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ABSTRACT: Since the first discoveries in the 1860s of subterranean organisms in France, there has been a sustained effort in sampling and identifying subterranean species. Yet, the species inventory is still largely incomplete. Since the nineties, breakthrough in molecular methods has revolutionized concepts and practices guiding species inventory. Here, we provide a brief overview of how molecular methods have changed ways of delimiting, identifying and sampling species. Within the framework of integrative taxonomy, species taxa are now routinely delimited both on morphological and molecular grounds. Molecular delimitation methods often provide many more taxa with smaller range size than morphology. Species molecular inventory has simultaneously shifted from the sampling of specimens to that of environmental DNA (eDNA) and from the identification of a single organism (i.e. barcoding) to the simultaneous identification of a whole community (i.e. metabarcoding). Yet, there are still a number of challenges to be addressed for eDNA and metabarcoding to be applied routinely to the inventory of subterranean biodiversity. KEYWORDS: biodiversity, subterranean fauna, integrative taxonomy, DNA taxonomy, DNA barcoding, metabarcoding, environmental DNA.

RESUME: Depuis les premieres decouvertes dans les annees 1860 d'organismes souterrains en France, !'effort d'echantillonnage et d'identification des especes souterraines est reste soutenu. Pourtant, l'inventaire des especes est encore largement incomplet. Depuis les annees 1990, la percee des methodes moleculaires a revolutionne les concepts et les pratiques guidant l'inventaire des especes. lei, nous expliquons comment les methodes moleculaires ont change la fa�on de delimiter, d'identifier et d'echantillonner les especes. Dans le cadre de la taxinomie integrative, les especes sont desormais delimitees a la fois sur des bases morphologiques et moleculaires. Les methodes de delimitation moleculaire fournissent souvent beaucoup plus de taxons avec des aires de distribution plus restreintes que la morphologie. L'inventaire moleculaire des especes est simultanement passe de l'echantillonnage des specimens a celui de I' ADN environnemental (AD Ne) et de !'identification d'un seul organisme (barcoding) a !'identification en masse de toute une communaute (metabarcoding). Toutefois, ii existe encore un certain nombre de defis a relever pour que l'ADN environnemental et le metabarcoding soient appliques en routine a l'inventaire de la biodiversite souterraine. 

Species inventory: a long tradition

In France, the first discoveries of subterranean organisms date back to the 1860s [START_REF] Ferreira | Niches within a niche: Ecological differentiation of subterranean amphipods across Europe's interstitial waters[END_REF]bibliographic synthesis in Ferreira, 2005]. Since then, sustained efforts have been made to sample and identify subterranean species, both aquatic [START_REF] Gibert | Environmental DNA in subterranean biology: range extension and taxonomic implications for Proteus[END_REF][START_REF] Zagmajster | Geographic variation in range size and beta diversity of groundwater crustaceans: insights from habitats with low thermal seasonality[END_REF] and terrestrial Uuberthie and Ginet, 1994;Faille, 2006;Mammola et al., 2019a]. Yet, the species inventory is still largely incomplete. Among the groundwater fauna, crustaceans have received much research attention because of their high diversity. The number of groundwater crustacean species in Europe exceeds that of surface-dwelling crustacean species [START_REF] Stoch | Stygobiotlc crustacean species richness: a question of numbers, a matter of scale[END_REF] (figure 1). Since the nineties, breakthrough in molecular methods has revolutionized concepts and practices guiding species inventory.

