which on one side reduced the number of variables for the analyses, and on the other included quantitative compositional data. For this, we grouped the hydrocarbons with the same carbon-chain length (i.e., same number of carbon atoms) by class as described by [START_REF] Elmes | Interspecific differences in cuticular hydrocarbon profiles of Myrmica ants are sufficiently consistent to explain host specificity by Maculinea (large blue) butterflies[END_REF]. For each chain length between 23 and 37 carbon atoms, we calculated the total percentage of n-alkanes, alkenes, alkadienes, methylalkanes and dimethylalkanes. The simplified chemical profiles contained 53 variables with a maximum of 5 variables per chain length (e.g., for the chain length of 25 carbon atoms, we calculated the percentage of n-C25, C25:1, C25:2, methyl-C25, dimethyl-C25 and so on for any chain length). We used the simplified chemical profiles for all statistical and exploratory analyses.

We made detailed statistical analyses of the E. ruidum sp. 3-4 from Mazunte, Puerto Escondido and Piedras Negras (Oaxaca, n = 40 ants, with at least two colonies per population). In order to investigate the amount of chemical variation among these ants we analyzed nine different traits in their cuticular chemical profiles: 1-2) NMDS scores (axis 1 and 2); 3) median chain length; 4-8) proportion of hydrocarbon classes and 9) overall proportion of hydrocarbons with an odd number of carbon atoms.

The nine traits were calculated as follows.

The NMDS scores were obtained by performing a non-parametric, descriptive analysis running Nonmetric Multidimensional Scaling (NMDS). We ran a NMDS whose scores were used to perform a further analysis (see below). In this analysis, we used the Bray-Curtis distance measures of the relative abundance of the (untransformed) simplified ant chemical profiles. We calculated the median chain length by computing the percentage of hydrocarbons for each chain length and we identified the median chain length as the lowest chain length where the cumulative sum of percentages was  50% [START_REF] Menzel | Tolerance requires the right smell: first evidence for interspecific selection on chemical recognition cues[END_REF]Menzel et al. 2017a;Menzel F. pers. comm.). We also determined the proportion of odd-chain (vs even) hydrocarbons in the chemical profile. Finally, we summarized the variation in the chemical profile of E. ruidum sp. 3-4 by entering the following traits in a Principal Component Analysis (PCA, variables standardized via correlation matrix, Varimax rotation): NMDS scores for axes 1 and 2, median chain length, proportion of the five hydrocarbon classes and overall proportion of odd-chain hydrocarbons.

We tested for differences in each chemical trait separately and in the PCs summarizing the E. ruidum sp. 3-4 ant chemical variation by running Generalized Linear Mixed Models (GLMMs) for normally distributed data (identity link), where traits were the response variables, population was the fixed factor and colony the random factor to account for the nonindependence of data from ants of the same origin.

We performed a second NMDS on the complete dataset (n = 130 ants from the 11 populations) to explore the amount of chemical variation within the whole E. ruidum species complex (Bray-Curtis distance measures of the relative abundance of the simplified cuticular profiles). The small number of colonies sampled per population did not allow for statistical analyses on this data set.

All statistical analyses were conducted with the software IBM SPSS version 23. The NMDS was performed in PAST (Paleontological Statistics, version 3.25) [START_REF] Hammer | PAST: Paleontological statistics software package for education and data analysis[END_REF]. If not stated otherwise, descriptive values are given as mean ± standard errors.

Results

Species assignation

The phylogram derived from the ML analysis is given in Supplementary Material 1. Based on the clades that were recovered and on our morphological examination, we could not assign ant workers from Cozoaltepec, Punto 3 and Río Grande neither to E. ruidum sp. 3 nor sp.4. We therefore consider all populations from Oaxaca belonging to E. ruidum sp. 3-4 as a single putative species. Ants from Santo Domingo de Morelos were assigned to E. ruidum sp. 2. We could not assign the ants from Huaxpaltepec to any of the previously proposed putative species based on molecular data and thus we provisionally considered them as E. ruidum sp. 5. For the rest of populations, species identification is available in Table 1. 
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Chemical profile of the ants E. ruidum sp. 3-4 and median chain length

The chemical profiles of E. ruidum sp. 3-4 from Mazunte, Piedras Negras and Puerto Escondido comprised 75, 74 and 61 peaks, respectively, and they were separated in the NMDS plot (Fig. 2). Ants from Piedras Negras had variable and mainly negative values in NMDS axis 1, while those from Puerto Escondido only had positive values. While the ants from Mazunte had intermediate values in NMDS axis 1, they were fairly well differentiated from the others in the NMDS axis 2 (Fig. 2).

The median chain length of the cuticular hydrocarbons varied from 26 to 30 carbon atoms. The differences in the proportions of alkadienes, alkenes and methyl-branched alkanes were highly significant among the populations Mazunte, Puerto Escondido and Piedras Negras (alkadienes F2,37 = 3.798, P = 0.032; alkenes: F2,37 = 21.628, P < 0.0001; methyl-branched alkanes F2,37 = 18.960, P < 0.0001) (Fig. 3). In contrast, the proportions of linear alkanes and dimethyl branched alkanes did not differ significantly (linear alkanes F2,37 = 1.308, P = 0.283; dimethyl branched alkanes F2,37 = 1.810, P = 0.178).

All ants had chemical profiles extremely rich in odd-chain hydrocarbons (grand mean: 89.5% ± 0.3; Piedras Negras: 92.5 ± 0.5, Puerto Escondido: 89.5 ± 0.2, and Mazunte: 86.8 ± 0.6), but their proportions significantly differed by population (F2,37 = 30.166, P < 0.0001) (Fig. 3). There were significant differences between populations in the proportions of odd-chain
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~ 36 ~ methylalkanes (F2,37 = 18.960, P < 0.0001), alkenes (F2,37 = 21.628, P < 0.0001), alkadienes (F2,37 = 3.798, P = 0.032). There were no significant differences in the proportions of odd-chain dimethylalkanes (F2,37 = 1.810, P = 0.178) and linear alkanes (F2,37 = 1.308, P =0.283). The variation of the chemical profiles of the ants assigned to E. ruidum sp. 3-4 was summarized in two principal components that together explained 76.7% of the total variance. PC1 values (56.6 % variance explained) discriminated among the three populations (GLMM, F2,37 = 10.649, P < 0.0001). At one extreme of PC1 variation, the ants from Piedras Negras presented the highest proportions of alkenes and alkadienes (Table 2), whereas on the other extreme, ants from Puerto Escondido and Mazunte presented the highest values of NMDS axis 1 and the highest proportions of methylalkanes and dimethylalkanes (Table 2). With respect to PC2 (20.1 % variance explained), the ant profiles significantly differed by population (F2,37 = 29.032, P < 0.0001), with those from Mazunte having higher NMDS axis 2 scores and larger proportion of n-alkanes than those from Piedras Negras and Puerto Escondido (Table 2, Fig. 4).

Table . 2 Scores of the PCA factor loadings on the nine chemical traits (in bold only r > 0.700). The peaks are sorted by loading size. High loadings indicated that the trait was highly correlated with the PC.

Rotated Component Matrix

Principal 
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~ 38 ~ 12 alkadienes, 23 alkenes, 10 n-alkanes, 37 methylalkanes, 50 dimethylalkanes (Supplementary material 2). Including 31 peaks that could not be identified (unknown hydrocarbons), we had a total of 163 hydrocarbon peaks in the whole data set of E. ruidum.

The NMDS analysis performed on the simplified chemical profiles of the whole data set suggested that extensive variation might exist both within and between the putative species (E. ruidum sp. 1, sp. 2, sp. 3-4 and sp. 5) that have been proposed for the complex (Fig. 5), though no statistical analysis could be done due to the limited sample size. With respect to E. ruidum sp. 3-4, ants from Río Grande and Cozoaltepec appear as chemically distant from those of Mazunte, Puerto Escondido, Piedras Negras and Punto 3 (high negative values in NMDS axis 2). Within the E. ruidum sp. 2 samples, those from Santo Domingo de Morelos may differ from those from Coyula and Cali on the NMDS axis 1, while ants from Cali may differ from the ants of Santo Domingo de Morelos and Coyula on the NMDS axis 2. Within species, differences in chemical profiles are typically correlated to geographical distances. For example, distant populations (> 300 km) of the social wasp Polistes biglumis have more divergent chemical profiles than close ones (a few tens of km), although differences were typically quantitative [START_REF] Bonelli | Population diversity in cuticular hydrocarbons and mtDNA in a mountain social wasp[END_REF]. Our results, however, suggest that the divergence in the chemical profiles of E. ruidum sp. 3-4 might not be fully explained by geographical distance. The ants from Mazunte and Piedras Negras inhabit close geographic areas (< 10 km of distance), and were considered as a single species based on mtDNA genome data (Meza-Lázaro et al. 2018), but differences in their chemical profiles exceeds the variation usually found at the intraspecific level. Therefore, factors other than geographical distance are likely to be the drivers of chemical divergence, although conclusive evidence will need extensive population sampling and focused experiments.

Cuticular hydrocarbons are typically species-specific (Lockey and Metcalfe 1988;Drijfhout et al. 2009;[START_REF] Guillem | Species-specific cuticular hydrocarbon stability within European Myrmica ants[END_REF]. The statistically different chemical profiles within the ants from the three populations of E. ruidum sp. 3-4 therefore support the existence of cryptic diversity in the complex. Similar examples of several chemotypes identified within single putative species were found in eusocial insects as the orchid bees of the genus Euglossa (Pokorny et al. 2014), as well as the Formica japonica [START_REF] Akino | Intraspecific variation of cuticular hydrocarbon composition in Formica japonica Motschoulsky (Hymenoptera: Formicidae)[END_REF] and Crematogaster levior and Camponotus femoratus (Hartke et al. 2019) ants, where variation in the quantities of branched hydrocarbons and unsaturated compounds unveiled hidden cryptic diversity. High intraspecific diversity was also found in the ant Formica archboldi, where different populations from Florida, USA, varied considerably in the abundance of methyl-branched cuticular compounds, matching the chemical profiles of different, sympatric species of Odontomachus ants more closely than those of conspecific populations (Smith 2019), but genetic distance among F. archboldi ant populations is unknown.

Overall, the cuticular traits related to branched alkanes, alkenes and alkadienes were the most variable in E. ruidum sp. 3-4 ants. These classes of compounds likely play a major role in the recognition processes in social insects, and especially in nestmate-non-nestmate discrimination [START_REF] Dani | Deciphering the recognition signature within the cuticular chemical profile of paper wasps[END_REF]Châline et al. 2005;Lorenzi et al. 2011). For instance, Dani et al. (2001) showed that the supplementation of linear alkanes on alive social wasps of Polistes dominulus did not have aggression-eliciting effects on nestmates, whereas alkenes and methylbranched alkanes did. Linear alkanes and alkenes had similar effects in Formica exsecta ants (Martin et al. 2008), where C25:1-supplemented ants were attacked by nestmates more than n-C25-supplemented ones. Linear alkanes are likely to serve mainly as waterproofing functions [START_REF] Wagner | Task-related environment alters the cuticular hydrocarbon composition of harvester ants[END_REF]d'Ettorre and Lenoir 2010;van Zweden and d'Ettorre 2010), even if not exclusively (e.g. [START_REF] Lorenzi | Cuticular hydrocarbon dynamics in young adult Polistes dominulus (Hymenoptera: Vespidae) and the role of linear hydrocarbons in nestmate recognition systems[END_REF]). Although sampling from a larger number of colonies would have increased the statistical power of our analyses, our current results on E. ruidum sp. 3-4 show that traits related to branched alkanes, alkenes and alkadienes distinguish the three different populations, whereas linear alkanes play a minor role. While E. ruidum sp. 3-4 ants have relatively similar external morphologies, they have highly diversified chemical recognition cues, and our preliminary analyses suggest that the same might be true for other taxa within the E. ruidum complex.

Environmental factors are known to affect the expression of cuticular hydrocarbons. For instance, diet changes in Linepithema humile and Acromyrmex subterraneus subterraneus ants altered chemical profiles and affected nestmate recognition [START_REF] Buczkowski | Diet-related modification of cuticular hydrocarbon profiles of the Argentine ant, Linepithema humile, diminishes intercolony aggression[END_REF][START_REF] Richard | Food influence on colonial recognition and chemical signature between nestmates in the fungus-growing ant Acromyrmex subterraneus subterraneus[END_REF]). On the other hand, in burying beetles (Nicrophorus vespilloides), differences in diet highlighted the importance of cuticular hydrocarbons as encoders of nutritional condition and other physiological states [START_REF] Steiger | The smell of parents: breeding status influences cuticular hydrocarbon pattern in the burying beetle Nicrophorus vespilloides[END_REF]). Also, abiotic factors such as air temperature and humidity affected the cuticular lipid layer of the fly Drosophila melanogaster (Rajpurohit et al. 2016). Although focused studies would be necessary to test the effect of abiotic factors on the cuticular chemical variation of E. ruidum sp. 3-4 ants, at present, there is no indication that the diet varies significantly among the populations under scrutiny. With respect to physical climatic parameters, our data suggest that linear alkanes (the likely most important waterproofing component of cuticular hydrocarbons) do not contribute significantly to the variation between populations. However, proportion of alkenes and methyl branched alkanes can also be affected by physical environmental conditions (Menzel et al. 2017b;[START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]) making the link between function and hydrocarbon class less clear-cut.

Interspecific interactions have also been addressed as potentially relevant forces in the evolutionary change of cuticular hydrocarbons, both in quantitative and qualitative aspects. For example, living in association with other species (parabiosis) and not climatic factors may have promoted the evolution of chemical profiles characterized by longer hydrocarbons and higher proportions of branched alkenes and alkadienes among the ants of the genus Camponotus and Crematogaster [START_REF] Menzel | Tolerance requires the right smell: first evidence for interspecific selection on chemical recognition cues[END_REF]; but see [START_REF] Sprenger | Influence of mutualistic lifestyle, mutualistic partner, and climate on cuticular hydrocarbon profiles in parabiotic ants[END_REF]. Similarly, the proportion of branched hydrocarbons was larger in two populations of Polistes biglumis social wasps that were infested by Polistes atrimandibularis social parasites than in a parasite-free population, while local climatic factors did not explain this divergence [START_REF] Lorenzi | Evolutionary consequences of deception: Complexity and informational content of colony signature are favored by social parasitism[END_REF]). On a qualitative perspective, Formica fusca and Temnothorax longispinosus ant colonies from parasitized populations had higher cue diversity than non-parasitized ones [START_REF] Martin | Is parasite pressure a driver of chemical cue diversity in ants?[END_REF][START_REF] Jongepier | Ant recognition cue diversity is higher in the presence of slavemaker ants[END_REF].

Ants of the E. ruidum complex discriminate nestmates from non-nestmates, although at different extents depending on geographic location [START_REF] Breed | Thief workers and variation in nestmate recognition behavior in a ponerine ant, Ectatomma ruidum[END_REF]. However, to our knowledge no study has tested which hydrocarbons (or which hydrocarbon classes) act as recognition cues. If branched alkanes, alkenes and alkadienes are the most important recognition cues in this ant complex, as it occurs in other social insects (van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF], the need to distinguish between nestmates and non-nestmates may have been one of the most important pressures for the divergence of chemical cues among its species. Further studies and extended sampling are needed to test the link between local biotic and abiotic factors and CHC variation in this group.
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The colonies of E. ruidum reach extremely high densities [START_REF] Pratt | Recruitment and other communication behavior in the ponerine ant Ectatomma ruidum[END_REF][START_REF] Schatz | Effect of high nest density on spatial relationships in two dominant Ectatommine ants (Hymenoptera: Formicidae)[END_REF]) and these ants exhibit intraspecific thievery, where specialized individuals consistently "forage" by stealing food from neighboring colonies (Breed et al. 1990;De Carli et al. 1998;McGlynn et al. 2015). Although in some populations these ants have a relatively permissive non-nestmate acceptance threshold (Breed et al. 1990;De Carli et al. 1998;Jandt et al. 2015), high nest density and thievery might have promoted stricter acceptance thresholds in other populations. Intruder acceptance thresholds are usually plastic and are adjusted to local food availability (d'Ettorre et al. 2004;Jandt et al. 2015), as well as thievery frequency in E. ruidum ants [START_REF] Guénard | Intraspecific thievery in the ant Ectatomma ruidum is mediated by food availability[END_REF]).

