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Evolutionary relationships within European Monochamus (Coleoptera: Cerambycidae) 14 highlight the role of altitude in species delineation
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Phylogenetic relationships within the European Monochamus (Coleoptera: Cerambycidae) 33 remain understudied despite their increasing importance in the Pine Wood Nematode spread 34 in Europe. To clarify the delimitation and the evolutionary history of the two main European 35 Monochamus species, M. galloprovincialis and M. sutor as well as their sub-species, a 36 comparative study using morphological, molecular and biogeographic criterions was 37 conducted. Four morphological characters, including a newly described on the male genitalia, 38 separated the two species. Additionally, molecular data revealed twelve and two single 39 nucleotide polymorphisms in the COI and 28S respectively, supporting species segregation. 40 In contrast, incongruence between morphological and genetic results did not allow 41 discriminating the sub-species of M. galloprovincialis and M. sutor, even though 42 mitochondrial DNA revealed intraspecific differentiation, mostly consenting to a multiple 43 refugia origin. Within species variability was explained to a large extent by biogeography i.e. 44 altitude, climate. These different ecological adaptations within beetle species together with 45 potential climate change impact increase the risk of spreading the nematode across Europe to 46 novel conifer hosts and challenge the European biosecurity.

47 48

Introduction

52

The coexistence of closely related taxa is an issue of fundamental interest in evolutionary 53 biology and accurate taxonomy is crucial for such evolution studies as well as biodiversity, 54 ecology and conservation studies [START_REF] Agapow | The impact of species concept on biodiversity studies[END_REF][START_REF] Cracraft | The seven great questions of systematic biology: An essential foundation for conservation and the sustainable use of biodiversity[END_REF][START_REF] Mace | The role of taxonomy in species conservation[END_REF]. 95 described these two Monochamus species and their sub-taxa (Table 1). It is generally 96 admitted that M. g. galloprovincialis is found in Southwest Europe and North Africa while M. 97 g. pistor (Germar, 1818) occurs in northern, central and eastern Europe. M. g. pistor (Germar, 98 1818) is also present in southern Europe (central Spain, southern France and the French Alps) 99 but in these cases higher elevations compensate the cooler conditions required by this subspecies [START_REF] Vives | Coleoptera Cerambycidae[END_REF]. In his description of M. g. galloprovincialis specimens from North Africa, [START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF], mentions four specimens identical to the M. g. pistor holotype from Slovenia. Likewise, within M. sutor, it is unclear whether M. s. sutor and M. s. pellio represent morphologically different forms or sub-species with distinct geographic distribution. Moreover, further clarification is needed on their geographic distribution since the limits of their sympatry or syntopy are not clearly defined [START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF]2008) (Fig. 1).

We consider the clarification of the phylogenetic relationships of M. galloprovincialis and M. sutor fundamental for future investigation on integrating pest management programs.

Although the European species of the genus Monochamus, and mainly M. galloprovincialis, have been subject of numerous studies on their biology and association with PWN [START_REF] Akbulut | Comparison of the reproductive potential of Monochamus galloprovincialis Olivier (Coleoptera: Cerambycidae) on two pine species under laboratory conditions[END_REF][START_REF] Akbulut | Insect vectors of the pinewood nematode: a review of the biology and ecology of Monochamus species[END_REF][START_REF] Akbulut | Population dynamics of Monochamus galloprovincialis Olivier (Coleoptera: Cerambycidae) in two pine species under laboratory conditions[END_REF]Koutroumpa et al., 2009b;[START_REF] Koutroumpa | Biologie et phylogeographie de Monochamus galloprovincialis (Coleoptera, Cerambycidae) vecteur du nématode du Pin en Europe[END_REF] et al., 2008b;[START_REF] Naves | Biology of Monochamus galloprovincialis (Coleoptera, Cerambycidae) and its role as vector of the pine wood nematode Bursaphelenchus xylophilus (Nematoda, Parasitaphelenchidae) in Portugal[END_REF][START_REF] Naves | Transmission of the pine wood nematode Bursaphelenchus xylophilus through feeding activity of Monochamus galloprovincialis (Col., Cerambycidae)[END_REF]Naves et al., 2006a;Naves et al., 2006b;[START_REF] Sousa | Bursaphelenchus xylophilus (Nematoda; Aphelenchoididae) associated with Monochamus galloprovincialis (Coleoptera; Cerambycidae) in Portugal[END_REF][START_REF] Sousa | Preliminary survey for insects associated with Bursaphelenchus xylophilus in Portugal[END_REF], literature reports on taxonomy and geographic distribution of Palearctic Monochamus species are scarce [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF]. With the exception of one molecular phylogenetic study on the European Monochamus [START_REF] Cesari | Taxonomy and phylogeny of European Monochamus species: first molecular and karyological data[END_REF], the genetic variability at the intra-and interspecific level is unknown in Europe.