I. DNA taxonomy: species concept and delimitation of species taxa

We refer to DNA taxonomy as the delimitation and/or description of species using molecular methods. To unders tand the contribution of molecular methods to taxonomic thought, let's start by distinguishing between two separate meanings of the word "species": a concept and a taxon [de Queiroz, 2007]. The species concept accepted by most biologists treats species as evolutionary entities whichare temporally delimited by speciation events. Species taxa-for example the amphipod Niphargus rhenorhodanensis -are hypotheses of the evolutionary entities emerging during speciation. They are used by biologists as operational taxonomic units (OTU) to quantify biodiversity. To make these hypotheses, biologists use many different criteria -among which morphological and molecular criteriawhich evolve differently during speciation (figure 2). In literature, species hypotheses based on molecular criteria are often called OTU (or MOTU for molecular operational taxonomic units). However, note, that species hypotheses based on morphological criteria are also OTUs. Much of the debate around the "species problem" arose from the fact that numerous criteria were unnecessarily used to for mulate multiple definitions or concepts of the species [de Queiroz, 1998;[START_REF] Hey | On the failure of modern species concepts[END_REF]. Not surprisingly, h yp otheses may differ depending on the criteria used: these hypo theses are iteratively tested in a process called "integrative taxonomy" [START_REF] Yeates | -Integrative taxonomy, or iterative taxonomy?[END_REF]. Thatprocess has provided newspecies databases in which individual specimens can be assigned to different species taxa according to different criteria (figure 2). A key feature of such databases is that each morphologically distinguishable species taxon can be associated to one or several DNA b (l rcocles -a section of a DNA sequence from a specific gene. The DNA barcodes can repartition traduit en partie un biais d'echantillonnage lie a la localisation geographique des laboratoires de recherche (figure 1). Depuis les annees 1990, la percee des methodes moleculaires a revolutionne Jes concepts et !es pratiques guidant l'inventaire des especes.

I. Taxinomie moleculaire : concept d'espece et delimitation des taxons

Nous consicl erons ici que la taxinomie moleculaire correspond a la delimitation et/ ou a la description d'es peces a l'aide de methodes moleculaires. Pour comprendre la contribution des methodes moleculaires a la taxinomie, commern ;ons par cl istinguer cl eux sens distincts du mot « espece » : un concept et un taxon [de Queiroz, 2007]. le concept d'espece retenu par la grande majorite des biologistes traite Jes especes comme des entites evolutives qui sont temporellement cl elimitees par des evenements de speciation. Les taxons -par exemple l'amphipode Niplwrgus rhe11orl10da11e11sis -sont des hypotheses cl'entites evolutives emergeant au cours de la speciation. Ils sont utilises par !es biologistes comme des unites taxonomiques operation nelles (OTU) pour quantifier la biodiversite. Pour realiser ces hypotheses, !es biologistes utilisent de nombreux criteres -parmi lesquels des criteres morphologiques et moleculaires -qui evoluent cl ifferemment au cours de la speciation (figure 2). Dans la litterature, Jes hypotheses d'especes realisees sur la base de criteres moleculaires sont sou vent appelees OTU (ou MOTU pour molecular operational taxonomic units). Soulignons toutefois que Jes hypotheses d'especes realisees sur la base de criteres morphologiques sont aussi des OTUs. Les cl ebats sur ce qui a longtemps ete nomme « le probleme de l'espece » sont nes du fait que ces nombreux criteres ont eux-memes ete utilises, sans reelle necessite, pour formuler de multiples definitions ou concepts de l'espece [de Queiroz, 1998 ;[START_REF] Hey | On the failure of modern species concepts[END_REF]. Ainsi, les hypotheses peuvent differer selon Jes criteres utilises : elles sont testees de maniere iterative selon une methode appelee « taxinomie integrative» [START_REF] Yeates | -Integrative taxonomy, or iterative taxonomy?[END_REF]. Cette methode fournit des bases de donnees cl 'un nouveau genre cl ans lesquelles !es individus peuvent etre attribues a cl ifferents taxons en fonction des criteres utilises (figure 2). Une caracteristique de de ces bases de donnees est que chaque taxon morphologiquement distinct peut etre associe a un ou plusieurs code(s) -barre(s) ADN -une partie cl 'une sequence d'ADN cl'un gene specifique. Ces codes-barres peuvent ensuite etre utilises pour identifier ce taxon s'il est a nouveau collecte clans l'environnement ( voir section III ci-clessous).

Les methocles de delimitation moleculaire sont main tenant couramment utilisees pour delimiter Jes especes souterraines aquatiques et terrestres [Faille et al., 2015 ;[START_REF] Zagmajster | -Subterranean biodiver sity patterns from global to regional scales[END_REF][START_REF] Parimuchova | Hexapoda, Collembola) of the Western Carpathians Troglomorphy at the northern distributional limit in Europe[END_REF]. Erne et al.

[2018] ont utilise 2205 sequences du gene cytochrome be used, afterwards, to identify thetaxon if it is collected once again (see section Ill below).