E. ruidum species complex has a broad Neotropical distribution range but to our knowledge E. ruidum sp. 3-4 ants are found only in a relatively small geographic area in the state of Oaxaca. The distribution of the E. ruidum complex of closely related species (Aguilar et al. 2016 andMeza-Lazaro et al. 2018) might reflect a mosaic sympatry (sensu [START_REF] Mallet | Space, sympatry and speciation[END_REF]) and be the result of non-allopatric speciation events originating from polymorphism in recognition cues. Intraspecific parasitic interactions favor genetic divergence (e.g. Savolainen and Vepsäläinen 2003) and the maintenance of variation in recognition cues (Crozier 1986). E. ruidum ants exhibit cleptobiosis (Breed et al. 1990;De Carli et al. 1998), which is a form of parasitic interactions (Breed et al. 2012;[START_REF] Guénard | Intraspecific thievery in the ant Ectatomma ruidum is mediated by food availability[END_REF]. For the foregoing reasons, it is suggestive to draw an evolutionary scenario where high colony density and high risk of colony intrusion by intraspecific thief ants (cleptobiosis) may have promoted polymorphism in recognition cues (via disruptive selection) and this in turn may have favored genetic divergence within the species complex. This hypothesis needs to be tested in future studies exploring the association between thievery, intruder acceptance threshold and variation in cuticular hydrocarbons in different populations to explore the role of recognition cues in the speciation process.

Introduction

Communication is an important feature of animal life that allows individuals to share information and its efficiency is essential for social life (Hölldobler 1999;d'Ettorre and Moore 2008). In social insects and particularly in ants, the efficient communication system and the social organization are the primary bases for their evolutionary success; the efficient transmission of information allows them to regulate the functional division of castes, cooperate in rearing immature stages, gather food, defend the nest, explore new foraging grounds, establish territorial borders and reject foreigners [START_REF] Hölldobler | The chemistry of social regulation: Multicomponent signals in ant societies[END_REF]. Apart from chemical cues, social insects communicate by using visual, tactile, and vibro-acoustic signals, among them stridulations (Hölldobler and Wilson 1990;Hölldobler 1999;Leonhardt et al. 2016).

For stridulation production, insects use specialized devices or organs where opposite areas of the exoskeleton serve as file and scraper [START_REF] Masters | Body vibration and sound production in an insect (Atta sexdens) without specialized radiating structures[END_REF]. In ants, the stridulatory organ typically consists of a ridge (plectrum or scraper) located on the edge of the post-petiole, and a plate of arrayed ridges (pars stridens or stridulatory file) located on the upper surface of the first segment of the gaster (Hölldobler and Wilson 1990). The stridulation is produced when the gaster is raised and lowered allowing the plectrum to rub on the ridges and produce a train of pulses known as chirp (Grandi 1966, Golden and[START_REF] Hill | Mitonuclear coevolution as the genesis of speciation and the mitochondrial DNA barcode gap[END_REF]. The production of every pulse is due to the scraper's contact with one of the ridges (Tschuch and Brothers 1999;Polidori et al. 2013).

For some taxa, the study of the stridulatory organs and/or the sounds they produce revealed intra-or inter-species variation; for example, in mutillid wasps (Polidori et al. 2013), in ants such as Messor [START_REF] Grasso | The stridulatory organ of four Messor ant species (Hymenoptera, Formicidae)[END_REF] and Neoponera apicalis (=Pachycondyla) (Ferreira et al. 2010), and in some species of the Myrmicinae subfamily [START_REF] Castro | Morphology of the stridulatory organs of Iberian myrmicinae ants (Hymenoptera: Formicidae)[END_REF], underlying their potential as taxonomic tools.

Ectatomma ruidum (Roger) is a mainly Neotropical ant species that exhibits the peculiar intraspecific behavior named cleptobiosis (food thievery between neighboring colonies), and that was recently discovered to be a species complex (Aguilar-Velasco et al. 2016). Recent molecular studies have shown that some species within the complex have faced selection in molecular traits (mitochondrial DNA) (Meza-Lázaro et al. 2018). This marked genetic diversification is paralleled by a very high level of variation in cuticular hydrocarbon profiles between the species of the complex (Peña-Carrillo et al. 2020). Cuticular hydrocarbons serve as a chemical signature that conveys information about castes, task specialization, reproductive status and allow social insects to discriminate between nestmates and foreigners (Blomquist and Bagnères 2010;van Zweden and d'Ettorre 2010). In contrast to the molecular and chemical diversification of the E. ruidum species complex, morphology is relatively conserved across the species (Aguilar-Velasco et al. 2016), while knowledge about the acoustic organ morphology and characteristics of the sounds produced are scarce.

In E. ruidum, stridulations consist of sequences of pulse-trains organized in two subunits (disyllabic chirps) composed by series of pulses with opposite phases (Pavan et al. 1997). In a previous study (Pavan et al. 1997), the distress call of E. ruidum was analyzed in a limited sample of workers from a single population in the south of Mexico (state of Chiapas), at a time Chapter 3 ~ 51 ~ when the taxonomic complexity of the group and the existence of different species within the complex were unacknowledged.

If communication systems are targets of selection [START_REF] Endler | Signals, signal conditions, and the direction of evolution[END_REF], we expected that, based on the evidence that the E. ruidum species complex exhibits high variation in their chemical communication system between and within species, divergence was also apparent in acoustic signaling. Sound differences, if any, could be supported by morphometric differences in the organ used to produce the sound. To test this hypothesis, we coupled the analysis of stridulation recordings (distress call) and morphometric analyses of the stridulatory file, to test whether acoustic signals diverged between the species E. ruidum sp. 2, sp. 3-4 and the newly reported E. ruidum sp. 5.
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Materials and Methods

Collection of ants

The ants of the E. ruidum complex were collected in the states of Chiapas, Oaxaca and Quintana Roo (Mexico), and in Cali (Colombia) (Table 1); colonies from the same collection site were at least 1-2 m distant from each other. It is worth pointing that the different species of these ants cannot be distinguished in the field and that collection sites are often difficult to reach. Therefore, only after molecular or chemical investigations in the lab ants can be assigned to one of the species, making it difficult to plan the number of colonies per species and per population to collect during field trips. In particular, no replicate populations are possible for E. ruidum sp. 5, because up to now only one population has been identified (Pena-Carrillo et al 2020).

Laboratory rearing and species identification

In laboratory, all colonies were kept in artificial nests at 25 ± 1 °C, with a photoperiod of 12 h L: 12 h D and a relative humidity of 40 %, they were fed three times per week with a mixture of honey, apple and crickets, and were given with water ad libitum. 

Stridulation recording and analysis

We randomly choose 85 workers from 13 colonies of three putative species of the E. ruidum complex for the acoustic analyses (4-5 colonies per species, see Table 1).

We recorded the sounds produced by individual ants separated from their nestmates in a room isolated from environmental sounds and electric interferences; experimental conditions were the same in terms of temperature (room temperature 25 -28 °C) and humidity (40 %). To induce the distress call, we held each individual by the thorax with soft entomological forceps and placed it at 1 cm from the ultrasonic microphone for at least one minute, following Pavan et al. (1997) and Ferreira et al. (2010). Inducing the distress call and getting homogenous series of chirps was time consuming, as often E. ruidum individuals exhibited a freezing behavior in which the ants retracted their limbs and stayed immobile with their bodies hunching after disturbance (Cupul- [START_REF] Magaña | Primera observación del comportamiento defensivo por muerte simulada de la hormiga Ectatomma ruidum (Roger, 1861) (Formicidae, Ponerinae)[END_REF]. We used the ultrasonic USB microphone UltraMic 250 by Dodotronic, and the Sea Pro 2.0 software package developed by Pavan G. at CIBRA for sound recording and real-time display. All recordings were performed at 250k sampling rate with 16 bits dynamic range according to the AD converter of the microphone. After sound recording, ants were killed by freezing and kept in 95% ethanol for the analysis of the stridulatory file morphology.

For each ant we analyzed five chirps which were selected only if they were included in continuous and homogenous series of chirps, and if they presented the disyllabic structure Chapter 3 ~ 53 ~ described by Pavan et al. (1997), that is, two pulse trains with opposite phase, separated by a gap. Using the software Raven Lite (Bioacoustics Research Program, 2016), we measured the following variables: chirp duration, duration of forward phase, inter-chip duration (GAP), duration of backward phase and frequency range (intended as the upper limit of frequency range of the pulses). Then, by using the "seewave" package [START_REF] Sueur | Seewave: a free modular tool for sound analysis and synthesis[END_REF] in RStudio (Version 3.5.2), we counted the number of pulses in the forward and backward phase of the disyllabic chirps. We also calculated the total number of pulses (sum of pulses in the forward and backward phase), the chirp rate (number of chirps / second) and the average pulse rate of the forward and backward phase (number of pulses / second).

Morphometry of the stridulatory file

After the sound recording, 42 out of the 85 workers used for the acoustical analyses were dissected under a stereoscope and we took pictures of their stridulatory file with a Leica S440 Scanning Electron Microscope (SEM). For each ant, the fourth abdominal segment of the gaster containing the stridulatory organ was cleaned by submersion in distilled water in an ultrasonic bath for approximately five minutes, and then air-dried and fixed in a drop of silver plate over an aluminum stub. Once fixed, the samples were oven-dried for two to three hours at 50 °C, and coated with an 8-nm mixture of gold-palladium for being photographed with the SEM. Using the software Image J 1.51 [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]), we measured the following morphometric variables according to Ferreira et al. (2010): thorax length, total length of stridulatory file (TL), maximal width (MW), 1 st , 2 nd and 3 rd quartile widths (Q1, Q2, Q3, respectively), number of ridges and inter-ridge distance (ID) in the median portion of the stridulatory file (for data analyses, inter-ridge distance was the average of five measures).

Statistical analyses

We reduced the number of acoustic and morphologic variables by performing separate Principal Component Analyses (PCA) for acoustic and morphometric data. Then, we tested for differences in PC values between species by running Generalized Linear Mixed Models (GLMMs) for normally distributed data (identity link). In the GLMM, either the morphometric or acoustic principal components (PCs) were the response variables, and species the fixed factor; colony and population were used as random factors to account for the non-independence of data. For the GLMM on acoustic data, individual identity was also used as a random factor to account for non-independence of the measures from the same individual thus assuming a different "baseline" measure for each subject. While the statistical comparison tests assess the difference within and between individuals (or population or species), by entering a random factor in the model we also controlled for individual differences. Frequency range values were excluded from our statistical analyses due to variations mostly related to changes in the microphone / ant distance and orientation, then, only robust temporal measures were analyzed.

By combining the use of the acoustic and morphometric variables we calculated the percentage of rubbed ridges ((number of pulses x 100) / total number of ridges) and the speed of the rubbing movement (length of rubbed surface / chirp duration of forward or backward phase) for both phases. We used these data to test for variation in the sounds produced among species by Chapter 3
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Results

Acoustic traits

The characteristics of the stridulation and their variation

The stridulations produced by the ants of E. ruidum sp. 2, 3-4 and 5 were composed of sequences of chirps, each with a disyllabic structure (two opposite phases separated by a gap); each syllable consisted of a pulse train (Figure 1). Among the species, the upper frequency limit of stridulation ranged around 60-70 kHz. The acoustic traits of E. ruidum sp. 5 were distinctly variable with respect to the other species; in general E. ruidum sp. 5 had the highest mean values for all acoustic traits, while E. ruidum sp. 3-4 had the lowest values (Table 2, 3). The acoustical variation was summarized in two principal components that together explained 85.3% of total variance. PC1, which explained 66.8% of variance and significantly discriminated among species (GLMM, F2, 427 = 5.781, P = 0.003), was mainly determined by the number of pulses that composed the chirps (total number of pulses, number of pulses in the PC2, which explained 18.5% of variance, summarized the duration of chirps (total chirp duration, duration of the forward phase and of the GAP duration) (Table 4) and did not discriminate among species (GLMM, F2, 426 = 0.831; P = 0.436) (Figure 2). Chapter 3
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Variation of the sounds: the link between stridulations and morphology

During the stridulation, the percentage of ridges rubbed was highly significantly different among species (Kruskall-Wallis test: forward phase -K = 11.34, df = 2, P = 0.003, N = 37, backward phase -K = 11.83, df = 2, P = 0.003, N = 37). Pairwise comparisons indicated that the differences in the percentage of ridges rubbed by the ants E. ruidum sp.5 were significant compared to E. ruidum sp. 2 and sp. 3-4 (Forward phase rubbing -sp. 5 vs sp. 2: U = 66, P = 0.002, N = 19; sp. 5 vs sp. 3-4: U = 89, P < 0.0001, N = 23; Backward phase rubbing -sp. 5 vs sp. 2: U = 63, P = 0.007, N = 19; sp. 5 vs sp. 3-4: U = 87, P < 0.0001, N = 23; these differences were still significant after correcting for multiple comparisons) (Figure 3). In comparison to E. ruidum sp. 2 and sp. 3-4, the ants E. ruidum sp. 5 produced chirps at the lowest rate because they rubbed a higher percentage of ridges (approximately the double) thus producing at least 50% more pulses (Table 2). Ants E. ruidum sp. 2 and sp. 3-4 rubbed a similar percentage of ridges (Forward phase rubbing -U = 113, P = 0.639, N = 32; Backward phase rubbing -U = 84, P = 0.116, N= 32) (Tables 2 and3, Figure 3). The three species stridulated at similar speed (K = 3.496, df = 2, P = 0.174, N = 37, backward phase -K = 5.557, df = 2, P = 0.062, N = 37). 

Morphometric traits

In all three species of the E. ruidum complex the stridulatory file was located at the anterior edge of the first gastral segment of the abdomen (Figure 4).

The PCA performed on the morphological traits of the stridulatory file (Table 5) summarized the overall variation in two principal components that together explained 67.4 % of total variance. PC1 (41 %) was mainly related to the variation in the width of the stridulatory file Chapter 3
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Discussion

Our results show that E. ruidum sp. 5, the new putative species recently reported by Peña-Carrillo et al. ( 2020), produces a distress call that differs from the closely related species E. ruidum sp. 2, and sp. 3-4. To our knowledge, the acoustic differentiation might rely mainly in in the way ants produce the sound (percentage of ridges rubbed by the plectrum during its movement), due to the similarity in the morphological traits of the stridulatory files. However, although the difference in the acoustical traits is clear, the lack of morphological differences of the stridulatory file between the species may need further investigations.

Ant stridulations are involved in different behaviors. Solenopsis richteri ants stridulate when they are alarmed, when they attack or are stressed (e.g. stress induced by holding the body of the ants) (Hickling and Brown, 2000). In Atta cephalotes, workers use a distress call to attract nestmates in rescue behavior when they are trapped under the soil (Markl, 1965); to attract ants of other castes to fight against parasites, and to recruit nestmates when cutting leaves to provision the colony fungi [START_REF] Roces | Stridulation in leaf cutting ants[END_REF]Hölldobler, 1999). In velvet ants, distress calls have been interpreted as warning signals against predators (Wilson et al. 2012[START_REF] Wilson | Comparison of African and North American velvet ant mimicry complexes: another example of Africa as the 'odd man out[END_REF][START_REF] Pan | Are diurnal iguanian lizards the evolutionary drivers of New World female velvet ant (Hymenoptera: Mutillidae) Müllerian mimicry rings?[END_REF], and a possible role in intra-specific communication has been mentioned (Torrico-Bazoberry and Muñoz 2019). In E. ruidum, stridulations may serve as a modulatory signal enhancing short-range recruitment of nestmates during collective strategies of prey retrieval (Schatz et al. 1997), although focused experiments are needed to confirm this hypothesis.

According to Tschuch and Brothers (1999), non-resonant structures as the stridulatory organ serve for short-range intra and interspecific communication; however, their sound power level might not be strong enough to be effective over a distance.

In the event that E. ruidum sp. 5 lived in sympatry with other species of the complex, its distress call could reflect divergent selection faced by the species in the presence of another species, although the benefit of producing species-specific distress calls might be argued. Up to now, whether E. ruidum sp. 5 is sympatric with other species of the complex is unknown. Additionally, we do not know whether the different species use soils with different characteristics to build their nests. Indeed, stridulations produce vibrations that can diverge because of the characteristics of the microhabitat were insects live (Crocoft and Rodriguez 2005).

Acoustic signaling has been used as a means to distinguish species because calls have emerged as species-specific in different groups of insects, such as homopterans [START_REF] Claridge | Acoustic signals in the Homoptera: behavior, taxonomy and evolution[END_REF], lacewings [START_REF] Henry | Hidden taxonomic diversity within Chrysoperla plorabunda (Neuroptera: Chrysopidae): two new species based on courtship songs[END_REF], flies [START_REF] Ritchie | Rapid evolution of courtship song pattern in Drosophila willistoni sibling species[END_REF], beetles [START_REF] Kasper | Stridulation in Aphodius dung beetles: Songs and morphology of stridulatory organs in North American Aphodius species (Scarabaeidae)[END_REF] and ground crickets [START_REF] Tan | Inferring species boundaries using acoustic and morphological data in the ground cricket genus Gymnogryllus (Orthoptera: Grylloidea: Gryllinae)[END_REF]. For all these taxa, sound variation reflected selection on calls serving crucial communication functions, such as courtship calls.