We focus our study on M. galloprovincialis -M. sutor as the most expanded

European Monochamus species, and investigate their relationships with the sub-species M. g.

pistor and M. s. pellio. Under the assumption of a morphological delimitation we use molecular characters to examine the level of differentiation between and within the two sister species M. galloprovincialis and M. sutor. We applied a multi-marker approach on samples mainly collected from their southern European distribution, which represents the area under direct risk of natural invasion by the PWN [START_REF] Robinet | Applying a spread model to identify the entry points from which the pine wood nematode, the vector of pine wilt disease, would spread most rapidly across Europe[END_REF] and where the delimitation of the different sub-species is even more complex [START_REF] Vives | Coleoptera Cerambycidae[END_REF]. France is a key area and thus occupies a core position in this study due both to the occurrence of the two Monochamus species and their sub-species, and to its strategic position for the natural dissemination of the nematode from Portugal and Spain to the rest of Europe. A broad range of elevations and potential host trees was considered, as they offer potential environmental factors hiding cryptic taxa within these species. The results highlight new morphological characters in Monochamus male genitalia and provide essential knowledge on European Monochamus genetic delimitation in combination with their ecological requirements.

Materials and methods

Monochamus sampling

From June to September 2003 and 2004, specimens of Monochamus were sampled either by cross van traps [START_REF] Ibeas | An operative kairomonal lure for managing pine sawyer beetle Monochamus galloprovincialis (Coleoptera: Cerymbycidae)[END_REF][START_REF] Koutroumpa | Biologie et phylogeographie de Monochamus galloprovincialis (Coleoptera, Cerambycidae) vecteur du nématode du Pin en Europe[END_REF]Koutroumpa et al., 2008a) or by field collection. A total of 150 specimens of M. galloprovincialis were collected at 32 locations in natural pine stands in seven European countries plus Morocco (see details in table 2). In addition, 50 specimens of M. sutor were sampled from 17 locations originating from natural populations of Pinus species and Picea abies (L. H. Karst. 1881) in four countries in Europe.

A sampling effort was conducted in the French Mountains, following an elevation gradient (up to 1700m) suspected to house cryptic forms of the studied species. Insects were stored at -80 °C or in absolute ethanol.

Morphological features

Seventeen morphological features in total, seven binary and ten multi-states, including eight external characters and seven internal characters on male genitalia, were analyzed (see online supporting information 1). Seven were chosen based on previous systematic and morphological studies on Monochamus species and other Coleoptera [START_REF] Ahrens | The phylogeny of Sericini and their position within the Scarabaeidae based on morphological characters (Coleoptera: Scarabaeidae). Systematic Entomology Unpublished for the purposes of Zooligal nomenclature[END_REF][START_REF] Bense | Longhorn Beetles[END_REF][START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Sanmartin | First phylogenetic analysis of the subfamily Pachydeminae (Coleoptera, Scarabaeoidea, Melolonthidae): the Paleartic Pachydeminae[END_REF][START_REF] Takami | Morphological, genetic and behavioural analyses of a hybrid zone between the ground beetles Carabus lewisianus and C. albrechti (Coleoptera, Carabidae): asymmetrical introgression caused by movement of the zone?[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF]. Within the main characters usually used to differentiate M. galloprovincialis from M. sutor, one can underline the form of the scutellum and the color of the pubescence on the elytra (online supporting information 1, 5 and 6) (Table 1). [START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF] published a difference on the shape of the median lobe of the male genitalia of the two species (Table 1). In M. galloprovincialis lower taxa, M. g. galloprovincialis has brown-red legs and antennae while M. g. pistor has black ones (online supporting information 1). According to [START_REF] Vives | Coleoptera Cerambycidae[END_REF] and [START_REF] Villiers | I. Cerambycidae[END_REF] M. g. pistor is smaller than M. g. galloprovincialis and has less pubescence on the elytra of yellow-white color (online supporting information 1). Based on these generally accepted characters and considering the distribution of M. g. pistor at higher altitude, latitudes and longitudes in Europe (north and central-east european distribution according to [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF]and 2008[START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF], we consider individuals from nine populations in our sampling (Table 2) potentially belonging to the M. g. pistor sub-species. 2). Furthermore, nine new morphological features were included in our analysis (online supporting information 1-h, i and k-q).