Molecular delimitation methods are now commonly used to delimit aquatic and terrestrial subterranean spe cies [Faille et al., 2015;Erne et al., 2018;[START_REF] Parimuchova | Hexapoda, Collembola) of the Western Carpathians Troglomorphy at the northern distributional limit in Europe[END_REF]. [START_REF] Zagmajster | -Subterranean biodiver sity patterns from global to regional scales[END_REF] used 2205 sequences of the cytochrome c oxidase subunit I (COI) gene to delimit species of obligate groundwater Aselloidea (Jsopoda) and Niphargidae (Amphipoda) from Europe. These sequences came from 1075 sampling sites and collectively represented 263 morphologically distinguishable species (figure 3A). As is often the case, the authors found that molecular deli mitation provided many more species hypotheses (OTUs) in their study, 2.5 times as manythan morphological delimitation. Both delimitations revealed a ridge of high species richness at latitudes ranging from ca 4 2 ° to 46 °N, although the ridge was more pronounced when using molecular delimitation (figure 3 B&C). Moreover, the increase in range size of species at higher latitudes was stronger using COI-based species (figure 3 D&E).

II. An extending panel of molecular approaches and tools

DNA barcodingdefined herein as the molecular identification of individuals of already known species -has transformed the way species are identified and invento rized [Hebert et al., 2003] (figure 2). In subterranean environments, barcoding provided important information on many species for which morphological analysis was uninformative or ambiguous [START_REF] Zagmajster | Availability of DNA barcodes in subterranean amphipods in Europe[END_REF]. Since 2010, the emergence of new molecular technologies has extended barcoding in two ways: 1) a shift from specimens sampling to environmental samples (i.e. environmental DNA) and 2) a shift from the identification of a single oxydase I (COi) pour delimiter Jes especes souterraines d'Aselloidea (Jsopoda) et de Niphargidae (Amphipoda) en Europe. Ces sequences provenaient de 1075 stations d'echantillonnage et representaient collectivement 263 especes morphologiquement distinctes (figure 3A). Comme souvent, !es auteurs ont constate que la delimitation mole culaire fournissait plus d'hypotheses d'especes (OTU) -dans leur etude 2,5 fois plusque la delimitation mor phologique. Les deux delimitations ont revele une crete de plus forte richesse en especes a des latitudes s'etendant de 42 ° a 46 ° N. Toutefois, cette crete est plus clairement revelee par la delimitation moleculaire (figure 3 B&C). De plus, !'augmentation de la taille de l'aire de repartition des especes avec la latitude apparaH aussi plus clairement avec !es methodes de delimitation moleculaire (figure 3 D&E).

II. Un panel etendu d'approches et d'outils moleculaires

le barcodingdefini ici comme !'identification mole culaire d'individus d'especes deja connuesa transforme la fa <; on dont Jes especes sont identifiees et inventoriees [Hebert et al., 2003] (figure 2). En milieu souterrain, le barcoding a fourni des informations importantes sur de nombreuses especes pour lesquelles !'analyse morpholo gique etait non informative ou ambigue [START_REF] Zagmajster | Availability of DNA barcodes in subterranean amphipods in Europe[END_REF]. Depuis 2010, !'emergence de nouvelles technologies moleculaires a etendu le barcoding de deux manieres: 1) un passage de l'echantillonnage de specimens a des echantil lons environnementaux (l'ADN environnemental) et 2) un passage de !'identification d'un seul organisme (barcoding) a !'identification de toute une communaute (metabarco ding) (figure 2). l'ADN environnemental (ADNe)-defini comme le materiel genetique obtenu directement a partir d'echantillons environnementaux (par exemple de l'eau, du organism (i.e. barcoding) to the simultaneous identification of a whole community (i.e. metabarcoding) (figure 2). Environmental DNA (i.e eDNA)defined as genetic mate rial obtained directly from environmental samples (e.g. water, soil, sediment, etc.)has proved to be a sensitive approach to detect and identify rare and hard-to-catch species [START_REF] Thomsen | Environmental DNA-An emerging tool In conservation for monitoring past and present biodiversity[END_REF]. Several methods are used to collect eDNA from water samples, among which the ethanol precipitation method and the water filtration method. Water filtration, has been successfully applied to detect subterranean species such as Proteus anguinus [Goricki et al., 2017;Voros et al., 2017] and Stygobromus hayi [START_REF] Niemiller | Evaluation of eDNA for groundwater invertebrate detection and monitoring: a case study with endangered Stygobromus (Amphipoda: Crangonyctidae)[END_REF]. While eDNA is now used to inventorize soil fauna [START_REF] Kirse | Unearthing the poten tial of soil eDNA metabarcoding -Towards best practice advice for invertebrate biodi versity assessment[END_REF], it has not been applied to terrestrial cave fauna yet. The second extension from barcoding to metabarcodingemerged thanks to the capacity of parallel sequencing in second generation high-throughput sequencers. Instead of individually pro cessing and sequencing the DNA of each organism, this technology allows the simultaneous identification of mul tiple species from a large collection of specimens or even directly from environmental DNA [Critescu 2014]. eDNA metabarcoding has recently been applied to subterranean aquatic communities [START_REF] West | Under the karst: detecting hidden subterranean assemblages using eDNA metabarcoding in the caves of Christmas Island, Australia[END_REF].