For instance, [START_REF] Kasper | Stridulation in Aphodius dung beetles: Songs and morphology of stridulatory organs in North American Aphodius species (Scarabaeidae)[END_REF] studied the behavioral context and acoustic structure of calls produced by different species of Aphodius bettles, as well as the morphology of their stridulatory organs. They found that the beetles produced calls when they were disturbed, and that males produced species-specific calls when they encountered females in an experimental dung arena; the stridulatory organs of the beetles also presented species-specific morphology.
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In coevolutionary relationships, calls used for acoustic mimicry are also species-specific, as reported in lycaenid butterflies among which some species spend their larval stages as parasites in ant nests. [START_REF] Riva | The acoustic repertoire of lycaenid butterfly larvae[END_REF] studied the acoustic repertoire of parasitic and non-parasitic lycaenid larvae and found that typically all species produced species-specific calls and that the calls of parasitic species revealed their association with different species of host ants. That is, the calls of parasitic species had a higher number of harmonics which overlapped their hosts' frequency range, which in turn potentially increased their chances to stimulate host ant receptors and get food from the ants.

The analysis of distress calls has also been useful to reveal inter-specific variation. For example, Polidori et al. ( 2013) compared the distress calls and morphology of the stridulatory file of European velvet ants from different subfamilies and genera. They found acoustic differences between the species, but statistics for all the studied species weakly supported the speciesspecific association of sound variation with morphological variance. [START_REF] Carlos | Bioacoustics of Trachymyrmex fuscus, Trachymyrmex tucumanus and Atta sexdens rubropilosa (Hymenoptera: Formicidae)[END_REF] analyzed the stridulations and the stridulatory file of the workers from three species of Attini ants and reported that the chirps' duration was species-specific. Their study demonstrated stridulations as an efficient taxonomic tool for species identification in the Attini tribe. Distress calls are useful taxonomic tools for cryptic species delimitation. By studying a set of cryptic species within the Neoponera apicalis complex, Ferreira et al. (2010) found that the calls of sympatric species differed from each other, probably because of their sympatric interactions. In addition, in combination with the distress calls, the analysis of the stridulatory file and mitochondrial DNA sequences highlighted the cryptic species (Ferreira et al. 2010).

In comparison to the species of the N. apicalis complex, up to now there is no evidence whether the species of E. ruidum are sympatric, but populations of the different species live close geographically. Yet, there seems to be no clear association between geographic distance and sound differentiation. According to Aguilar-Velasco et al. ( 2016), E. ruidum sp. 2 and sp. 3-4 are located at fewer than 25 km of distance from each other, and the current results show that their stridulations did not differ significantly. In contrast, E. ruidum sp. 2 and sp. 3-4 stridulations differed from that of E. ruidum sp. 5, whose colonies were located within the distribution range of E. ruidum sp. 3-4 (with the closest population separated by ~ 60 km), and close to a population of E. ruidum sp. 2 (located less than 20 km away, Peña-Carrillo et al.

2020).

In some insects, morphological structures for sound production differ more than sounds between species [START_REF] Schmitt | Stridulation in leaf beetles (Coleoptera, Chrysomelidae)[END_REF][START_REF] Schmitt | Morphological and bioacoustic aspects of stridulation in Criocerinae (Coleoptera Chrysomelidae)[END_REF] while in other cases, the opposite was suggested. For example, like our results suggest, [START_REF] Grasso | The stridulatory organ of four Messor ant species (Hymenoptera, Formicidae)[END_REF][START_REF] Grasso | Stridulation in four species of Messor ants (Hymenoptera: Formicidae)[END_REF] found that the stridulations produced by the different castes of Messor ants varied not because of morphometry, but because of the way the ants produce the sound, like the speed of the movement and the duration of the gaps between phases in the chirps. The stridulation of the ant Neoponera apicalis (previously referred as Pachycondyla apicalis) is produced by the rubbing of stridulatory file only in one direction of the movement, while the contact is avoided during the return movement (Pavan et al. 1997). While in the study by [START_REF] Grasso | Stridulation in four species of Messor ants (Hymenoptera: Formicidae)[END_REF] the different sounds were produced by different castes, in E. ruidum they were all produced by workers, but
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Although the limited sampling used for morphological analyses did not allow us to detect any significant variation in the structure of the stridulatory file, the combination of acoustic and morphological traits generated inter-specific variation in E. ruidum stridulation. Furthermore, the same acoustic traits that discriminated E. ruidum sp. 5 from the other species (this study) also discriminated between cryptic species of Neoponera ants (namely chirp duration, the number of pulses and velocity of the rubbing movement) (Ferreira et al. 2010), supporting the use of acoustic traits in integrative taxonomic studies. In fact, diverse taxa can be diagnosed through their acoustic production. For example, birds produce distinct songs which allow species identification, even when they are otherwise very similar morphologically [START_REF] Rheindt | DNA evidence shows vocalizations to be a better indicator of taxonomic limits than plumage patterns in Zimmerius tyrant-flycatchers[END_REF][START_REF] Mahoney | Song but not plumage varies geographically among willow flycatcher Empidonax traillii subspecies[END_REF], and sound production is used to identify species in marine mammals [START_REF] Oswald | A tool for real-time acoustic species identification of delphinid whistles[END_REF]Bauman-Pickering et al. 2013;[START_REF] Lin | Passive acoustic monitoring on the seasonal species composition of cetaceans from marine cable hosted observatory[END_REF], and in insects such as crickets and katydids [START_REF] Lehmann | Baseline data for automated acoustic monitoring of Orthoptera in a Mediterranean landscape, the Hymettos, Greece[END_REF][START_REF] Brizio | Beyond the audible: wide band (0-125 kHz) field investigation on Italian Orthoptera (Insecta) songs[END_REF]Mc Neil and Grozinger 2020). In ants the examples are less common (Ferreira et al. 2010), but do exist.

In the E. ruidum, a striking divergence was found in the olfactory cues that play a significant role in nestmate discrimination (cuticular hydrocarbons) in most of the populations of the species complex, including E. ruidum sp. 5 [START_REF] Peña-Carrillo | Highly divergent cuticular hydrocarbon profiles in the cleptobiotic ants of the Ectatomma ruidum species complex[END_REF]). Furthermore, in E. ruidum sp. 5, the phylogenetic tree based on mitochondrial sequences supported its differentiation from the species E. ruidum sp. 2 and 3-4 (Peña-Carrillo et al. 2020). Therefore, differentiation in the acoustical characteristics of the distress call of E. ruidum sp. 5 could be expected in a scenario where the communication system of this species was under higher diverging selection pressure than those of E. ruidum sp. 2 and sp. 3-4. However, studies including all the species of the complex are needed to know whether the variation of the distress call is exclusive to E. ruidum sp. 5.

Whatever the causes of the divergence of the distress call of E. ruidum sp. 5 from that of E. ruidum sp. 2 and sp. 3-4, these results highlight that E. ruidum sp. 5 differs not only chemically and genetically [START_REF] Peña-Carrillo | Highly divergent cuticular hydrocarbon profiles in the cleptobiotic ants of the Ectatomma ruidum species complex[END_REF]), but also acoustically. Adding evidence that this taxon evolved separately from the other species of the complex, these results offer another example of selection pressures acting on the communication system of ants. 

4.

Species diversification of the

Abstract

Ectatomma ruidum is perhaps the most widely distributed ant taxon in the Ectatomma genus, as it occurs in a wide range of habitats in the Neotropics. Its taxonomic complexity, peculiar behavior and the presence of heteroplasmy in some of its populations make this group interesting from an evolutionary point of view. The aim of our study was to integrate genomewide screening, barcoding sequences and cuticular hydrocarbon analyses to untangle the phylogenetic relations between the multiple species identified within this species complex and to infer their taxonomic boundaries. We focused on populations that inhabit the southern Sierra Madre of Mexico and also referred to the influence of heteroplasmy on its speciation process. Specifically, we coupled DNA sequence information gathered via two reduced genome representation techniques (3RAD and Ultra Conserved Elements -UCEs), data obtained both from a large data set of a mitochondrial DNA (COI gene) and cuticular hydrocarbon analyses.

Our results allow to delimitate at least five different species within the complex and to separate species that in past studies merged because of the presence of a secondary fast evolving lineage (heteroplasmy). Also, the strong correlation between genetic and chemical distances suggests that cuticular hydrocarbons may have had a role in the diversification of the species complex. These results add to the complexity and variety of mechanisms that promote speciation and biodiversity.

Introduction

The species is considered as the fundamental unit in evolutionary biology but this concept has been strongly debated since decades (de Quieroz 2007). One of the many definitions considers species as groups of organisms that are diagnosable distinct, cohesive or exclusive, and reproductively isolated [START_REF] Harrison | Hybridization, introgression, and the nature of species boundaries[END_REF]. Then, speciation can be defined as the origin of reproductive barriers among populations that permit the maintenance of genetic and phenotypic distinctiveness of these populations in geographical proximity [START_REF] Seehausen | Genomics and the origin of species[END_REF]. A long maintained idea about reproductive isolation is that it could only happen between populations that were spatially isolated [START_REF] Boomsma | Evolution: Sympatric speciation the eusocial way[END_REF] and therefore, allopatric speciation has been considered the most common and plausible mode (Coyne & Orr 2004, p. 142). However, sometimes adaptive radiations do not coincide with phylogeographic splits associated with hard dispersal barriers (Wollenberg-Valero et al 2019). In such cases, the consideration of intrinsic factors may help to explain the patterns of distribution and species divergence [START_REF] Seehausen | Genomics and the origin of species[END_REF].

Speciation driven by intrinsic barriers often result from epistatic incompatibilities [START_REF] Presgraves | The molecular evolutionary basis of species formation[END_REF][START_REF] Seehausen | Genomics and the origin of species[END_REF]. Intrinsic reproductive barriers can be initiated either by the evolution of genetic incompatibilities, through genetic drift, as an indirect consequence of selection, or through genomic conflict [START_REF] Seehausen | Genomics and the origin of species[END_REF]. One proposed mechanism at the origin of reproductive barriers initiated by genomic conflict is the evolution of incompatibilities in co-functioning mitochondrial (mt) and nuclear genes [START_REF] Gershoni | Mitochondrial bioenergetics as a major motive force of speciation[END_REF][START_REF] Lane | On the origin of barcodes[END_REF][START_REF] Chou | Speciation through cytonuclear incompatibility: insights from yeast, and implications for higher eukaryotes[END_REF][START_REF] Burton | A disproportionate role for mtDNA in Dobzhansk-Muller incompatibilities?[END_REF][START_REF] Crespi | Conflictual speciation: species formation via genomic conflict[END_REF][START_REF] Hill | Mitonuclear coevolution as the genesis of speciation and the mitochondrial DNA barcode gap[END_REF].

In eukaryotes, mitochondria are predominantly inherited from the maternal gamete, even in unicellular organisms [START_REF] Birky | Uniparental inheritance of mitochondrial and chloroplast genes: mechanisms and evolution[END_REF][START_REF] Sato | Maternal inheritance of mitochondrial DNA by diverse mechanisms to eliminate paternal mitochondrial DNA[END_REF][START_REF] Radzvilavicius | Sexual conflict explains the extraordinary diversity of mechanisms regulating mitochondrial inheritance[END_REF].

Combination of a nuclear genome with an alien mitochondrial can result in inter-specific hybrids that display so-called cytoplasmic incompatibilities [START_REF] Grun | Cytoplasmic Genetics and Evolution[END_REF]. Such incompatibilities can create hybridization barriers and contribute to speciation [START_REF] Hill | Mitonuclear ecology[END_REF][START_REF] Hill | Mitonuclear coevolution as the genesis of speciation and the mitochondrial DNA barcode gap[END_REF][START_REF] Hill | Reconciling the Mitonuclear Compatibility Species Concept with Rampant Mitochondrial Introgression[END_REF]. This hypothesis predicts that the mt genotype will be functionally distinct between species and that introgression of mt genomes will be prevented by mitonuclear incompatibilities that arise when heterospecific mt and nuclear genes attempt to cofunction to enable aerobic respiration (Hill 2017(Hill , 2018[START_REF] Hill | Reconciling the Mitonuclear Compatibility Species Concept with Rampant Mitochondrial Introgression[END_REF][START_REF] Sloan | Cytonuclear integration and co-evolution[END_REF].

At the phenotypic level, communication signals play an important role in species identification and may contribute to or even drive reproductive isolation (Bradbury and Vehrencamp 2011).

In insects, chemical communication plays a major communicative role, and among the different compounds, cuticular compounds have been the focus of a huge amount of studies, especially in social insects (Blomquist and Bagnères 2010;[START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]. Cuticular hydrocarbons are expressed on the insect's cuticle and are essential to prevent desiccation; secondarily, they have evolved communication roles such as nestmate/non-nestmate discrimination, information about caste, task specialization, etc. (Blomquist and Bagnères 2010;van Zweden, d'Ettore 2010). Cuticular hydrocarbons are also involved in discrimination between species (Blomquist & Bagnères 2010;[START_REF] Adams | The evolution of species recognition labels in insects[END_REF][START_REF] Chung | Wax, sex and the origin of species: Dual roles of insect cuticular hydrocarbons in adaptation and mating[END_REF] and have been used as taxonomic tools, for instance, to detect morphologically similar but
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The ant genus Ectatomma Smith, 1858 (Ectatomminae) currently includes 15 valid species with mainly Neotropical distribution (https://www.antweb.org/notLoggedIn.jsp; 1st of April 2020). Of all the described species, Ectatomma ruidum (Roger) is perhaps the most frequent and widely distributed. This species was originally described from different sites in Brazil, Cayenne (French Guiana) and Colombia [START_REF] Roger | Die Ponera-anrtigen Ameisen[END_REF], though its type locality was subsequently restricted to Colombia (Kugler and Brown, 1982). Currently, E. ruidum is known to be distributed from northern Mexico in the state of Tamaulipas to central Brazil, as well as in some Caribbean islands (Aguilar-Velasco, et al., 2016; https://www.antweb.org). E. ruidum occurs in a wide range of habitats from the sea level to up to 1600 m of elevation (Kugler and Brown 1982;[START_REF] Santamaría | Nest distribution and food preferences of Ectatomma ruidum (Hymenoptera: Formicidae) in shaded and open cattle pastures of Colombia[END_REF].

From an evolutionary point of view, E. ruidum is a particular and an interesting species because of its taxonomic complexity and because of the presence of heteroplasmy up to now known to occur only in certain populations. By analyzing external morphological traits and DNA sequences (nuclear and mitochondrial DNA), Aguilar-Velasco et al. ( 2016) identified four evolutionary lineages and a presumably hybrid population and assigned them to separate species. By performing next generation sequencing techniques, Meza et al. ( 2018) documented that the mitochondrial genome of the species E. ruidum spp. 3, 4 and the putative hybrids presented extensive heteroplasmy (i.e., the presence of a secondary mitochondrial lineage in a single individual, Magnacca and Brown 2010), which suggested these three lineages might correspond to only a single species with a complex evolutionary history.

At the phenotypic level, investigations highlighted large divergence between lineages in the E. ruidum species complex. Peña-Carrillo et al. ( 2021) documented broad divergence in cuticular hydrocarbons, the chemical cues that are used in nestmate discrimination. Additionally, acoustic traits of the the distress call differ significantly among certain lineages of this species (Chapter 3; Peña-Carillo et al. submitted).

The high phenotypic variation documented in the species complex unveiled traits that might have been the target of selection, and raises the question about the drivers of divergence involved in the species diversification of this ant complex, for which species boundaries remain unclear.

Integrating molecular and phenotypic data and using different methodologies is widely accepted as a valid and effective approach for delimiting species (Dayrat, 2005;Will et al. 2005;Schlick-Steiner et al., 2010;Pante et al., 2014). Integrative taxonomy has provided statistical rigor for species delimitation, validation of candidate species, and assignment of individual specimens to a given species group, and has improved the detection of cryptic diversity and the inference among species relationships [START_REF] Leaché | Bayesian species delimitation in West African forest geckos (Hemidactylus fasciatus)[END_REF]Schlick-Steiner et al., 2010;[START_REF] Edwards | Species detection and individual assignment in species delimitation: can integrative data increase efficacy?[END_REF]Leavitt et al., 2015).
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Here, we have integrated genome-wide screening, barcoding sequences and cuticular hydrocarbon analyses to provide a robust test of species diversification within the E. ruidum species complex. We focus on populations that inhabit the southeast of Mexico and also referred to the influence of heteroplasmy on the speciation process. Specifically, we combine DNA sequence information generated with two reduced genome representation techniques, 3RAD [START_REF] Bayona-Vásquez | Adapterama III: Quadruple-indexed, double/triple-enzyme RADseq libraries (2RAD/3RAD) PeerJ[END_REF] and Ultra Conserved Elements (UCEs; Faircloth et al., 2012;[START_REF] Faircloth | Identifying conserved genomic elements and designing universal bait sets to enrich them[END_REF], together with data obtained both from a large data set of a sequence fragment of the Cytochrome oxidase I (cox1) mitochondrial DNA gene (Barcoding locus; [START_REF] Hebert | Barcoding animal life: cytochrome c oxidase subunit 1 divergences among closely related species[END_REF] and cuticular hydrocarbon analyses.