A total of 60 specimens of M. galloprovincialis and 46 of M. sutor were analyzed for the majority of the morphological features. The other samples (e.g. larvae or seriously damaged specimens) could not be considered due to lacking or destroyed morphological characters. Because of no obvious variability, none of the characters studied on the female genitalia are mentioned here. Male genitalia were prepared using a modified version of the [START_REF] Chatzimanolis | Phylogeny of the neotropical rove beetle genus Nordus (Coleoptera: Staphylinidae) with a special reference to the evolution of coloration and secondary sexual characters[END_REF] protocol (see also [START_REF] Jeannel | L'Edéage[END_REF][START_REF] Dupuis | L'abdomen et les genitalia des femelles de coléoptères Scarabaeoidea (Insecta, Coleoptera)[END_REF]. Pictures of all morphological characters studied were analyzed using Image J 1.32j (Rasband). As it was impossible to show all characters for all individuals studied a representative sample is shown in the online supporting information 2 to 6. Polymerase Chain Reactions (PCRs) were conducted using the Sigma Red Taq package. The primers used were C1-J-2183a and TL2-N-3014 [START_REF] Simon | Evolution, weighting, and phylogenetic utility of mitochondrial gene sequences and a compilation of conserved polymerase chain reaction primers[END_REF] for the COI gene and D1-F and D3-R [START_REF] Lopez-Vaamonde | Molecular Phylogenies of Fig Wasps: Partial Cocladogenesis of Pollinators and Parasites[END_REF] for the D2 region of 28S rDNA gene. The annealing temperatures were 48°C for the COI gene, and 57°C for the 28S rDNA.

Mitochondrial and nuclear

Amplification of 35 cycles was completed and PCR products were then purified using GenElute PCR Clean-Up kit (Sigma-Aldrich).

Sequencing was performed using the BigDye Terminator v3.1 sequencing kit (Applied Biosystems, Courtaboeuf, France), on both strands. Sequencing reactions were purified using Sephadex G-50 (Amersham; Sigma-Aldrich) and detected with an ABI 3100 automatic sequencer. The sequences obtained for each gene were aligned using CLUSTAL W version 1.4 [START_REF] Thompson | Clustal W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, positions-specific gap penalties and weight matrix choice[END_REF] as implemented in BioEdit version 4.7.8.

A fragment of 792 bp of the mitochondrial COI gene was sequenced for all 199 collected individuals, 1 to 11 individuals per population. This fragment corresponds to base pair positions 441-1319 of the Drosophila yakuba reference sequence [START_REF] Simon | Evolution, weighting, and phylogenetic utility of mitochondrial gene sequences and a compilation of conserved polymerase chain reaction primers[END_REF].

Owing to co-amplification of nuclear paralogs, i. e. numts (Koutroumpa et al., 2009a), 55 M.

galloprovincialis COI sequences with ambiguities were withdrawn from the analysis. Three sequences of M. galloprovincialis and one of M. sutor from Italy, published by [START_REF] Cesari | Taxonomy and phylogeny of European Monochamus species: first molecular and karyological data[END_REF] were added to the dataset (GenBank ID: AY260835-37 and AY260843, respectively).