sol, des sediments) -s'est avere etre une approche sensible pour detecter et identifier Jes especes rares et difficiles a capturer [START_REF] Thomsen | Environmental DNA-An emerging tool In conservation for monitoring past and present biodiversity[END_REF]. Plusieurs methodes sont utilisees pour recuperer l'ADN contenu dans l'eau des milieux, notamment la precipitation de cet ADN et la filtration d'un volume d'eau. Cette derniere methode a ete utilisee avec succes pour detecter des especes souterraines telles que Proteus anguinus [ Goricki et al., 2017;Voros et al., 2017] el Stygobromus hayi [Nierniller et al., 2018]. Alors que l'ADNe est desormais utilise pour inventorier la faune du sol [START_REF] Kirse | Unearthing the poten tial of soil eDNA metabarcoding -Towards best practice advice for invertebrate biodi versity assessment[END_REF], ii n'a pas encore ete applique a la faune terrestre cavernicole. la deuxieme extensionest apparue grace a la capacite de sequern ;age en parallele des sequenceurs a haut debit de deuxieme generation. Au lieu de traiter et de sequencer individuellement l'ADN de chaque organisme, cette technologie permet !'identification simultanee de plusieurs especes a partir d'une grande col lection de specimens ou meme directement a partir d'ADN environnernental [Critescu, 2014). le metabarcoding de l'ADNe a recemment ete applique aux communautes aquatiques souterraines [START_REF] West | Under the karst: detecting hidden subterranean assemblages using eDNA metabarcoding in the caves of Christmas Island, Australia[END_REF]. Bien que prometteuses pour l'inventaire de la diver site souterraine, !es approches moleculaires soulevent de nouveaux defis. Premierement en raison de la faible Although promising for the inventory of subter ranean diversity, these new molecular approaches raise new challenges. First, most approaches developed for surface habitat may turn out to be unsuitable to sample subterranean eDNA. For example, due to the low density of organisms in subterranean habitats, eDNA is likely to be in very low concentration, requiring much larger volumes of environmental samples, whose collection may happen tobeunfeasible in many situations. Second, one crucial element of a molecular identification analysis is the comprehensiveness of the reference database (figure 2). With many species or, even worse, entire groups not referenced, the identification will fail. Another pernicious effect of the lack of molecular reference data for many subterranean groups is that molecular methods are likely to be biased when applied to poorly known groups. Once collected, eDNA are extracted and then barcodes are amplified before being sequenced in parallel. Ateach step of the process, but particularly at the amplification one, protocols are by definition not optimized for poorly known groups. Therefore, the discovery of the latter may decrease and their mischaracterization be emphasized.

Ill. Beyond species inventory

Molecular approaches also foster the understanding of processes causing geographic variation in species richness. The number of species in a region ultimately depends on three processes: speciation, extinction and dispersal. Phylogenetic inferences made from DNA sequences on the evolutionary relationships among species can, for example, help to disentangle the relative influence of the three pro cesses in shaping the European ridge of high subterranean species richness (see figure 3) [START_REF] Zagmajster | -Subterranean biodiver sity patterns from global to regional scales[END_REF]. The occurrence within that ridge of many short-branch closely-related species may reflect a process of recent and rapid in-situ speciation. Conversely, the presence of species showing long independent evolutionary histories may reflect a low extinction rate which promotes the preservation of diversity over time. Finally, a high species richness may be due to species from neighboring regions dispersing into the ridge. The role of dispersal can be explored using methods such as the decomposition of phylobetacliversity indices [START_REF] Leprieur | Quantifying phylogenetic beta diversity: distinguishing between 'true' turnover of lineages and phylogenetic diver sity gradients[END_REF] and Bayesian phylogeographic diffu sion models [Eme et al., 2013]. The growing availability of molecular datasets over large spatial scales offers a unique opportunity to understand spatial variation in subterranean species diversity [Mammola et al., 20196]. It also paves the way for exploring factors causing the diversification [START_REF] Ribera | -Ancient origin of a Western Mediterranean radiation of subterra nean beetles[END_REF], as well as the morphological and molecular evolution of subterranean species [START_REF] Saclier | -Bedrock radioactivity influences the rate and spectrum of mutation[END_REF]Fiser et al., 2019]. sequences en parallele. A toutes ces etapes, mais particu lierement au niveau de !'amplification, Jes protocoles ne sont, par definition, pas optimises pour les groupes peu con nus, ce qui peut diminuer leur cl ecouverte et accentuer leur mauvaise caracterisation.