Material and methods

Taxon sampling

Our taxon sampling varied according to the data source examined, though in all cases we included representative specimens of the four putative species that were proposed by Aguilar-Velasco et al. (2016) For the cuticular hydrocarbon (CHC) analyses, we collected workers from several colonies per locality, and analyzed the chemical profiles of 5-10 individuals per colony (n = 211). A list with the specimens examined for the different data sources, their taxon assignment, geographic origin and DNA voucher and Genbank accession numbers are reported in the supplementary material (Table S1).

DNA sequencing protocols and assembly procedures

All specimens were preserved in 96% ethanol until they were processed in the laboratory for DNA sequencing. We extracted total genomic DNA from the whole specimens using the EZ-10 Spin Column Genomic DNA Minipreps kit (BIO BASIC®, Toronto, Canada) and quantified it using the Qubit fluorometer system (High Sensitivity DNA kit, Life Technologies Inc., Carlsbad, CA, USA). For COI amplification, we followed the procedure described in Aguilar-Velasco et al. ( 2016), and used 1:10 and 1:30 dilutions of DNA template.

We generated wide-genome data with the 3RAD method, which uses three restriction enzymes, two for the construction of dual-digest RADseq libraries and a third that cuts apart adapterdimers formed by the phosphorylated adapter, thus increasing the efficiency of adapter ligation [START_REF] Glenn | Adapterama III: Quadruple-indexed, triple-enzyme RADseq libraries for about $1 USD per Sample (3RAD)[END_REF]. We digested 250 ng of the extracted genomic DNA for each sample using the restriction enzymes XbaI and EcoRI-HF (New England Biolabs; Beverly, MA, USA), which leave different sticky ends, and NheI (New England Biolabs; Beverly, MA, USA), used to digest iTru adapter dimers. We ligated double-stranded iTru R1 and iTru R2.1 adapters onto each fragment of DNA, and then ran a short PCR cycle (13 -15 cycles) with the iTru5 and iTru7 primers obtained from Adapterama [START_REF] Glenn | Adapterama I: Universal stubs and primers for thousands of dual-indexed Illumina libraries (iTru & iNext)[END_REF]. The resulting libraries were sizeselected in a broad window (200-800 bp) and sequenced at the GSL facilities at Berkeley each pool). We enriched each pool using the bait set ('ant-specific hym-v2') [START_REF] Branstetter | Phylogenomic Insights into the Evolution of Stinging Wasps and the Origins of Ants and Bees[END_REF], which has 9,446 custom-designed probes (MYcroarray, Inc.) targeting 2,524 UCE loci plus 452 baits targeting 16 commonly sequencedexons. The enriched library quality was verified using an Agilent TapeStation 2200 (Agilent Tech). We sent pools to either the University of Utah genomics core facility on an Illumina HiSeq 2500 instrument (PE150) or the Georgia Genomics Facility at the University of Georgia, Athens, USA, on an Illumina NextSeq v2300 (PE150). The sequencing facilities demultiplexed and converted raw data from BCl to FASTQ.

We used the program PHYLUCE version 1.5.0 and its subprograms [START_REF] Faircloth | PHYLUCE is a software package for the analysis of conserved genomic loci[END_REF] for assembly and alignment of the UCE data. We cleaned and trimmed raw reads using ILLUMIPROCESSOR [START_REF] Faircloth | illumiprocessor: a trimmomatic wrapper for parallel adapter and quality trimming[END_REF]. The cleaned and trimmed reads were assembled de novo using the program ABySS version 1.3.6 [START_REF] Simpson | ABySS: a parallel assembler for short read sequence data[END_REF]. We mapped the assembled contigs to the hym-v2 bait database to identify individual UCE loci, remove paralogs and generate a list of shared UCE loci. We sorted out data by locus and aligned each one with the program MAFFT version 7.130b [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: improvements in performance and usability[END_REF]. The resulting alignments were filtered and trimmed with the program Gblocks version 0.91b [START_REF] Castresana | Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis[END_REF][START_REF] Talavera | Improvement of phylogenies after removing divergent and ambiguously aligned blocks from protein sequence alignments[END_REF], and removed loci that had data for less than 100% taxa. We used the 100% filtered matrix for most analyses, but evaluated the number of loci that were present in matrices filtered to have 75, 80, 90, 95 % taxon occupancy (Table X).

We also followed the Tutorial II: Phasing UCE data (https://phyluce.readthedocs.io/en/latest/tutorial-two.html) to call for SNPs. This tutorial derives from the procedure described by Andermann et al.

(2018) (https://doi.org/10.1093/sysbio/syy039). The above workflow requires of individual-specific "reference" that can be aligned against raw reads. We used edge-trimmed exploded alignments as reference contigs, aligned raw reads to them, and used the exploded alignments and raw reads to phase the data. We exploded the edge trimmed alignments to create separate FASTA files for each sample using phyluce_align_explode_alignments. We used bwa mem to map the fastq read files against the contig reference database for each sample. We sorted the reads within each bam file into two separates bam files using phyluce_snp_phase_uces. We built three final matrices based on filtering UCE loci for three different levels of taxon occupancy (% of taxa required to be present in each locus): 85%, 90%, and 100%. UCE matrices included four males, since hymenopteran males are generally haploid. Male samples were phased in the same way than worker (female) samples, from which we only expected homozygous loci.

Phylogenetic analyses and haplotype network reconstruction

3RAD. We conducted a Bayesian phylogenetic analysis with the program ExaBayes v.1.5 [START_REF] Aberer | ExaBayes: massively parallel Bayesian tree inference for the whole-genome era[END_REF]. Analyses were run using the generalized time-reversible model (GTR+G) and five independent MCMC chains of 1,000,000 generations each. The first 100,000 trees (10%) were discarded as burn-in for each MCMC run prior convergence (i.e. when maximum discrepancies across chains <0.1). We assessed burn-in, convergence among runs and run performance examining the resulting parameter files with the program TRACER v1.6.0 [S16] and, we computed consensus trees using the consense utility implemented in ExaBayes.
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~ 78 ~ UCEs. We performed a ML three for which we conducted concatenated matrix analyses with the program RAxML v8 (Stamatakis, 2014), and performed the best tree plus rapid bootstrap search ('-f a' option) and 200 bootstrap replicates. We used the GTR+Γ model of sequence evolution (best tree and bootstrap searches) and analyzed all the concatenated matrices partitioned by locus. We selected the best scheme partition with the program PartitionFinder version 2 [START_REF] Lanfear | PartitionFinder 2: New Methods for Selecting Partitioned Models of Evolution for Molecular and Morphological Phylogenetic Analyses[END_REF] based on the Bayesian Information Criterion (BIC) and the rcluster option, which is more appropriate for larger data sets.

For species tree estimation, we generated gene trees for the matrix with 100% phased loci alignments with the program RaxML with 200 bootstrap replicates. We calculated species tree support with 200 multi-locus bootstrap replicates [START_REF] Seo | Calculating bootstrap probabilities of phylogeny using multilocus sequence data[END_REF]. All 3RAD and UCEs phylogenetic analyses were run on the CIPRES Web Portal (Miller et al., 2010).

COI. With the mtDNA sequences we constructed a parsimony network using the TCS method [START_REF] Clement | TCS: estimating gene genealogies[END_REF]. This methodology allowed us to visualize genelogical information at shallow divergence levels; additionally TCS recovers accurate population-scale phylogeographic patterns even when genetic differentitation is low (Perez-Moreno et al. 2017). The haplotype network was generated with the software PopArt [START_REF] Leigh | PopART: full feature software for haplotype network construction[END_REF].

Demographic and species delineation analyses

3RAD. To test if some individuals might be of hybrid origin and assigned to different genetic clusters, we used the program STRUCTURE v.2.3.4 (Pritchard et al., 2000) for the 3RAD data, which is implemented in the ipyrad.analysis toolkit (https://ipyrad.readthedocs.io/analysis.html). We used the 98_33 matrix (clustering threshold=98 and min_sample_locus = 33, without outgroup) to perform an individual-based Bayesian clustering analysis. We used an admixture model with correlated frequencies and assessed values of population differentiation (K) in 15 independent runs for K between 2 and 8. All runs were conducted for 1 million MCMC iterations with a burn-in of 250,000. Figures were generated based on the iterations with the highest posterior probability. We selected the K value based on the highest average value of the likelihood [LnP(D)] obtained [START_REF] Evanno | Detecting the number of clusters of individuals using the software structure: a simulation study[END_REF].

Genetic distances

We calculated genetic distances for the four data sets: two for the reduced genome representation techniques (3RAD and UCEs) and two for the COI sequences (primary and secondary haplotype matrices, see Meza-Lázaro et al. 2018). COI matrices were computed using population average distance per species, and in the case of the 3RAD sequences genetic distances were only calculated using all variable sites per locus (matrix 98: 33). All genetic distances were calculated using the software Mega X [START_REF] Kumar | MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms[END_REF].
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Chemical distances based on cuticular hydrocarbon analyses

A thoroughly analysis of the cuticular hydrocarbons of E. ruidum ants was recently published [START_REF] Peña-Carrillo | Highly divergent cuticular hydrocarbon profiles in the cleptobiotic ants of the Ectatomma ruidum species complex[END_REF]) of which we extracted the chemical data (Table S1). In the current analysis, we expanded population samples and included two new populations, Puerto Morelos (E. ruidum sp. 2) and Cuatode (E. ruidum sp. 4) which were not included in the previous analyses. Cuticular extractions were performed as in Peña-Carrillo et al. (2020) (see Table S1).

We calculated the chemical distances between individuals by using Bray-Curtis distances as the dissimilarity measures based on the relative abundances of the simplified chemical profile of the ants (i.e., obtained by merging the percentages of hydrocarbons with the same carbonchain length by class, see [START_REF] Peña-Carrillo | Highly divergent cuticular hydrocarbon profiles in the cleptobiotic ants of the Ectatomma ruidum species complex[END_REF]. Then, we calculated the chemical distances between populations (centroids) and used them to obtain a hierarchical cluster dendrogram using the Primer 6 & Permanova + software (Primer -E Ltd).

We performed Mantel tests based on Pearson's product-moment correlation with a maximum of 999 permutations to correlate chemical, genetic and geographic distances of populations of the different species of the E. ruidum complex. Mantel tests were performed with the Vegan package [START_REF] Oksanen | vegan: Community Ecology Package. R package version 2[END_REF] in R studio (Version 3.5.2).

Results

Genome-wide data

The samples included in the 3RAD data set had from 75,193 to 100,7069 reads, and the generated matrices from 896 to 8,731 loci. The outgroup, E. tuberculatum, shared with the ingroup from 1,764 to 5,496 loci (98-15-io and 94-15-io matrices, respectively). The generated matrices derived from the unphased UCE data, on the other hand, had from 642 to 2,196 loci and from 508,859 to 1,817,455 characters in the matrices with 100 and 75% taxon occupancy, respectively. The phased UCE matrices had considerably less loci than the matrices with unphased data (85%= 737 loci, 100%= 390 loci). However, phased matrices contained more parsimoniously informative sites. SNP codification as a binary matrix for the UCE data showed the presence of heterozygous loci in the male samples. Those heterozygous sites actually exist in the nucleotide alignments.

Phylogenetic analyses and haplotype network reconstruction

In general, our 3RAD data phylogenetic analysis yielded highly supported topologies (Figure 1). The Exabayes analyses recovered with significant support the following six clades: 1) E. ruidum sp. 1, two separate clades with samples assigned to E. ruidum sp. 2 (hereafter referred as, sp. 2A and sp. 2B), one for E. ruidum sp. 3, E. ruidum sp. 4, and a clade of E. ruidum sp. 6, formed by a sample from Pinotepa Lagunilla, Oaxaca and another one from Fogos, Guerrero, Mexico (Figure 1). One of the clades formed by samples assigned to E. ruidum sp. 2A was exclusively composed by specimens from Oaxaca, Mexico, ranging from the states of Michoacan, Jalisco, Nayarit and the northeast in the state of Tamaulipas. The second clade (E. ruidum sp. 2B) was composed by specimens from Puerto Morelos, Quintana Roo, Mexico to Central and South America. The clades of E. ruidum sp.3, sp. 4 and sp. 6 clades were also strongly supported (Figure 1).

Similarly, the ML analysis from UCE data recovered four putative species (E. ruidum sp. 1, 2, 3, 4) as monophyletic, as well as a clade formed by samples from Pinotepa Lagunilla, Oaxaca and Guerrero (E. ruidum sp. 6) (Figure 2).

With respect to the haplotype network (Figure 3), it displayed evident genetic structuring at species level, that is, all samples from E. ruidum sp. 1 were separated from the rest of species by a number of mutations. Samples of E. ruidum sp. 2 had a high number of haplotype diversity; samples belonging to the clade 2A were mainly sharing the same hypothetic haplotype; in general, most of samples from this groups proceeded from Mexico and for some groups evident genetic substructuring was observed (e.g. samples from circles 11 and 12). Similarly, samples from the clade 2B shared the same hypothetic haplotype and were grouped together. Some samples also identified as E. ruidum sp. 2 were separated from the groups 2A and 2B (e.g. circles 5 and 20-22), but in any case they remained separated from the rest of species by several mutations. Samples of E. ruidum spp. 3, 4 and 6 were separated from the rest by several mutations, but, they seemed to be very close to each other. E. ruidum sp. 5 was separated from the rest by a number of mutations as E. gibbum the sister species used as a reference (Figure 3). 

Demographic and species delineation analyses

The STRUCTURE analyses displayed the highest value of Ln P (D) at K = 7 and the Evanno method peaked at K = 3, indicating strong support for three clusters (Figure 4). In general, the E. ruidum sp. 4 was mostly supported at different K. At k = 2 a cluster containing the members of E. ruidum sp. 1 and E. ruidum sp. 2 and a second with those of E. ruidum sp. 3, E. ruidum sp. 4 and E. ruidum sp. 2 x 3 were recovered. At K = 3, we recovered the cluster of E. ruidum sp. 2 only with samples from localities situated along the Mexican Pacific coast, a second exclusively composed of samples of E. ruidum sp. 4 and a third one with an admixture of genes of samples assigned to E. ruidum sp. 1, E. ruidum sp. 2 from the Mexican Caribbean and Colombia, E. ruidum sp. 3 and E. ruidum sp. 2 x 3. At K = 4, the latter cluster was further divided into two, one having admixing genes between samples of the former two taxa and the second one of the latter two. At subsequent K values, E. ruidum sp. 2 x 3 and the samples of E. ruidum sp. 1 from Trinidad and Tobago in the Caribbean were each recovered as exclusive clusters, whereas at K = 7 the samples of E. ruidum sp. 3 and the single one of E. ruidm sp. 1 from Guatemala also were recovered separately (Figure 4).

Chemical distances based on cuticular hydrocarbon analyses

The cluster analysis on the cuticular hydrocarbons yielded two main branches (Figure 5). One belonged to the hydrocarbon profiles of E. ruidum sp. 1 and was largely separated from the second one, which contained two clusters, one corresponding to E. ruidum sp. 2 and the second to E. ruidum sp. 3 and 4. The branch of E. ruidum sp. 2 showed that the cuticular hydrocarbon proportions of the populations of Cali (Colombia) and Puerto Morelos (Mexico) were more similar to each other than those of the population of Coyula (Mexico) (Figure 5). The cluster corresponding to E. ruidum sp. 3 and sp. 4, highlighted a large differentiation between populations of E. ruidum sp. 4 (Figure 5). Chemical distances were strongly and significantly, positively correlated with the genetic distances obtained with distances calculated with both the 3RAD and UCEs techniques (Mantel test, for 3RAD: r = 0.855, P = 0.001; for UCEs: r = 0.876, P = 0.016). Similarly, there was a strong and significant, positive correlation between chemical and genetic distances when the latter were calculated with the primary haplotypes of COI sequences (r = 0.847, P = 0.004). On the contrary, the genetic distances from the secondary COI haplotypes were not correlated with chemical distances (r = 0.343, P = 0.073) (Supplementary figure 1).

There was no significant correlation between geographic and chemical distances (r = -0.022, P = 0.354), nor between geographic and genetic distances calculated from 3RAD (r = 0.322, P = 0.141), UCEs (r = 0.052, P = 0.225), COI primary haplotypes (r = 0.217, P = 0.205) and COI secondary haplotypes (r = -0.258, P = 0.826). Chapter 4 ~ 87 ~

Discussion

Species delimitation

The current molecular-based analyses (COI, 3RAD and UCEs data) and cuticular hydrocarbon variation strongly support the separation of the species E. ruidum spp. 1 and 2 and 3RAD, UCE and hydrocarbon profiles strongly suggested the separation of E. ruidum spp. 3 and 4 previously proposed by Aguilar-Velasco et al. (2016). Additionally, our results suggest that the complex is composed of at least five distinct species, co-occurring in the lowlands of the Southern Sierra Madre in Mexico (a mountain range in southern Mexico which extends from southern Michoacan state to the Isthmus of Tehuantepec in Easter Oaxaca state, [START_REF] Prebus | Phylogenomic species delimitation in the ants of the Temnothorax salvini group (Hymenoptera: Formicidae): an integrative approach[END_REF]. Moreover, all analyses suggest that diversity within the complex might be even higher, hence, offering evidence that the lowlands of the Southern Sierra Madre have been a hotspot for the diversification of the E. ruidum species complex, probably in the absence of physical barriers.