Finally, 76 M. galloprovincialis specimens originating from 35 European and one Moroccan populations, as well as all 50 M. sutor individuals were used for the intra-and interspecific mtDNA analysis (for more details see Tables 2 and3). Most of them were sampled in France with 21 locations (53 specimens) sampled for M. galloprovincialis and 13 locations for M.

sutor (32 specimens). The sampling sites, host tree species, altitudes and date of capture of each Monochamus specimen are summarized in Table 2.

In addition, 878 bp of the D2 domain of the 28S rDNA were sequenced for 21 M.

galloprovincialis and 11 M. sutor individuals, including their two sub-species (see Tables 2 and3 for details). The individuals were chosen according to ambiguous morphological features detected previously within M. galloprovincialis or related to the two mtDNA sequence clusters observed in M. sutor.

Data analysis

Phylogenetic analysis. Phylogenetic analyses were performed with PAUP*4b10 [START_REF] Swofford | PAUP*: Phylogenetic Analysis Using Parsimony (*and other methods[END_REF] for each gene independently (COI and the D2 region of 28S rDNA). COI sequences were used for the phylogenetic analysis and subsequently compared to the morphological characters and the 28S sequences. The congener species M. alternatus (Hope, 1842) was used as outgroup. Trees were reconstructed using both maximum parsimony (MP) and maximum likelihood (ML). MODELTEST version 3.7 [START_REF] Posada | MODELTEST: testing the model of DNA substitution[END_REF] was used to select the substitution model that best describes the data. Following the likelihood ratio test [START_REF] Felsenstein | Phylogenies from molecular sequences: inferences and reliability[END_REF], the most appropriate model of nucleotide substitution was determined as well as the proportion of invariant sites, and γ -shape parameter. The hypothesis of a molecular clock was also tested. For MP trees, we used a heuristic search with a simple stepwise addition of sequences and tree bisection-reconnection (TBR) branch-swapping option as implemented in PAUP*4b10. Support values for MP trees were estimated with 1000 bootstrap replicates. Uncorrected "p" genetic distances were computed using PAUP*4b10.

The Incongruence Length Difference (ILD) test was used to test congruence between molecular (COI) and morphological data sets and was completed for 1000 iterations. D2 was not included in this analysis because of lack of variability and therefore, low phylogenetic resolution. This method, developed by [START_REF] Farris | Testing significance of incongruence[END_REF] and implemented within PAUP* as partition homogeneity test, determines whether combining data sets is appropriate for further phylogenetic analyses. A MP tree was also reconstructed using the 15 morphological characters and a bootstrap procedure of 1000 iterations was completed using PAUP*. We used MacClade v.4.06 (Madison & Madison, 2000) under constraints of species or species lower taxa monophyly, to optimize morphological characters on molecular topologies. We tested the significance of likelihood differences among constrained vs unconstrained topologies using the Shimodaira -Hasegawa (S-H) test [START_REF] Shimodaira | Multiple comparsions of jog-likelihoods with applications to phylogenetic inference[END_REF] as implemented in PAUP* (1000 replicates).

Population genetic analysis. Mitochondrial DNA haplotype network was performed using TCS version 1.21 [START_REF] Clement | TCS: a computer program to estimate gene genealogies[END_REF] for both species M. galloprovincialis and M. sutor independently.

Analysis of Molecular Variance (AMOVA; [START_REF] Excoffier | Arlequin (version 3.0): an integrated software package for population genetics data analysis[END_REF] was used to partition molecular variance into different hierarchical levels in M. galloprovincialis populations in France using ARLEQUIN 3.11. Specimens were grouped (see Table 2) either according to (1) the elevation > 800 m or < 800 m (800 m proposed by the literature as the highest elevation that M. g. galloprovincialis occurs); (2) the geographic origin, based on geographic distances and climatic conditions and (3) the host tree species (Table 2).