Ill. Au-dela de l'inventaire des especes

Les approches moleculaires permettent egalement de mieux apprehender les causes des variations geographiques du nombre cl 'especes. Le nombre cl'especes clans une region depend en fin de compte de trois processus : la speciation, !'extinction et la dispersion. Les inferences phylogenetiques realisees a partir des sequences d'ADN sur les relations de parente entre Jes especes pennettent de clemeler !'influence relative de ces trois processus sur la crete de forte richesse en especes observee en Europe (voir figure 3) [START_REF] Zagmajster | -Subterranean biodiver sity patterns from global to regional scales[END_REF]. Sur Jes arbres phylogenetiques, la presence a l'interieur de cette crete de nombreuses especes « jeunes » et etroitement apparentees peut refleter une forte speciation in situ. lnversement, la presence d'especes presentant de longues histoires evolutives independantes peut refleter un faible taux d'extinction qui favorise la preservation de la diversite au cours du temps. Enfin, une richesse specifique elevee peut aussi provenir de la dispersion au sein de la crete cl'especes en provenance des regions voisines. le role de'la dispersion peut etre explore a !'aide de methodes telles que la decomposition des indices de phylobetadiversite [leprieur et al., 2012] et des modeles bayesiens de diffusion [Eme et al., 2013]. la disponibilite croissante de donnees moleculaires a de grandes echelles spatiales offre une occasion unique de comprendre Jes causes des variations regionales de la diversite des especes souterraines [Mammola et al., 20196]. Elle ouvre aussi de nombreuses possibilites comme celles de dater plus precisement !es evenements de diversification en milieu sou terrain [START_REF] Ribera | -Ancient origin of a Western Mediterranean radiation of subterra nean beetles[END_REF] et de comprendre Jes mecanismes a l'origine de !'evolution morphologique et moleculaire en milieu sou terrain [Sacher et al., 2020;Fiser et al., 2019].
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 23 Figure 2 : Inventory of Subterranean biodiversity. 1. Sampling of specimens and environmental DNA from water and/ or sediment. 2. Delimitation of species taxa

  moleculaire de la richesse et de l'etendue des aires de distribution des crustaces aquatiques souterrains (Aselloidea, lsopoda et Niphargidae, Amphipoda) en Europe. A. Stations d'echantillonnage (points rouges) des crustaces en Europe. B & C. Richesses specifiques des crustaces par bande latitudinale de 0,9 ° obtenues par delimitations morphologiques (Bl et moleculaire (C) des especes. D & E. Etendues maximales de l'aire de distribution des crustaces obtenues par delimitations morphologique (D) et moleculaire (E) des especes. La delimitation moleculaire est effectuee par la methode du PTP (Poisson tree processes model) sur des sequences du gene COi. Les barres horizontales noires, les points rouges et les boites indiquent respectivement la mediane, la moyenne et l'intervalle interquartile pour les bandes latitudinales. Les lignes rouges continues et en pointille (intervalles de confiance a 95 %) representent l'ajustement d'un modele additif generalise aux moyennes des bandes latitudinales. Modifiee d'apres Erne et al. [2018].
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des especes une longue tradition

  Figure 1 : Occurrence records (red dots, n=5311) of obligate groundwater crustacean species (n=295) in France. Black and purple patterns show quaternary deposits and karsts, respectively. Occurrences (points rouges, n=5311) d'especes de crustaces souterrains (n=295) en France. Les trames noires et violettes representent respectivement des depots quaternaires et des roches karstiques.
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