We clearly recovered E. ruidum sp. 1 as a well differentiated species regardless the data set used (genetic or chemical). 3RAD and UCE analyses consistently recovered E. ruidum sp 1 as a strongly supported clade, although E. ruidum sp. 1 was poorly represented in both datasets. COI-based network also suggested that E. ruidum sp. 1 has genetic structure, although haplogroups are not highly divergent between each other. Mirroring molecular results, cuticular hydrocarbon profiles supported the differentiation of E. ruidum sp. 1 with respect to the other species.

About E. ruidum sp. 2, genetic analyses identified it as a well-supported monophyletic group composed by two geographically differentiated clades, which might represent additional lineages. RAD and UCE analyses yielded the clade 2B as monophyletic with respect to the clade 2A, however, the limited sampling employed for UCEs suggests this separation should be corroborated. Similarly, COI-based network also suggested the existence of two different groups of E. ruidum sp. 2. But, given that the network included additional samples not present in the previous genome wide analyses (3RAD and UCEs), the haplotype network weakened the exclusivity of the clade 2A suggested as exclusive to Mexico in 3RAD analyses (i.e., samples from Costa Rica close to samples from Jalisco, Mex.), and suggesteds the existence of additional population structure. The cuticular hydrocarbon profiles of E. ruidum sp. 2 were also clearly differentiated from all other species and the differentiation of chemical profiles of populations of Cali and Puerto Morelos with respect to those of Coyula supported the existence of two different groups in E. ruidum sp. 2. Therefore genetic and chemical data offer evidence for two different clades within E. ruidum sp2 (named spp. 2A and 2B in the present work).

The species E. ruidum sp. 3 and E. ruidum sp. 4 that were previously considered as genetically the same species (Aguilar-Velasco et al., 2016;Meza-Lázaro et al. 2018), in this study were also supported as two different but closely related species by the current genetic and chemical data. In the previous analyses by Aguilar-Velasco et al. (2016) and Meza-Lázaro et al. (2018), haplotype genealogies failed to identify them as reciprocally monophyletic, reason why they were reported as a single evolutionary lineage. In the current study, we did not rely only on monophyly to delimit species, since species can be non-monophyletic because of several causes Chapter 4
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Our coalescent-based species delimitation analyses (phylogenies) allowed us to identify independent evolutionary lineages with statistical rigor, even when the sampling was low. We found consistent support for E. ruidum sp. 3 and E. ruidum sp. 4 as different species. In addition we found evidence for the presence of a sixth species that includes the putative hybrid population proposed by Aguilar et al. (2016) and one population from Guerrero, Mexico that was previously identified as E. ruidum sp. 3 due do the presence of heteroplasmy (Meza-Lázaro et al., 2018). Recently, species delimitations methods based on the multiple species coalescent were criticized for delimiting populations instead of species in cases where metapopulations exhibited high geographical structure [START_REF] Sukumaran | Multispecies coalescent delimits structure, not species[END_REF]Chambers and Hills, 2020). However, in the current study the analysis of chemical profiles allowed us to confirm the genetic delimitation at phenotypic level.

Species diversification

Species diversification and morphological evolution are shaped by different processes, for example, niche adaptation [START_REF] Evans | Climate, niche evolution, and diversification of the "Bird-Cage" Evening Prim-roses (Oenothera, Sections Anogra and Kleinia)[END_REF][START_REF] Ricklefs | Evolutionary diversification, coevolution between pop-ulations and their antagonists, and the filling of niche space[END_REF], developmental constraints [START_REF] Porto | Rate of evolutionary change in cranial morphology of the marsupial genus Mondelphis is constrained by the availability of additive genetic variation[END_REF], interspecific competition [START_REF] Rabosky | Diversity-dependence, ecological selection, and the role of competition in macroevolution[END_REF][START_REF] Price | Renewed diversification is associated with new ecological opportunity in the Neotropical turtle ants[END_REF] and predation [START_REF] Langerhans | Predator-driven phenotypic diversification in Gambusia affinis[END_REF][START_REF] Arbuckle | Antipredator defenses predict diversification rates[END_REF][START_REF] Arbuckle | Antipredator defenses predict diversification rates[END_REF]. In some groups of ants speciation has been linked to divergence in traits linked to communication systems and social behavior (Brodetzki et al., 2019). For the E. ruidum species complex, our results suggest that cuticular hydrocarbons have been involved in the diversification of species.

Our results showed that cuticular hydrocarbon distances mirrored the phylogenetic relations of the E. ruidum species complex. That is, cuticular hydrocarbon variation supported the genetic differentiation of E. ruidum sp. 1 with respect to the other species, as well as the intraspecific variation between different populations of E. ruidum sp. 2. Also, the (relatively small) variation in the cuticular hydrocarbon profiles of E. ruidum sp. 3 and sp. 4 matched the close phylogenetic relationships between these two species. On the other side, we did not find support for the hypothesis of isolation by distance [START_REF] Wright | Isolation by distance[END_REF]; geographic and genetic distances (3RAD, UCEs, COI) were not correlated. Similarly, cuticular chemical distances did not correlate with geographic distances. Indeed, Peña-Carrillo et al. (2021) showed that the cuticular hydrocarbon profiles of the geographically close populations of E. ruidum sp. 4 (Mazunte and Piedras Negras, separated by less than 20 km) differed significantly.

The chemical components of the cuticle of insects have been proved to be correlated with genetic distances in termites [START_REF] Dronnet | Cuticular hydrocarbon composition reflects genetic relationship among colonies of the introduced termite Reticulitermes santonensis Feytaud[END_REF], stingless bees (Leonhardt et al., 2013) and ants (Hartke et al., 2019). For instance, Hartke et al. (2019) studied the species status of the neotropical ant Camponotus femoratus and Crematogaster levior, two species which live in mutualistic (parabiotic) association. Although these two ant species share the nest and exhibit tolerant interactions, they exhibit species-specific cuticular chemical profiles; in addition, two different chemotypes were discovered in both species [START_REF] Emery | Recognition in social symbiosis: chemical phenotypes and nestmate recognition behaviors of Neotropical parabiotic ants[END_REF][START_REF] Menzel | What makes you a potential partner? Insights from convergently evolved ant-ant symbioses[END_REF]. Genetic analyses confirmed the existence of two lineages, i.e., cryptic species (Hartke et al 2019). That is, the existence of intraspecific lineages within both species was supported Chapter 4 ~ 89 ~ by both chemical and genetic data. Similarly, in the E. ruidum species complex, the fact that for all species chemical and genetic distances (3RAD, UCEs and COI) were highly correlated, indicates that cuticular hydrocarbons are effective taxonomic tools and suggests that they might have directly contributed to the phylogenetic divergence.

According to Menzel et al. (2017), the abundance of hydrocarbons should be under stronger selection than the simple presence/absence of hydrocarbons and their quantitative variation may quickly respond to selective pressures. By analyzing the quantitative chemical profile of the ants of the E. ruidum species complex (i.e., analyses were based on cuticular hydrocarbon proportions rather than on their presence/absence), Peña-Carrillo et al. (2021) documented that the hydrocarbon profiles of ants might have largely diverged both between and within the species complex. Peña-Carrillo et al (2021) suggested that the divergence might be associated to role of cuticular hydrocarbons in nestmate/non-nestmate communication, and to evidence for competitive interactions between colonies within the complex (intraspecific thievery). Besides their function in nestmate/non-nestmate discrimination (Van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF], cuticular hydrocarbons mediate mating interactions and may play a role in pre-mating isolation [START_REF] Savarit | Genetic elimination of known pheromones reveals the fundamental chemical bases of mating and isolation in Drosophila[END_REF][START_REF] Smadja | On the scent of speciation: the chemosensory system and its role in premating isolation[END_REF][START_REF] Snellings | The role of cuticular hydrocarbons in mate recognition in Drosophila suzukii[END_REF]. For different insect taxa, a role of cuticular hydrocarbons in speciation has been suggested [START_REF] Grillet | Incipient speciation in Drosophila melanogaster involves chemical signals[END_REF][START_REF] Schwander | Hydrocarbon divergence and reproductive isolation in Timema stick insects[END_REF][START_REF] Chung | Wax, sex and the origin of species: Dual roles of insect cuticular hydrocarbons in adaptation and mating[END_REF].

Finally, the heteroplasmy found in E. ruidum sp. 3, 4, and 6 might reflect other factors involved in the diversification of the complex. For example, it may represent the existence of incomplete reproductive isolation between heteroplasmic populations and consequently, reflect their recent speciation. In Cataglyphis ants, Eyer and Hefetz (2018) found heteroplasmic individuals in populations from geographic areas where several species co-occur. They also found genetic flow among those sympatric populations of different Cataglyphis species. Therefore, they proposed that hybridization could be a factor linked to the origin of the heteroplasmic individuals. In our case, the demographic analysis performed with 3RAD and UCE did not offer conclusive evidence for the existence of hybrid populations, however, the demographic analysis was based on a limited sampling, where putative hybrids would have not been represented enough in our data. Further studies including population genetics and behavioral tests based on a larger sampling would help to clarify if the presence of heteroplasmy in these three species may be linked to hybridization or if a source of a secondary mitochondrial genome could exist.

Further directions

Our study showed strong support for the existence of at least five species of the E. ruidum species complex. However, studies based on an extensive sampling and aimed to test for the existence of gene flow among populations of the different putative species are encouraged. Furthermore, population genetic studies will contribute to know if the most supported species, E. ruidum sp. 1 and sp. 2 (up to now supported by morphological, chemical and genetic characters) are reproductively isolated. For the other species putative (E. ruidum spp. 3-6), a more extensive sampling combined with the study of different phenotypic traits will help to obtain conclusive evidence to support their separation and to understand the selection pressures linked to their divergence. 
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The central theme of my thesis was to provide evidence to support the separation of the different putative species within the Ectatomma ruidum species complex and to identify potential local selection pressures at phenotypic and genotypic levels. Up to know evidence supporting the separation of the putative species was based only on two mitochondrial genes. Also, along the wide neotropical distribution of E. ruidum, the distribution patterns of the putative species raised questions about which could be the mechanisms that separated them; in some geographic regions certain putative species exist in quasi sympatry, while in other cases, species appear to have a very large distribution. To analyze phenotypic traits, I studied variation in recognition cues among different species of the complex (Peña-Carrillo et al. 2021; Chapter 2); and studied acoustic variation in the distress call they produced (Peña-Carillo et al. submitted; Chapter 3).

Finally, I integrated the analysis of genetic sequences and cuticular hydrocarbon profiles to infer species boundaries (Chapter 4). Overall, the results showed that the mechanisms and driving forces involved in the diversification of the E. ruidum species complex are not only reflected at genetic level, but are also expressed at phenotypic level. This study supports that E. ruidum is fragmented in multiple species which are relatively conserved morphologically but relatively well separated in their nuclear and mitochondrial genomes as well as in phenotypic traits other than morphology. These results provide strong evidence for the separation of some species of the complex, and raise questions about what pressures resulted in such a high diversification level within a relatively limited geographical range, i.e. which mechanisms separated populations and, later on, species along their distribution range.

Phenotypic variation in Ectatomma ruidum

For social groups, communication is essential to delineate group membership, coordinate activity and establish ranks of individuals [START_REF] Richard | Intracolony chemical communication in social insects[END_REF]. Communication is subject to social selection which acts on interacting phenotypes (d'Ettorre and Hughes 2008), and it can occur in different modalities as, for example, via chemical cues and acoustic signals.

Chemical cues

In social insects, chemicals are important vectors of necessary messages for the functioning of the activities in the colonies, and in particular, cuticular hydrocarbons play a major role in communication (Blomquist and Bagnères 2010). Cuticular hydrocarbons have been proposed as potential dual traits (Chung and Caroll 2015). That is, they have physiological roles (Blomquist and Bagnères 2010) but also serve as communication cues, i.e., nestmate recognition cues (van Zweden and d'Ettorre 2010). In the E. ruidum species complex, the results reported in this thesis show that cuticular hydrocarbons are highly variable between species at quantitative level. The data I obtained show that the between-species variation does not result from geographic distance (Pena-Carillo et al 2021; Chapter 1). Typically, the cuticular hydrocarbon profiles of conspecific social insects include the same set of substances, and nestmates are recognized by variation in their quantities (Kleeber et al. 2017;[START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]. High quantitative variation of cuticular hydrocarbons has been found among closely related species of social insects as Euglossa bees (Pokorny et al. 2014), the ants Crematogaster levior and Camponotus femoratus (Hartke et al. 2019), Cataglyphis niger species complex (Brodetzki et al. 2019). In the latter species, quantitative differences of cuticular hydrocarbons differentiated the different species of the complex from sympatric populations (Brodetzki et al. 2019).

In contrast to quantitative differences, qualitative variation is mainly found between species, hence, different species usually present a highly different cuticular hydrocarbon set up [START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]; inclusively it can be specific enough to be used as a taxonomic tool (Kather and Martin 2012). In the current study, the striking variation of ant hydrocarbons reveals a higher level of divergence within the species complex than that highlighted by previous genetic studies ( Aguilar-Velasco et al. 2016;Meza-Lázaro et al. 2018, Chapter 2). For example, different populations of the putative E. ruidum sp. 3-4 studied in the Chapter 2, were differentiated only by their highly divergent hydrocarbons while mitochondrial DNA was not able to do it (Peña-Carrillo et al. 2021). But, what could be the reasons for this high variation?

Our results revealed that the most variable cuticular traits were related to alkanes, alkenes and alkadienes, which are likely to play a major role in nestmate discrimination (van Zweden and d [START_REF] Ettorre | Nestmate recognition[END_REF]. Cuticular hydrocarbons are evolutionary labile [START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF] and the quantity of a given hydrocarbon may quickly respond to selection pressures (Menzel et al 2017). For example, the impact of individual hydrocarbons on the waterproofing capacity of an insect's cuticle depends on their relative abundance, while the presence/ absence of a given hydrocarbon may be relatively conserved among phylogenetically close taxa (Menzel et al. 2017). Among the examples of extrinsic factors influencing hydrocarbon plasticity, even in the short term, temperature and humidity are often mentioned (Menzel et al. 2017;[START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF]). Moreover, one of the major drivers of diversity in recognition cues over evolutionary times may be the selective pressure imposed by intra and inter specific social parasites (Crozier 1986;[START_REF] Kleeberg | The influence of slavemaking lifestyle, caste and sex on chemical profiles in Temnothorax ants: insights into the evolution of cuticular hydrocarbons[END_REF]Lorenzi et al. 2011). Indeed, a form of intraspecific social parasitism has been reported in E. ruidum ants. Thievery (close to a form of parasitic interaction, Breed et al. 2012) has been reported in different populations of E. ruidum (Breed 1990;de Carli et al. 1998;Perfecto and Vandemeer 1993). Although we do not know which, among the multiple species of the species complex, is affected by thievery (e.g., thievery was reported before the description of E. ruidum as a species complex by Aguilar-Velasco and co-workers in 2016), it could have promoted the variation of ant cuticular hydrocarbon profiles.

The ability to discriminate intruders can help ants to prevent the entry of cleptobionts and other territorial interactions (Breed et al. 2012) and divergence in recognition cues between populations has been associated both to interspecific parasitism (Martin et al 2010) and to intraspecific parasitism [START_REF] Lorenzi | Divergence in cuticular chemical signatures between populations on an intraspecific social parasite[END_REF]. Additional factors as nest materials, diet, microorganisms and pathogens are also known to affect cuticular hydrocarbon profiles [START_REF] Sprenger | Cuticular hydrocarbons in ants (Hymenoptera: Formicidae) and other insects: how and why they differ among individuals, colonies, and species[END_REF] and their effects in the E. ruidum species should be tested in the future.

Acoustic signals

In contrast to the high variation in chemical cues, the analyses of the acoustic traits of the species of E. ruidum complex unveiled a very different scenario. The stridulations emitted by E. ruidum spp. 2 and 3-4 do not differ significantly, and only the new putative species E. ruidum sp. 5 produced its own, different stridulation. Sound differences in the latter were linked to the way ants produced their sound. As shown in Chapter 3, the number of pulses was one of the most variable traits where every pulse represented a rubbed ridge, but the total number of ridges contained in the stridulatory file was similar among the different species. This means that despite all species had a similar number of ridges in the stridulatory file, the ants of the E. ruidum sp. 5 rubbed a larger area of the stridulatory plate and this consequently modified their stridulation. Stridulating insects such as ants produce stridulations in different situations such as alarm, mating, recruitment and as warming signals (Markl, 1965;Hölldobler, 1999;Hickling and Brown, 2000;Wilson et al. 2012). Similarly to other acoustic signals, stridulations depend on their clear reception for a successful communication. The stridulations produced by E. ruidum are ultrasounds (~ 75 kHz, Pavan et al. 1997), and for this kind of sounds, the environmental and social conditions in which they are produced could be restricted by the intrinsic properties of their transmission [START_REF] Arch | Silent signals: selective forces acting on ultrasonic communication systems in terrestrial vertebrates[END_REF]. For example, ultrasonic frequencies could be limited by atmospheric attenuation, directionality and susceptibility to scattering, but these limitations for transmission can also be beneficial because they restrict the transmission of acoustic information only to receivers in proximity [START_REF] Pye | Ultrasound and infrasound[END_REF][START_REF] Arch | Silent signals: selective forces acting on ultrasonic communication systems in terrestrial vertebrates[END_REF]. In this respect; the power level of sound produced in non-resonant structures like the stridulatory file is supposed not to be effective over a distance (Tschuch and Brothers 1999). But in the case of ants this will depend on the way stridulations are perceived by ants, which up to now is a controversial issue (Hickling and Brown 2000;[START_REF] Roces | Ants are deaf[END_REF][START_REF] Golden | The evolution of stridulatory communication in ants, revisited[END_REF].