Results

Between-species analysis Morphological features. Of the seventeen characters analyzed, including external and internal features, only four were diagnostic at the species level (see Fig. 2 and online supporting information 1, diagnostic characters c, k, l, and o). So far, these four characters have never been used (or described) to separate the two species [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF]. More precisely, M.

galloprovincialis individuals had patches of colored bristle that formed one to three large stripes on their elytra while for M. sutor individuals, bristle formed points all over their elytra (character 3), M. sutor sclerotinization degree of the lateral styli of the male genitalia was stronger than for M. galloprovincialis (character 11) and their color was red for the first one and dark brown for the second one (character 12). The most unambiguous character that can separate the two species was the copulatory piece in the aedeagus (character 15). This very small structure attached to the aedeagus has a very different shape between the two species.

We present it for each species in Fig. 2 (for complete photo library see the online supporting information 2 and 3). We found no variability between M. galloprovincialis and M. sutor on the median lobe [START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF], besides the sclerotinization degree (online supporting information 1 and 4), and therefore we will no further refer to this character. sutor adults (online supporting information 5). In addition to the overlap observed at the shape, the color of the scutellum bristle also overlaps between the two species. Matrix of all the morphological characters used is presented in the online supporting information 7.

Sequence analysis. The alignment of the 76 and 50 partial COI sequences of M. MP analysis of seventeen variable morphological characters yielded 100 most parsimonious trees with a length of 112 steps (CI=0.277, RC=0.233). The resulting topology was poorly resolved with no bootstrap values above 50 (Fig. 4a). However, M. sutor appeared as monophyletic while M. galloprovincialis as polyphyletic. The optimization of morphological characters onto the COI MP topology identified the four synapomorphies corresponding to the four diagnostic morphological characters described above, each of them separating clearly M. galloprovincialis from M. sutor (one of the four morphological characters, i.e. the elytra bristle, is shown in Fig. 4b).

Within-species analysis

Morphological features. The morphological characters proposed in the literature as being diagnostic at the intraspecific level between M. g. galloprovincialis and M. g. pistor [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF], appear confusing and ambiguous (Table 1 and online supporting information 4-6). Several individuals showed intermediate features and none of the characters mentioned in the literature, i.e. legs, antennae and elytra bristle color, was shown to be diagnostic for sub-taxa identification.

By contrast, no morphological variability was observed within M. sutor, a fact also reflected by absence of description of its sub-species M. s. sutor and M. s. pellio in the literature [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF]. To our knowledge, only the geographic distribution is mentioned as difference between these sub-species. Phylogenetic reconstruction and haplotype demographic history. Within M. galloprovincialis, phylogenetic structure was weak and displayed very poor bootstrap values. However, as confirmed on the haplotype network (Fig. 5), two major haplotypes, GI 8 and GI 9, clustered together. Interestingly, individuals belonging to the GI 9 haplotype were all (except 1) sampled at elevations between 800 m to 1350 m at different localities in the Alps (mostly individuals previously characterized as the pistor sub-species), as well as in the Massif

Central and the Pyrenees Orientales (Fig. 6). GI 8 was the most widespread haplotype shared mainly between French lowland populations and one population in Austria (GpAuCa) as well In order to check for spatial structure (by region or altitude) and/or host effect on our data, M. galloprovincialis populations collected in France were grouped adequately (for the different groups see Table 2 and material and methods) and were analyzed by AMOVA. The results on the COI sequences are given in Table 4. Interestingly, the analysis of the molecular variance showed that significant partition of total genetic variation accounted between the altitudinal groups (24%, p<0.01). However, no significant variation was observed between the groups made by region in France or host species. In the three different clusterings, the variances among and within populations were significant.

Within M. sutor, the two major subclades observed in the MP tree, (B1 and B2 haplotype groups, Fig. 4) were distant by up to 12 mutational steps on the haplotype network (Fig. 5). Subclade B1 was well supported (bootstrap value 82) and was represented by two dominant haplotypes, SI 3 and SI 7, while B2 was supported by lower bootstrap value (59)

and had one major haplotype, SI 15. A contact zone between these two divergent subclades was observed in southwestern Alps populations (Fig. 6 populations SuSeyM, SuSeyF and SuAdr). Interestingly, the two haplotypes, SI 7 and SI 15, are the largest of each subclade and were only found in this geographic region. Individuals identified as M. s. pellio (SI 12 and SI 13 from Austria) grouped in the B2 clade together with the SI 15 haplotype from the Northeast Alps and the most northern French alpine haplotypes found near the Swiss border, namely the SI 11, 10 and 14 (Fig. 6). Therefore, the most northern haplotypes in our study An important confirmation from this non-tidal data, showing high intraspecific variability, was the need of using integrated data from multiple independent sources. Using the integrative taxonomy approach we gain accuracy in solving the taxonomic impediment while revealing the evolutionary relations between the different taxa [START_REF] Fujita | Coalescentbased species delimitation in an integrative taxonomy[END_REF][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] Schlick-Steiner | Integrative Taxonomy: A Multisource Approach to Exploring Biodiversity[END_REF]. In a recent review, Schlick-Steiner et al. (2010) claimed that there is no silver-bullet discipline and that several disciplines are needed to guard against single-discipline failure. In our study we attempted a more rigorous delimitation between and within Monochamus that would be crucial information regarding the monitoring of the PWN in Europe.

Morphological evidence. Even though numerous characters have been proposed to distinguish

Monochamus species [START_REF] Pershing | A structural difference in the male genitalia of Monochamus carolinensis (Olivier) and M. titilator (Fabricius) (Coleoptera: Cerambycidae)[END_REF], scutellum form and elytra color have been so

far the main morphological characters used for their identification [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF]. We showed in our study that these characters are extremely variable within the species. The polymorphism observed within M. galloprovincialis in contrast to the monomorphic M. sutor is clearly visualized on the phylogenetic reconstruction using the morphological characters.

Most of these characters do not support a monophyletic group for M. galloprovincialis for old and badly preserved samples. Nevertheless, four morphological characters, including genitalia, do allow an accurate delimitation of these two species. In contrast to the Monochamus male genitalia description from [START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF], the differences reported in our paper allow the unambiguous identification of the two species. We describe a new male morphological character, the copulatory piece, which due to its position and difference in shape must be an important character for mating. This finding reinforces the hypothesis that the two species would not hybridize in sympatric area, even though no difference was found between the females. We have observed aggressive behavior, i.e.

mutilation of antennae and legs, of M. galloprovincialis females towards M. sutor males attempting to copulate (Rougon personal observation), but this statement should be confirmed by crossing experiments. Regarding our results, only four morphological characters seem valid to confirm the species status in further studies, i.e. the elytra bristle pattern (for a first and quick identification in the field) and the 3 characters on the male genitalia (structure of the copulatory piece and overall sclerotinization and color).

Molecular evidence. Our molecular data confirm the close relationship of M.