The variation in acoustic communication (i.e. in mating signals) has been well studied among certain groups of insects such as crickets, treehoppers and lacewings because it is involved in mating processes and consequently in sexual selection [START_REF] Wilkins | Evolutionary divergence in acoustic signals: causes and consequences[END_REF]. As an example, the two sibling species of crickets Gryllus rubens and G. texensis diverge whereas they share gene flow; differences in males' mating calls and strong female preferences for certain sound traits were promoters of such divergence [START_REF] Blankers | Phenotypic variation and covariation indicate high evolvability of acoustic communication in crickets[END_REF][START_REF] Blankers | Physical linkage and mate preference generate linkage disequilibrium for behavioral isolation in two parapatric crickets[END_REF]. Despite sexual selection has been proposed as the primary driver of acoustic divergence in this group of crickets, the mechanisms for the divergence are not well understood [START_REF] Wilkins | Evolutionary divergence in acoustic signals: causes and consequences[END_REF]). However, recent demographic analyses demonstrated the existence of physical linkage between mating calls produced by males and preference loci in females [START_REF] Blankers | Physical linkage and mate preference generate linkage disequilibrium for behavioral isolation in two parapatric crickets[END_REF]. Up to now stridulations involved in courtship behavior of ants have been studied in few groups like Pogonomyrmex, Cardiocondyla and Pachycondyla [START_REF] Markl | Mating behavior and sound production in harvester ants (Pogonomyrmex, Formicidae)[END_REF][START_REF] Mercier | Hammering, mauling and kissing: stereotypes courtship behavior in Cariocondyla ants[END_REF][START_REF] Ferreira | Behavioural contexts of sound production in Pachycondyla ants (Formicidade: Ponerinae)[END_REF]).

In the analysis of courtship behavior of different Cardiocondyla species, males of C. elegans had antennal contact with females and produced stridulations that were considered necessary for the pre-copulatory behavior [START_REF] Mercier | Hammering, mauling and kissing: stereotypes courtship behavior in Cariocondyla ants[END_REF]. Unfortunately, in the case of E. ruidum there is no information about mating behavior, hence, we do not know whether acoustic signals are involved on it. For some species acoustic communication is costly in terms of fitness. For instance, the differences between the stridulation of queens and workers of Myrmica ants are exploited by parasitic butterflies Maculinea to integrate into Myrmica colonies with the highest rank [START_REF] Barbero | Queen ants make distinctive sounds that are mimicked by a butterfly social parasite[END_REF]). Maculinea caterpillars produce stridulations which match those of the ant queen (acoustical mimicry), thus probably getting rescued as first if the colony is disturbed and larvae need to be got to safety, or getting food even if the colony is starving; these responses occurring usually only towards queens [START_REF] Barbero | Queen ants make distinctive sounds that are mimicked by a butterfly social parasite[END_REF].

The examples above highlight the role of acoustical signals in ant societies. As a further point, stridulations can be used as taxonomic tools. For instance, Ferreira et al. (2010) investigated the distress calls that ants produced when their nests were disturbed or they were targeted by predators [START_REF] Ferreira | Behavioural contexts of sound production in Pachycondyla ants (Formicidade: Ponerinae)[END_REF]. They found that the calls produced by different cryptic species of the Neoponera apicalis (= ex Pachycondyla) ant species complex differed (Ferreira et al. 2010). The highly divergent stridulations reinforced the divergence found in morphological traits of the stridulatory file/ organ of these ants.

The results of this thesis (Chapter 3) suggest that similarly to Neoponera ants, the analysis of acoustic traits of the E. ruidum sp. 5 coupled with the analysis of other characters could be useful for its taxonomical identification. In any case, more thoroughly studies including a higher number of colonies per population are needed to confirm the lack of morphological variation among the other species of the complex. Additionally, further studies are needed to untangle the function(s) of the stridulations in the E. ruidum species and to know if they have a primary role in communication. It is known that, in sound producing animals, some acoustic signals evolved from non-primary functions (exapted, sensu Gould and Vrba 1982) that consistently influenced the behavior of conspecifics. For example, the primary function of bats echolocation is prey capture and navigation, but it exapted for use in intraspecific communication [START_REF] Arch | Silent signals: selective forces acting on ultrasonic communication systems in terrestrial vertebrates[END_REF]. Then, the lack of acoustic variation might suggest that distress calls are not under divergent selection pressures in most E. ruidum species, whereas they have been in E. ruidum sp. 5. However, which selection pressures are involved in the divergence of their stridulations are currently unknown.

Multitrait divergence in E. ruidum

Throughout the different chapters of this thesis, I have been discussing how phenotypic and genetic characters differ among species of E. ruidum complex and I present evidence supporting that variation is consistent between chemical and genetic traits between most of the species. In other words, the results I am presenting suggest that variation in different phenotypic traits has played different roles along the evolutionary history of these species complex. For example, acoustic traits seem not to have been involved in the diversification of the different species, while cuticular hydrocarbons, whose distances were highly correlated to genetic ones, might have been (Chapter 4). Chapter 4 for details). In the next section, I will discuss potential evolutionary processes that underlie speciation in E. ruidum species complex using an integrated perspective.

Among all the species of the complex, E. ruidum sp. 1 is the most differentiated lineage supported by different types of characters. The results show this species was always separated from the other species by analyzing genetic (Chapter 4) and chemical data (Chapter 2 and 4). These results confirm previous studies [START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF]Aguilar-Velasco et al. 2016). Aguilar-Velasco et al. (2016) showed that E. ruidum sp. 1 is one of the two putative species with the widest geographic distribution. Also they differ slightly morphologically from the other morphotypes, by the form of the pronotal hump and the petiolar node (pronotal hump pronotal is located in the first dorsal segment of the thorax and the petiolar node is located in the metasomal, see Similarly to the former species, E. ruidum sp. 2 is likely a group whose identity is supported by the results based on the different types of characters investigated. In the current work, its identity is supported by genetic variations both in mitochondrial and in nuclear DNA (3RAD and UCEs) and by differences in their CHCs profiles. Previously, Aguilar-Velasco et al. (2016) mentioned that E. ruidum sp. 2 could also be morphologically differentiated from the rest of morphotypes of E. ruidum, and their genetic analyses based on mitochondrial DNA Cytb also support its separation. The identity of E. ruidum sp. 2 was further supported by the mitogenome sequences assembled by Meza-Lazáro et al. (2018). With respect to Meza-Lazáro et al. ( 2018), the current results, based on a combination of genetic analyses (mtDNA, 3RAD and UCEs) and hydrocarbon profiles, suggest that E. ruidum sp. 2 should be further subdivided in two different clades: E. ruidum sp. 2A and sp. 2B. However regarding acoustic traits, the ants belonging to E. ruidum sp. 2 did not show any variation with respect to the other species.

According to the 3RAD analyses, the clade E. ruidum sp. 2A includes mostly samples collected in the Southern Sierra Madre of Mexico (extending from the states of Jalisco, Michoacan, Guerrero, Oaxaca and part of Puebla), a few collected in the Oriental and Occidental Sierra Madre of Mexico. But in the haplotype network, the structure of the clade 2A changes and is not restricted only to samples from Mexico. It includes samples from Costa Rica and others from the eastern side of the Yucatan Peninsula (such as the locality Santa Gertudis) that were not included in the 3RAD analyses but share the same hypothetical haplotype where most of samples from the clade 2A were located. In general, the high diversity of haplogroups within this clade might suggest a higher intraspecific diversity, which up to now is corroborated at the mitochondrial and nuclear levels. Despite chemical analyses also suggested a striking variation in hydrocarbon profile, the sampling was less extensive than the one used for genetic analyses. Hence, at this moment it is questionable whether the high genetic diversity within E. ruidum sp. 2A is also revealed as chemical divergence because of the lower number of populations used for chemical analyses. According to the geographic distribution of the samples, the geographic area of the Southern Sierra Madre seems to have had an important role in the diversification within this clade. This mountain chain possesses a remarkably high biological diversity and is home to a high number of endemisms [START_REF] Blancas-Calva | Patrones biogeográficos de la avifauna de la Sierra Madre del Sur [Biogeographic patterns of the avifauna in the Southern Sierra Madre[END_REF][START_REF] Santiago-Alvarado | Áreas de endemismo de la Sierra Madre del Sur: una síntesis preliminar [Areas of endemism in the Southern Sierra Madre: a preliminary synthesis[END_REF]. Moreover, the Southern Sierra Madre presents a complex geological composition that creates a remarkable heterogeneity of habitats that promotes its high biological diversity [START_REF] Santiago-Alvarado | Áreas de endemismo de la Sierra Madre del Sur: una síntesis preliminar [Areas of endemism in the Southern Sierra Madre: a preliminary synthesis[END_REF]. In other groups of ants such as Temnothorax, this mountain chain has been a scene for speciation. For instance, Prebus (2020) performed a multi-approach study addressing the species delimitation of the Temnothorax salvini group and proposed that the species T. aztecus reached its most recent expansion phase in this region due to a taxon cycle, a process to explain species distribution across island archipelagos. Although the sampling of E. ruidum sp. 2 used in the present study was relatively small to claim conclusive evidence; its geographic representation was diverse and large enough to support the divergence of the clade E. ruidum sp. 2A from sp. 2B and its potential diversity at the mitochondrial and the nuclear levels (See Chapter 4). Therefore, further studies including data from multiple sources (e.g., cuticular hydrocarbons, behavior, biogeography, population genetics), and a more extensive sampling of the populations included in the clade E. ruidum sp. 2A will help to uncover its taxonomic status.

With respect to the clade of E. ruidum sp. 2B, 3RAD and UCEs data suggest that this clade is composed mainly of populations geographically distributed from South America to the south of Mexico in the state of Chiapas (very close to the border with Guatemala) and on the east side of the Yucatan Peninsula. The same distribution was supported by the haplotype network.

With respect to E. ruidum sp. 3 and sp. 4, the current research revealed that they are separated genetically using 3RAD and UCEs data and phenotypically by differences in their cuticular chemical profiles (Chapter 4). In the study of Meza et al. (2018) both species were clustered together with the species E. ruidum sp. 6 (before named E. ruidum sp. 2x3) originated from a putatively hybrid population between E. ruidum sp. 2 and sp. 3. Heteroplasmy (the presence of multiple mitochondrial DNA haplotypes in a single organism), observed here in E. ruidum spp.

3, 4 and 6, is not widely known in ants, and has been reported only in ants of the Cataglyphis albicans species complex. In a study about the phylogeographic relationships of this species complex, Eyer and Hefetz (2018) analyzed sequences from nuclear and mitochondrial genes, as well as microsatellites markers to test for the occurrence of gene flow through hybridization between sympatric but genetically distinct lineages of the complex. Their results revealed that mitochondrial DNA did not recover any of the nuclear species, due to the presence of several strongly divergent sequences that were predominantly found in a restricted area where several species co-occur. Furthermore, one species of the complex exhibited heterozygous sequences in the mitochondrial DNA revealing the presence of heteroplasmy; the heteroplasmic individuals did not carry diagnostic nuclear sequences or microsatellites alleles suggesting their hybrid origin. Eyer and Hefetz (2018) suggested that the heteroplasmy may have originated through hybridization or mitochondrial DNA recombination. Indeed, gene flow was found between the species of the complex. When the researchers performed phylogenetic analysis without the highly divergent and heteroplasmic sequences, the mitochondrial phylogenetic trees supported the genetic clusters obtained from nuclear sequences and microsatellites analyses.

For this reason, they highlighted that the identification of the Cataglyphis albicans species complex should not rely only on mitochondrial barcoding genes.

Similarly to the observation of Eyer and Hefetz (2018) [START_REF] Bensasson | Mitochondrial pseudogenes: evolution's misplaced witnesses[END_REF]) like incorrect phylogenetic placement in a phylogenetic tree (Chapter 3). Furthermore, the demographic analysis performed with 3RAD and UCE data were not conclusive about the delimitation of all the putative species, except for E. ruidum sp. 4 that was the only one delimited, and did not show conclusive evidence that E. ruidum sp. 6 could be linked to putative hybrids. Consequently, future studies based on a more representative sampling per population and with the aim to test for the existence of gene flow between populations should shed light on the mechanisms that maintain or restrict heteroplasmy in the populations of E. ruidum spp. 3, 4 and 6, given that, up to now, the separation of the species is based on few individuals.

About our discovery of E. ruidum sp. 5, this species has been consistently separated by using mitochondrial DNA, chemical data and acoustics traits (Chapter 2, 3). Therefore, in this thesis results from multiple disciplines converged on its delimitation as different species. An important next step for the delimitation of this putative species should be to demonstrate its reproductive isolation from other E. ruidum species. Up to now, the only known population of E. ruidum sp. 5 (16 nests have been collected, see annex) is geographically close to another of E. ruidum sp. 2 (see annex) separated by less than 15 km away. So, the geographic proximity of both populations raises questions about the mechanisms that promoted its divergence in a geographic area that seems to be very similar. A more extensive sampling would help to know about the geographic distribution of this new putative species, and to identify the contact zone between E. ruidum sp. 5 and other species.

With respect to the social structure of E. ruidum, the presence of multiple mated queens (polygyny) has been reported only in a population from Rosario Izapa, Chiapas which corresponds to the clade E. ruidum sp. 2B. In this population, polygyny was considered as facultative because polygynous colonies were found in a lower proportion than monogynous ones (Lachaud et al. 1999). In contrast, in the population of Cali, Colombia which also corresponds to the clade 2B, colonies only contain a single queen (Poteaux C., unpublished data) as in two other populations of E. ruidum sp. 1 investigated extensively in Chiapas (>500 colonies collected, J-P Lachaud, pers. comm).

Polymorphism in social structure has been associated to speciation in ants. For example, the sympatric populations of ants of the Cataglyphis niger species complex (including C. niger, C. drusus and C. savigyi), are differentiated by different mitochondrial haplotypes (mitotypes) and in their cuticular hydrocarbon profiles. Also, in behavioral tests ants show aggressive responses when they were confronted to ants of a different species, but not when confronting individuals of the same lineage. But because the three species share gene flow and apparently assortative mating does not occurs, there is no conclusive evidence so far to separate the three species (Brodetzki et al. 2019). However, the fact that the three Cataglyphis species maintain their mitochondrial DNA differentiation indicates a strong structuration and low female dispersal. In addition, social structure is present in the species complex (polygyny in C. niger, monogyny in the others). Hence, Brodetzki et al. (2019) proposed that if the three species were considered as a single one, their sympatric speciation based on differences in social structure might be possible. In E. ruidum polygyny is considered as facultative, but up to now it has been reported only in E. ruidum sp. 2, then, in a scenario where polygynous populations were common in the past, their existence might have been involved in the high diversity contained in this putative group of species (E. ruidum sp. 2A and 2B).

Polygyny has been linked to differences in genotypes [START_REF] Keller | Behavioral Genetics: A Gene for Supersociality[END_REF], and in fire ants (Solenopsis invicta) and alpine silver ants (Formica selysi), a social chromosome (which means that a supergene region contained in a pair of chromosomes will determine if a colony will have a single or multiple queens) was responsible of social polymorphism [START_REF] Wang | A Y-like social chromosome causes alternative colony organization in fire ants[END_REF][START_REF] Purcell | Convergent Genetic Architecture Underlies Social Organization in Ants[END_REF]. Also it is likely to be influenced by environmental factors like competition for food and nest limitation [START_REF] Hölldobler | The number of queens: An important trait in ant evolution[END_REF]Bourke and Francks 1995;McGlynn 2010).

Polygynous populations of E. ruidum have been found in places where high nest densities have been reached (Lachaud et al. 1999). Then, additional studies with the aim of investigate the occurrence of polygyny in other populations of E. ruidum sp. 2, and their relation with possible environmental pressures or the presence of the social chromosome are encouraged.