galloprovincialis and M. sutor, already considered as sister species in the phylogenetic analyses of the Monochamus by [START_REF] Cesari | Taxonomy and phylogeny of European Monochamus species: first molecular and karyological data[END_REF]. COI mitochondrial gene and 28S nuclear genes allow an accurate delimitation of the two species. However, the genetic distances observed between M. galloprovincialis and M. sutor were quite low for both markers in comparison to those separating other Coleopteran species [START_REF] Farrell | Evolutionary Assembly of the Milkweed Fauna: Cytochrome Oxidase I and the Age of Tetraopes Beetles[END_REF][START_REF] Kerdelhué | Population genetic structure of Tomicus piniperda L. (Curculionidae: Scolytidae) on different pine species and validation of T. destruens (Woll.)[END_REF][START_REF] Monaghan | DNA-based species delineation in tropical beetles using mitochondrial and nuclear markers[END_REF]. They were close to the 3% mtDNA sequence divergence, a threshold usually designed in species-level identification (Hebert et al., 2003b). This underlies the pitfall to associate standard threshold value for species boundaries, suggesting that delineation of species using the COI gene barcode distances is fairly subjective (DeSalle et al., 2006;[START_REF] Duan | Genetic study of the forest pest Tomicus piniperda (Coleoptera, Scolytinae) in Yunnan province (China) compared to Europe: new insights for the systematics and evolution of the genus Tomicus[END_REF][START_REF] Lopez-Vaamonde | Molecular Phylogenies of Fig Wasps: Partial Cocladogenesis of Pollinators and Parasites[END_REF], indicating that 28S has also evolved much slower in this group. However, when the mtDNA genetic distances are plotted on a histogram they show an interspecific distribution. Moreover, these results are comparable with the genetic distances found so far for other Monochamus species [START_REF] Cesari | Taxonomy and phylogeny of European Monochamus species: first molecular and karyological data[END_REF][START_REF] Kawai | Genetic structure of pine sawyer Monochamus alternatus (Coleoptera: Cerambycidae) populations in Northeast Asia: consequences of the spread of Pine Wilt Disease[END_REF] as well as those observed in other intrageneric analyses in Coleoptera [START_REF] Clark | Molecular phylogeny of Diabrotica beetles (Coleoptera: Chrysomelidae) inferred from analysis of combined mitochondrial and nuclear DNA sequences[END_REF]. In this study, the COI diagnostic SNPs were not found in the barcoding region proposed for species delimitation, i.e. 600 bp at the 5' end of this gene (Hebert et al., 2003b). Instead, its extension (C1-J-2183a and TL2-N-3014) in the 3' end was significantly more variable and better reflected sequence divergence within and between species, as suggested by Roe and Sperling (2007a). Introduction of the barcoding theory by Hebert et al. (2003b) meant to give a universal solution to the need for stabilized taxonomic criteria but recent studies prove that it should be interpreted with caution and in combination with additional data sources like morphology and geography or, when these are not available, other gene regions and ecology should be included [START_REF] Desalle | The unholy trinity: taxonomy, species delimitation and DNA barcoding[END_REF][START_REF] Roux-Morabito | Systematics of the Dioryctria abietella species group (Lepidoptera : Pyralidae) based on mitochondrial DNA[END_REF][START_REF] Taylor | An emergent science on the brink of irrelevance: a review of the past 8 years of DNA barcoding[END_REF].

et
Considering the genetic distances observed between M. galloprovincialis and M. sutor, although we are aware of the lack of such estimations, we could roughly date their separation to 1.35 to 2 million years ago (mya), which would correspond to the beginning of the Pleistocene. This estimation was calculated according to the molecular clock for Coleopteran mitochondrial genes, calibrated from other Cerambycidae, the genus Tetraopes, for which 1.5% genetic divergence is equivalent to one mya [START_REF] Farrell | Evolutionary Assembly of the Milkweed Fauna: Cytochrome Oxidase I and the Age of Tetraopes Beetles[END_REF]. Speciation of these two species is thus likely to be associated to pre-Quaternary events, during which the area of distribution was repeatedly covered by ice or affected by local climate change [START_REF] Zhang | Phylogeny and quaternary history of the European montane/alpine endemic Soldanella (Primulaceae) based on ITS and AFLP variation[END_REF]. These episodes of expansions and contractions into refugia would have likely patterned the genetic distribution of the species. Divergence in their ecological adaptation may have fostered distinct vertical and horizontal inter-and intra-specific distribution. The color of the legs and antennas, used so far as the main characteristic to separate M. g. pistor from M. g. galloprovincialis [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF][START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF][START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF][START_REF] Villiers | I. Cerambycidae[END_REF][START_REF] Vives | Coleoptera Cerambycidae[END_REF], is represented by a pallete of light red to dark brown and black colors. Such phenotypic plasticity is observed in other insect species and could reflect adaptation to intra-and inter-specific signaling and/or environmental needs like camouflage and thermoregulation [START_REF] Tuomaala | Females show greater changes in wing colour with latitude than males in the green-veined white butterfly, Pieris napi (Lepidoptera: Pieridae)[END_REF]. We could assume that northern individuals would be selected for higher melanization degree as proposed for M. pistor, and southern ones would be selected against as it has been observed in other cases [START_REF] Trullas | Thermal melanism in ectotherms[END_REF]. In [START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF] this character was confusing for Moroccan specimen characterization. Four of those specimens look like the M. g. pistor holotype from Slovenia even though Morocco is out of the geographic distribution range of this taxon.