Besides polygyny, in E. ruidum queen size dimorphism has been reported, particularly in the population from Rosario Izapa, Chiapas (Lachaud et al. 1999). Queen size dimorphism refers to the presence of queens with different body sizes in the same colony; miniaturized queens are named microgynes and are an isometric reduction of the normal large queen morph, referred as macrogynes (Lachaud et al. 1999). Microgynes have been found in additional populations of E. ruidum sp. 2 such as: Puerto Morelos, Quintana Roo (E. ruidum sp. 2B) and Coyula (E. ruidum sp. 2A), as well as in the putative species E. ruidum sp. 3 (Yerba Santa, Oaxaca, Mexico) and E. ruidum sp. 4 (Mazunte, Oaxaca, Mexico) (Poteaux C, unpublished data).

According to [START_REF] Seifert | Intranidal mating, gyne polymorphism, polygyny, and supercoloniality as factors for sympatric and parapatric speciation in ants[END_REF], microgyny is involved in the speciation process of ants and can be accompanied by polygyny or having it as a preliminary step. If the dispersal abilities of microgynes are reduced and they mate inside their nests because they have weaker wing muscles to fly away, while macrogynes (which have big wing muscles) still continue to fly and disperse away, mating place separation could be favored and facilitate genetic divergence. The model of [START_REF] Seifert | Intranidal mating, gyne polymorphism, polygyny, and supercoloniality as factors for sympatric and parapatric speciation in ants[END_REF] was based on a parasitic ant species (Myrmica rubra); however, he highlighted the fact that the combination of polygyny and intranidal mating trigger speciation.

In the case of E. ruidum, previous studies focused in the population Rosario Izapa, Chiapas, Mexico (E. ruidum sp. 2B), showed that in monogynous and polygynous colonies, macrogynes and microgynes can be re-adopted by their mother colony, which represents a low dispersal strategy. However, in the same studies no viscosity was found within populations (Lenoir et al. 2011). In agreement with the study of Aguilar-Velasco et al. (2016), up to now E. ruidum sp. 1 seems to be the only species where microgynes are absent, suggesting that queen polymorphism may also be involved in the diversification of this highly divergent species. Future research focused on the analysis of colonies of the putative E. ruidum spp. 5 and 6 will help to determine if the absence of microgynes may also be a characteristic of the putative E. ruidum sp. 1.

As stated in the introduction, the purpose of this thesis was to provide evidence to support the separation of the different putative species of the E. ruidum species complex and identify potential selection pressures. One of the most remarkable result of this study is the highly correlation found between cuticular hydrocarbons and genetic distances. This high correlation strongly suggests that selection pressures acting on recognition cues have been involved along the diversification of the species complex. These results raise questions about the role of recognition cues in these ants. According to Chung and Caroll (2015), changes in particular cuticular hydrocarbons would have an indirect effect on another. By a way of example, the synthesis of cuticular hydrocarbons follows a common pathway [START_REF] Howard | Ecological, behavioral, and biochemical aspects of insect hydrocarbons[END_REF].

Then, in the biosynthetic pathways, changes in individual or in a class of cuticular hydrocarbons that regulate waterproofing properties or mating success may alter the production of other cuticular hydrocarbons (Chung and Caroll 2015).

Additionally, the presence of important diverging traits, like polygyny, the presence of queen polymorphism and heteroplasmy could serve to understand the mechanisms that shape the separation of the species of this complex.

6.

Conclusion Conclusion ~ 119 ~

With the results included in this PhD thesis, I provided phenotypic and genotypic evidence that suggests the separation of the species of the complex as follows: 1) E. ruidum sp. 1 was supported by mitochondrial, nuclear and chemical information; 2) E. ruidum sp. 2 was supported as different by mitochondrial, nuclear and chemical information; in addition, beyond its simple separation from the other species, the three kinds of data supported that E. ruidum sp. 2 might be divided into two different clades here proposed as 2A and 2B. Furthermore, the clade 2A might also include more diversity, reason why future work would determine if it could be considered as a group of species; 3) similarly to the former species, E. ruidum sp. 3 and E. ruidum sp. 4 are supported as separate species but only by the analysis of highly polymorphic nuclear markers and cuticular hydrocarbons. This suggest that population genetic studies are needed to untangle if both species are reproductively isolated or if they represent incipient species that share genetic flow and have in common the presence of heteroplasmy; 4) E. ruidum sp. 5 was recently discovered and up to now its separation is supported by mitochondrial DNA, cuticular hydrocarbon analysis and acoustic traits. Because the results are based on a single population, more studies on the geographic distribution and the life traits of this species are needed; 5) The delimitation of E. ruidum sp. 6 was only possible by using the most highly polymorphic molecular markers and relied on only very few individuals. Nonetheless, a higher sampling is needed to corroborate its separation by studing their recognition signals, acoustic traits and population genetics.

Globally, this study agrees with the idea that using mitochondrial DNA alone for species delimitation of the E. ruidum species complex is problematic, could lead to misidentifications or is not useful when analyzing heteroplasmic organisms. The obtained results allowed identifying important mechanisms that might be involved in the diversification of the species complex at a large scale. In addition, they allowed to confirm that the Southern Sierra Madre of Mexico represents a hotspot for the diversification of E. ruidum.

Figure 1 .

 1 Figure 1. The sender-precursor model of signal evolution. In the ancestral phase an individual produces and emits chemicals that are not perceived by a receiver. Next, in the perception phase, a change in a receiver allows the individual to perceive the chemical cue and incorporate the information into a decision rule and a response; the receiver gets a fitness advantage. Finally, true communication occurs if the sender experiences a selective advantage that leads to the ritualization of the cue now transformed into a signal, maximizing information transfer and benefiting both individuals, leading to true communication. Adapted from Leonhardt et al. (2016).

Figure 2 .

 2 Figure 2. Nests of E. ruidum in Oaxaca, Mexico. (a) Nests located on the border of a dirt road in the municipality of Huaxpaltepec. (b) and (c) Typical nest entrance which allows ants to pass only one by one; nest entrances are notably surrounded by corpses of other species of ants and other insects. These photos were taken in the municipality of Pinotepa Nacional. (d) A nest with four chambers, each highlighted by a brown-circle; only one queen was found in the deepest chamber, approximately 80 cm deep from the soil surface. All photos were taken during the dry season in May 2019. The diameter of the coin used as a size reference is 2.5 cm.

Figure 3 .

 3 Figure 3. Pictures of the type specimen of E. ruidum (worker) previously described as E. aztecum by Krugler and Brown (1982), specimen No. CASENT0903841. Photographs (a)-(c) by Will Ericson and (d) by Alexandra Westrich; all photos were dowloaded from: AntWeb. Version 8.54.9. California Academy of Science, online at https://www.antweb.org. Accessed 12 March 2021.

Figure 4 .

 4 Figure 4. The geographic distribution of the different morphotypes proposed by Aguilar-Velasco et al. (2016). Adapted from Aguilar-Velasco et al. (2016).

Figure 5 .

 5 Figure 5. Phylogenetic tree inferred with the sequences of COI gen from the morphotypes E. ruidum spp. 1-4, branches with black dots indicate support values > 0.95; this figure was adapted from Aguilar-Velasco et al. (2016).

Figure 6 .

 6 Figure 6. Photographs and drawings showing the morphological characters (indicated in Table 2) and differences between individuals of the different morphospecies proposed by Aguilar-Velasco et al. (2016); all photos were adapted from their article and their available supplementary files. Morphospecies of E. ruidum sp. 1 sp. 2 sp. 3 sp. 4 sp. 2x3

Figure 7 .

 7 Figure 7. Bayesian phylogenetic tree showing the phylogenetic relations between the different morphotypes of the E. ruidum species complex; the tree was constructed with the proteincoding gene data set derived from their mitogenome. Adapted from Meza et al. (2018).

Figure 8 .

 8 Figure 8. Bayesian phylogenetic tree constructed with the different COI (gen) haplotypes contained in heteroplasmic individuals; the longest branches correspond to secondary heteroplasmic haplotypes. Adapted from Meza et al. (2018).
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 2 Fig. 2 Two-dimensional Nonmetric Multidimensional Scaling ordination of the chemical profiles of E. ruidum sp. 3-4

Fig. 3

 3 Fig. 3 Mean proportions of: a) cuticular hydrocarbons and b) odd-chain hydrocarbons of ants E. ruidum sp. 3-4 by class

Fig. 4

 4 Fig. 4 The PCA's plot of the nine traits describing the cuticular hydrocarbon profiles of ants of E. ruidum sp. 3-4

Fig. 5

 5 Fig. 5 Two-dimensional Nonmetric Multidimensional Scaling ordination of the chemical profiles of the E. ruidum species complex

  The colonies from Coyula and Cali were identified as E. ruidum sp. 2, and those from Puerto Escondido, Piedras Negras and Mazunte as E. ruidum sp. 3-4 by Meza-Lázaro et al. (2018). The colonies from Punto 3 and Huaxpaltepec were identified as E. ruidum sp. 3-4 and sp. 5, respectively by Peña-Carrillo et al. (2020), and those from Puerto Morelos as E. ruidum sp. 2 by Poteaux et al., based on barcoding sequences (COI gene) (unpublished data).

  -Wallis test and then we checked for pairwise differences using Mann-Whitney test.All statistical analyses were conducted with the software IBM SPSS version 23.

Figure 1 .

 1 Figure 1. (a) A sequence of disyllabic chirps in the E. ruidum stridulation. (b) Detailed view of a disyllabic chirp: forward phase, backward phase and the GAP (time space in between forward and backward phases). (c) Detailed view of pulses of the forward and backward phase around the gap from minute 1:54.45 to 1:54.7.

  chirp) (Table4) (Figure2). Pairwise comparisons indicated that only E. ruidum sp. 5 differed significantly from E. ruidum sp. 2 and 3-4 in PC1 values (GLMM F2, 427 = 5.781: E. ruidum sp. 5 vs sp. 2 P = 0.016, E. ruidum sp. 3-4 vs sp. 2 P = 0.228; GLMM, F2, 427 = 5.547: E. ruidum sp. 5 vs sp. 3-4 P = 0.001).

Figure 2 .

 2 Figure 2. PCA's plot of the acoustical traits in the three species of the E. ruidum complex.

Figure 3 .

 3 Figure 3. Acoustic variation of E. ruidum. (a) Total number of pulses per phase and species (b) Percentage of rubbed ridges per phase and species during the stridulation; bars colored with gray background represent the forward phase and bars with white background the backward phase of the chirps.

Figure 4 .

 4 Figure 4. The stridulatory file in E. ruidum. (a) Position of the file in the gaster; arrows indicate the backward and forward movement of the gaster when stridulating. (b) Postpetiolar segment of the gaster where the stridulatory file is located. (c) Morphometric variables taken from the stridulatory file: total length of stridulatory file (TL), maximal width (MW), 1 st , 2 nd and 3 rd quartile widths (Q1, Q2, Q3, respectively). (d) Ridges in the stridulatory file and focus on the inter-ridge distance measure (ID).

Figure 1 .

 1 Figure 1. Bayesian concatenated tree constructed with 3RADseq data. Asterisks next to branches indicate support of ± 0.8 and for the rest of branches support values were equal to 1. On the right side of branches the different species of E. ruidum are indicated; the sister species Ectatomma tuberculatum was included as external group.

Figure 2 .

 2 Figure 2. Maximum likelihood tree constructed with UCE data. On the right side of branches the different species of E. ruidum are signaled; all branches had a 100% of support and the sister species E. gibbum was included as external group.

Figure 3 .

 3 Figure 3. TCS parsimony mtDNA haplotype network. Legend denotes the different countries were samples were collected, each circle represents a group samples with the same haplotype and the number them inside indicates its ID (see Table xx. Samples information). Relative sizes of circles indicate the number samples included in each one and outlines of circles indicate to which species of E. ruidum they belong: sp. 1 red outline, sp. 2 green, sp. 3 yellow, sp. 4 purple, sp. 5 sky blue, sp. 6 black. Secondary outlines among samples of the E. ruidum sp. 2 indicate samples from the two clades: secondary dashed lines represent samples from the clade 2A, while pointed secondary outlines samples from the clade 2B; samples lacking of secondary outlines were not represented in wide genomic analyses. Black lines connecting haplotypes represent the number of mutations that occurred among the groups and black dots represent hypothetical haplotypes (missing intermediate sequences). The sister species E. gibbum was included as a reference.

Figure 4 .

 4 Figure 4. Structure analysis. including haplotypes of the species E. ruidum sp. 1-4 and E. ruidum sp. 6. According to the Evanno method K = 3, indicates the strongest support.

Figure 5 .

 5 Figure 5. Hierarchical cluster dendrogram constructed from the dataset of cuticular hydrocarbons (simplified chemical profile) of some populations of the E. ruidum species complex.

  Correlation between cuticular hydrocarbon distances and (a) 3RAD genetic distances, (b) UCE genetic distances and (c) mtDNA (COI) genetic distances distances.

  

  

  

  

Table 1 . Classification of reproductive isolating barriers. Modified from Coyne and Orr (2004). I. Premating isolating barriers. Isolating barriers that impede gene-flow before transfer of sperm to members of other species.

 1 

Table 2 . Morphological features of the different putative species of the E. ruidum complex; adapted from Aguilar-Velasco et al. (2016). Numbers between parenthesis indicate the characters in Figure 6. Morphospecies of E. ruidum Character sp

 2 

	. 1	sp. 2	sp. 3	sp. 4	sp. 2x3

Table 1 Collection sites of the Ectatomma ruidum ants.

 1 *Sampling: original sampling means that the ants used for the analyses of the cuticular hydrocarbons were studied byAguilar-Velasco et al. 2016 and or Meza-Lázaro et al. 2018; new sampling refers to the newly collected ants.

						Number of workers used	Gen Bank	
	Species		Locality	State, Country	Coordinates	in chemical analysis	accession	References
						(number of colonies,	number	
						sampling**)		
	1		Cantón Leoncillos	Chiapas, Mexico	14°45'59.00"N/ 92°24'12.00"W	20 (4, original sampling )	KU570636-39	Aguilar-Velasco et al. 2016
			Cali	Cali, Colombia	3° 22' 39"N/ 76°31'52"W	10 (2, original sampling)	MG870224	Meza-Lázaro et al. 2018
	2		Coyula	Oaxaca, Mexico	15°45'2.85"N/ 96°17'51.05"W	10 (2, original sampling)	MN957982-85	Aguilar-Velasco et al. 2016
			Santo Domingo de Morelos	Oaxaca, Mexico	15°50'34.00"N/ 96°40'11.00"W	11 (2, new sampling)	MN848418-19	This paper
		3*	Puerto Escondido	Oaxaca, Mexico	15°56'24.00"N / 97° 4'15.60"W	20 (4, original sampling)	KU570668	Meza-Lázaro et al. 2018/ *Aguilar-Velasco et al. 2016
	3-4	4*	Mazunte Piedras Negras	Oaxaca, Mexico Oaxaca, Mexico	15°41'7.44"N/ 96°33'42.48"W 15°43'30.00"N/ 96°39'36.00"W	10 (2, original sampling) 10 (2, original sampling)	KU570662-64 MG870246	Meza-Lázaro et al. 2018/ *Aguilar-Velasco et al. 2016
			Cozoaltepec	Oaxaca, Mexico	15°45'44.80"N/ 96°42'41.01"W	10 (1, new sampling)	MN848420-21	This paper
			Punto 3	Oaxaca, Mexico	15°57'24.84"N/ 97°11'46.32"W	10 (1, new sampling)	MN848417	This paper
			Río Grande	Oaxaca, Mexico	16° 1'8.76"N/ 97°26'26.16"W	10 (1, new sampling)	MN848415-16	This paper
	5		Huaxpaltepec	Oaxaca, Mexico	16°20'26.00"N/ 97°57'34.00"W	9 (1, new sampling)	MN848413-14	This paper

*

Table 1 . Origin and number of workers of the Ectatomma ruidum species complex used for the acoustic and morphological analyses.

 1 

	Species	Locality	State, country	Geographic coordinates	Colony	Number of individuals for acoustic analyses	Number of individuals for morphometric analyses
		Puerto Morelos	Quintana Roo, Mexico	20°50'38.82"N, 86° 54'11.46W	7Z5 10Z3	7 9	5 -
	sp. 2	Coyula	Oaxaca, Mexico	15°45'2.85"N, 96°17'51.05"W	Coyula 19	5	5
		Cali	Cali, Colombia	3°22'39"N, 76°31'52"W	118 92	10 7	6 -
		Puerto Escondido (Yerba Santa)	Oaxaca, Mexico	15°56'24"N, 97°4'15.60"W	YS1	7	5
	sp. 3-4	Piedras Negras Mazunte (Puente Zapotal)	Oaxaca, Mexico Oaxaca, Mexico	15°43'30"N, 96°39'36.00"W 15°41'6"N, 96°33'54"W	17 6	5 6	5 5
		Punto3	Oaxaca, Mexico	15°57'24.84"N, 97°11'46.32"W	Punto3	9	5
					Huax13	5	6
	sp. 5	Huaxpaltepec	Oaxaca, Mexico	16°20'26.00"N, 97°57'34.00"W	Huax1-1 Huax2-8	5 5	--
					Huax2-14	5	-
			Total number of individuals		85	42

Table 2 .

 2 Mean values ± standard error and min-max range (between parentheses) of the stridulatory sound variables of the E. ruidum species 2, 3-4 and 5. Measures are given in seconds (duration) or per second (number or rate).

	E. ruidum sp. 2	E. ruidum sp. 3-4	E. ruidum sp. 5

Table 3 .

 3 The percentage of rubbed ridges and the speed of the rubbing movement of the E. ruidum species 2, 3-4 and 5 (Mean ± standard error (min-max range).

Table 4 .

 4 Scores of the PCA factor loadings on the acoustical traits of worker ants (only r > 0.700). The variables are sorted by loading size. High loadings indicated that the trait was highly correlated with the PC.

		E. ruidum sp. 2	E. ruidum sp. 3-4	E. ruidum sp. 5
	Percentage of rubbed ridges during the forward phase	32 ± 3 (17 -56)	29 ± 2 (15 -42)		66 ± 12 (41 -107)
	Percentage of rubbed ridges during the backward phase	39 ± 3 (20 -59)	34 ± 2 (20 -48)		64 ± 9 (42 -94)
	Speed of the forward rubbing movement (µm /msec )	1.12 ± 0.12 (0.526 -1.81)	1.12 ± 0.10 (0.513 -1.83)	0.804 ± 0.042 (0.729 -0.968)
	Speed of the backward rubbing movement (µm / msec )	1.50 ± 0.17 (0.795 -3.12)	1.34 ± 0.07 (0.822 -1.80)	0.989 ± 0.075 (0.743 -1.13)
	Total number of ants	14	18	
	Rotated Component Matrix	Principal Component
			1	2
	Total number of pulses		0.965	-
	Number of forward pulses		0.886	-
	Number of backward pulses		0.869	-
	GAP duration		-	0.891
	Total chirp duration		-	0.824
	Forward chirp duration		-	0.760

Table 5 .

 5 Mean values ± standard error (and min-max range in parentheses) of the morphometric variables of the stridulatory file of the E. ruidum species 2, 3-4 and 5.

Table 6 .

 6 Scores of the PCA factor loadings on the morphometric traits (only r > 0.700). The variables are sorted by loading size. High loadings indicated that the trait was highly correlated with the PC.

	Rotated Component Matrix	Principal Component
		1	2
	Q2 width	0.891	-
	Q1 width	0.801	-
	Maximal width of stridulatory file	0.761	-
	Total length of stridulatory file	-	0.887
	Total number of ridges	-	0.845
	Thorax lenght	-	0.805

  for the E. ruidum complex. For COI, we analysed a 626 bp fragment for 251 specimens assigned to E. ruidum and five of Ectatomma gibbum, with the latter being employed as outgroup. Of these sequences, 110 came from Aguilar-Velasco et al. (2016) and six from Meza Lázaro et al. (2018), whereas 135 sequences were newly generated. We excluded from the COI data set all potential nuclear mt paralogs that were detected based on the presence of internal stop codons or incorrect relationships(Song et al. 2014). We also excluded all the fast-evolving secondary mitochondrial copies detected byMeza-Lázaro et al. (2018) which were present in the populations assigned to E. ruidum sp. 3, E. ruidum sp. 4 and E. ruidum sp. 2 x 3.For the 3RAD and UCE data, we generated sequences for 35 (34 of E. ruidum, one of E. tuberculatum as outgroup) and 14 (13 of E. ruidum, one of E. gibbum as outgroup) specimens, respectively.

  The results of this work offer evidence for the existence of a total of six species: E. ruidum sp. 1, E. ruidum sp. 3, E. ruidum sp. 4, E. ruidum sp. 5, E. ruidum sp. 6, and the group of E. ruidum sp. 2 which contains two distinct clades (E. ruidum spp. 2A and 2B, see Chapter 4). The separation between the putative species E. ruidum spp. 1-4 was highly supported by a strong correlation between differences in their nuclear genome (3RADseq and UCEs) and variation in their cuticular hydrocarbon profiles. E. ruidum sp. 5 was clearly separated from the putative E. ruidum sp. 2-4 by sequences of the mitochondrial DNA marker COI, by a high variation of its chemical profile and by its divergent stridulation. E. ruidum sp. 6 was strongly separated from E. ruidum sp. 1-4 by the differences in its nuclear genome (3RAD

and UCEs). Phylogenetically, E. ruidum sp. 6 was previously referred as the putative hybrid population E. ruidum sp. 2x3 (from Pinotepa Nacional Lagunilla, Oaxaca, Mexico, see Chapter 4 for details) and one population E. ruidum sp. 3 from the state of Guerrero in Mexico (see

  Table2a). Actually, the researchers indicated that species 1 matched the original morphological description of the type specimen as reported by[START_REF] Roger | Die Ponera-anrtigen Ameisen[END_REF]. Moreover, in the study ofAguilar et al. (2016) the separation of E. ruidum sp. 1 based on COI was also observed with mitochondrial sequences of Cytb, as well as by the phylogenetic analyses generated via mitogenome sequences(Meza-Lazáro et al. 2018). Populations of E. ruidum sp. 1 were also characterized by the absence of microgynes, which confirmed the hypothesis of[START_REF] Nettel-Hernanz | Biogeography, cryptic diversity, and queen dimorphism evolution of the Neotropical ant genus Ectatomma Smith, 1958 (Formicidae, Ectatomminae)[END_REF] who originally proposed that these ants could be divided into two lineages, one characterized by the absence of microgynes (now referred as E. ruidum sp. 1) and another with. Accordingly, up to now this species has been well supported by different phenotypic and genetic traits; therefore, in agreement with previous studies, the separation of E. ruidum sp. 1 is strongly suggested. Nevertheless, additional population genetic studies should be performed to know if E. ruidum sp. 1 is reproductively isolated from other putative species, and follows the biological species concept adopted for this study. Additionally, the study of acoustic traits in this species could serve to determine if they represent potential taxonomic characters and what their role is in the communication system.

  , populations from other E. ruidum species are close to the previously proposed hybrid population of E. ruidum sp. 6 (Aguilar-Velasco et al. 2016). For example, the closest population of E. ruidum sp. 2 (see annex) is located approximately less than 15 km from E. ruidum sp. 6, and there is another one of E. ruidum sp. 5 approximately 30 km away from it. Sequences of E. ruidum sp. 2 and sp. 5 did not reveal signals of heteroplasmy or pseudogenes (non-functional fragments of mtDNA integrated into the nuclear genome,
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~ 76 ~ University, CA, USA. Libraries were sequenced using the 150 SRR HiSeq2500 Rapid, 10 pM, INDEX (124M Reads, 72% PhiX Aligned). We used the process_radtags program implemented in the software pipeline Stacks 2.0 [START_REF] Catchen | Stacks: Building and Genotyping Loci De Novo From Short-Read Sequences[END_REF]2013) to demultiplex, clean and trim the sequence data. We discarded any read with an uncalled base (-c) or with low quality scores (-q). We processed demultiplexed reads using the software pipeline ipyrad Ethos v 0.6.19 [START_REF] Eaton | PyRAD: assembly of de novo RADseq loci for phylogenetic analyses[END_REF] on the Miztli supercomputer owned by the Dirección General de Cómputo y de Tecnologías de Información y Comunicación, National Autonomous University of Mexico (DGTIC, UNAM). Reads from each sample were clustered using the program VSEARCH v 2.0.3 (https://github.com/torognes/vsearch) and aligned with MUSCLE v 3.8.31 (Edgar, 2004). We used a range of clustering thresholds (80-98% in 2-3% increments) to assess the level of sequence similarity at which two fragments are considered homologous and avoid the potential of false heterozygous calls due to clustering of paralog (optimum clustering threshold; [START_REF] Eaton | PyRAD: assembly of de novo RADseq loci for phylogenetic analyses[END_REF].

To assess the level of sequence similarity at which two fragments are considered homologous and avoid the potential for false heterozygous calls due to clustering of paralog (optimum clustering threshold; [START_REF] Eaton | PyRAD: assembly of de novo RADseq loci for phylogenetic analyses[END_REF], we implemented the analysis described by [START_REF] Ilut | Defining Loci in Restriction-Based Reduced Representation Genomic Data from Non-model Species: Sources of Bias and Diagnostics for Optimal Clustering[END_REF]. This approach minimizes the number of false homozygous (the splitting of a single locus into two) and false heterozygous (clustering of paralogs) in a clustering threshold series. We analyzed each reads library in a clustering threshold series ranging from 0.80 to 0.98%. The sequence rate of similarity converged at a value of 0.94% and used this value to produce matrices. However, preliminary phylogenetic analyses of the matrices yielded odd topologies. Therefore, we tested clustering threshold values from 94 to 99 in combination with different mean sample locus (15, 18, 20, 23, 25, 28, 30 and 33) and ran ML and Bayesian analyses using the matrices produced. We obtained the same odd topologies using low mean sample locus 15, 18, 20 and 23 regardless of the clustering threshold. We obtained, the most stable, coherent and well supported results using 98 as clustering threshold value. We therefore built our 3RAD matrices for subsequent analyses using 98 as clustering threshold value in combination with the following min_samples_locus values= 25, 28,30,33. Hereinafter, we name the 3RAD matrices according to the min-sample-locus (from 25 to 33) and the inclusion (io) or exclusion of the outgroup (eo).

For the UCE data, we obtained sequencing libraries following Branstetter et al.'s (2017) protocol. We fragmented up to 50 ng of input DNA to an average fragment distribution of 400-600 bp using a Qsonica Q800R (Qsonica LLC, Newton, CT) or a BioRuptor® Pico sonicator (Diagenode). Following DNA fragmentation, we constructed sequencing libraries using Kapa library preparation kits (Kapa Biosystems Inc., Wilmington, MA) and custom dual-indexing barcodes [START_REF] Glenn | Adapterama I: Universal stubs and primers for thousands of dual-indexed Illumina libraries (iTru & iNext)[END_REF]. We evaluated amplification measuring DNA concentration. We purified PCR reactions 0.8 to 1.0X using Sera-Mag™ SpeedBeads (Thermo-Scientific, Waltham, MA, USA) [START_REF] Rohland | Cost-effective, high-throughput DNA sequencing libraries for multiplexed target capture[END_REF].

For UCE enrichment, we pooled 10-12 libraries at equimolar concentrations and adjusted pool concentrations to 147 ng/μl. For each enrichment, we used a total of 500 ng of DNA (3.4 
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Appendix (ongoing project)

In this section I present a brief theoretical background and a short description of the materials and methods used for one ongoing project started in the last year of my PhD studies.

Genetic structure of Ectatomma ruidum populations along a putative diversification transect in Oaxaca, based on microsatellite loci variation Background Ectatomma ruidum is a widely distributed neotropical ant and is one of the few species that present a cleptobiotic behavior (Breed, 1990). Also, in some populations social polymorphism and queen dimorphism (Lachaud et al. 1999a, b) is present. E. ruidum was previously proposed to be a complex of different species (E. ruidum spp. 1-4) with a putative hybrid population (E. ruidum 2x3 (Aguilar-Velasco et al. 2016). Some species as the putative E. ruidum spp. 3, 4 and 2x3, up to now have been only found in restricted geographic area along the lowlands of the state of Oaxaca, in a region where a putative hybrid zone was proposed (Aguilar-Velasco et al. 2016). In addition, the study of the mitochondrial genome of the species of this complex (Meza-Lázaro et al. 2018) revealed that E. ruidum spp. 3, 4 and 2x3 are heteroplasmic, which means that individuals present more than one type of mitochondrial genome (Magnacca and Brown 2010). Heteroplasmy was suggested to originate from a prevalent source of a second mitochondrial lineage (Meza-Lázaro et al. 2018). Recently, the study of the recognition cues of the species complex supported the differentiation of the putative species, by showing that populations of E. ruidum have highly divergent cuticular hydrocarbon profiles. Indeed, for some species high differences between populations was found (i.e., E. ruidum sp. 4). Moreover, in the same study a new putative species was reported (E. ruidum sp. 5). Thievery was proposed to be a selection pressure linked to the high variation in recognitions cues, but the possible influence of biotic and abiotic factors was not discarded (Peña-Carrillo et al. 2021; Chapter 2). In another study (Chapter 3), the putative E. ruidum sp. 5 was shown also to diverge from the others because it produces a different distress call (stridulation), while the morphology of the organ used to produce the sound was similar to that of the other species (Peña-Carrillo et al. submitted; Chapter 3). Because the presence of heteroplasmy makes it more difficult to investigate the genetic delimitation of the species in this complex, their nuclear genome (obtained by 3RAD and UCEs sequences) was analyzed together with data from recognition cues. The genetic distances obtained from the genetic and chemical data where highly correlated, suggesting that recognition cues haven been involved along the divergence of the species complex (Meza-Lázaro et al. in preparation; Chapter 4). Finally, the genomic data supported the separation of the E. ruidum sp. 2 in two different evolutionary lineages, as well as the identification of E. ruidum spp. 3, 4 and 6 (previously named sp. 2x3)as true species. The evidence of genetic (mitochondrial and nuclear genomes) and phenotypic (recognition cues and acoustic signals) variation supported the divergence of the different species and raised questions about the mechanism that allow their differentiation. The region of Oaxaca, Mexico, was previously proposed as an hybridization zone because different species inhabit close areas without clear geographic barriers between them. Additionally, the only species (E. ruidum spp. 3, 4 and 6) where heteroplasmy was found inhabit this putative hybridization zone.

Studies focused on populations variations may allow understanding the first steps that have promoted population divergence and eventually the speciation [START_REF] Mallet | Space, sympatry and speciation[END_REF], as here for the E. ruidum species.
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The aim of this study is to investigate if reproductive isolation exists among the different species of the complex. These results would be an important step for supporting the species status of the different species of the complex. Furthermore, the presence of possible hybridization and/or introgression between the populations of heteroplasmic species will be tested as a putative explanation for its origin. This objective will be pursuit by analyzing polymorphic nuclear markers (microsatellites). Microsatellites are evolutionary relevant because of their instability, they have fast mutation rates (Gemayel et al. 2012), are widely distributed throughout the genome and are useful for the study of evolution, diversity and gene flow estimations at intraspecific level in non-model taxa (Vieira et al. 2016). Also, these markers are widely used in studies of population structure and genetic mapping (Vieira et al. 2016) and could be used to untangle species relationship when they have recently diverged (Noble et al. 2010;Cordonnier et al. 2019). For instance, they have served for species discrimination in Tetramorium ant species, even in hybridizing populations (Cordonnier et al. 2019). Here we expect they detect putative hybridization between species in Oaxaca.

Material and methods

Sampling. Individuals of the different putative species (E. ruidum spp. 1-5) from previously studied populations (Aguilar-Velasco et al. 2016, Peña-Carrillo et al. 2021) were collected along a transect of approximately 120 km along the lowlands of the state of Oaxaca (Figure 1). 15-20 colonies (1 individual/colony, Table 1) were analyzed.

DNA extraction. The DNA of each workers was extracted from ethanol-preserved tissues (mainly head, or head and thorax) using a standard Chelex 10 % (Biorad) procedure.

Microsatellite loci.

We used two sets of microsatellite loci designed in E. ruidum: 7 loci from Lenoir et al. (2011) and 12 from an unpublished set obtained during a collaboration with a Colombian laboratory (Herrera J, pers. comm, Ecos Nord C12A02). These 12 loci come from a set of 30 loci that were chosen according to their polymorphism, previously tested in 10 Colombian populations (Herrera J. unpublished); so the group of loci used here was different from the ones initially designed for multiplexing. PCR reaction. PCR were performed according to procedures in Lenoir et al. (2011) and Herrera (pers. comm).

Genotyping. Due to the large range of alleles observed for some loci in some species, we merged the different PCR products in 5 different mixes (see Table 1). The multilocus products were mixed with the internal size marker GeneScan™ Liz500 (Applied Biosystems, Foster City, CA, USA) and run on an automated ABi 3100 Sequencer (Applied Biosystems) in the UMR 9191-EGCE laboratory in Gif-sur-Yvette, as service provider. Fragment length was scored using the freeware application Peak Scanner™ v1.0 (Applied Biosystems).

Statistical analyses.

We will calculate number of alleles per locus and average over loci, observed heterozygosity (Ho) and Nei's unbiaised expected heterozygosity (He) using Genetix 4.05.2 (Belkhir et al. 2004). Exact tests for departures from the Hardy-Weinberg equilibrium for each locus and over loci and linkage disequilibrium using will be performed using Genepop on the web [START_REF] Raymond | GENEPOP (version 1.2): population genetics software for exact tests and ecumenicism[END_REF]Rousset 2008). The presence and frequency of null alleles will be estimated with Micro-Checker version 2.2.3 (Van Oosterhout et al. 2004).

To determine the number of genetically homogeneous groups and to test for the presence of putative hybrids, we'll use Bayesian clustering algorithm and assignment methods implemented in STRUCTURE v. 2.3.1 (Pritchard et al., 2000), among others.
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Results

Allelic diversity per locus and the range of allelic size are given for each population in Table 2. However, some data were still missing and it was not possible to test for the different parameters yet. 
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