Sub-taxa differentiation

Similarly, characters such as the body size and the elytra bristle density and color, appear very variable in the whole geographic distribution range of the species [START_REF] Sama | Preliminary note on the Cerambycid fauna of North Africa with the description of new taxa (Insecta Coleoptera Cerambycidae)[END_REF]. The combination of all these characters makes the data even more contradictory and confusing.

The extreme inconsistency between the morphological characters emphasizes the risk of error when using such characters to delineate M. g. pistor from M. g. galloprovincialis.

This great variability in morphological features is followed by high genetic divergence but no correlation could be found between the phenotypes' and the haplotypes' structure within our sampling borders. Furthermore, none of the morphological characters separately was consistent with the revealed genetic haplotypes. Consequently, we cannot speculate on the Ecological traits' significance versus morphology and genetics.

More than being associated to morphological features, M. galloprovincialis genetic structure seems to be shaped by ecological requirements. European Monochamus species are known to be ecologically and geographically subdivided, with most species occurring at high latitudes and/or moderate to elevated altitudes [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF]. M. galloprovincialis is unique in that sense since it is the only species with a Mediterranean origin that occurs mainly in lowland areas to low elevations [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF]. In a previous evolutionary study on the genus Monochamus, [START_REF] Cesari | Taxonomy and phylogeny of European Monochamus species: first molecular and karyological data[END_REF] indicated a more primitive condition of the Eurasiatic subalpine species Monochamus saltuarius (Gebler, 1830) with respect to the studied taxa.

Furthermore, while M. sutor as M. saltuarius infest the trunk of weakened spruces and pines, M. galloprovincialis is restricted to branches of pines [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF][START_REF] Starzyk | Bionomics, ecology, and economic importance of Monochamus sutor (L.) (Coleoptera, Cerambycidae) in mountain stands of Picea abies (L.) Karst. Zesz[END_REF]. This shift to branches would have prevented competition between the two sister species and suggests that M. galloprovincialis is a photophilic taxa with a higher tolerance to dryness. It is tempting to assume that this particular ecological requirement may have fostered M. galloprovincialis to spread all over southern countries, with distinct differentiation patterns regarding the climatic conditions of the colonized area and the occurrence of putative host tree species.

Our study reveals a mitochondrial lineage that is likely to be adapted to particular elevations in France (between 800 m and 1444 m). This lineage is represented by haplotype GI 9, occurring in the southwestern Alps as well as in other mountain systems, i.e. the western Massif Central and the Pyrenees in the South. This altitudinal structure is also shown in the AMOVA analyses. Furthermore, even though M. galloprovincialis has been reported to occur mainly in lowland or in regions of intermediate elevation, we sampled some individuals at altitude of up to 1444 m, as previously described in the Alps by [START_REF] Rougon | Contribution à l'étude des Coléoptères Cerambycidae de la Vallée de la Blanche[END_REF]. According to the literature, M. g. pistor is mainly located in Eastern Europe but some specimens have been [START_REF] Vives | Coleoptera Cerambycidae[END_REF]. It is difficult to assess if the altitudinal lineage found in our study could be associated to M. g. pistor since no morphological evidence could confirm this hypothesis but supports a primary effect of vicariance on the genetic structure of these two ecologically divergent lineages, probably due to distinct refugia and recolonization paths during and after the glaciations. However, the existence of a M. galloprovincialis ecotype adapted at higher elevation revealed reduced gene flow between the lowland populations and this lineage. So far, only unfavorable climatic conditions seem to stop the proliferation and the symptoms caused by the nematode, as it has been observed in Japan at the Hokkaido and Honshu islands, even though the insects and the pine-hosts are indigenous to this area [START_REF] Mamiya | The pine wood nematode[END_REF][START_REF] Shoda-Kagaya | Genetic differentiation of the pine wilt disease vector Monochamus alternatus (Coleoptera: Cerambycidae) over a mountain rangerevealed from microsatellite DNA markers[END_REF]. To spread beyond Spain, the nematode would have to overcome a physical barrier, the Pyrenean Mountains. Altitudinal and temperature barriers in the Pyrenees could break down the proliferation of the PWN as it has already been observed at the Ohu Mountain in Tohoku in Japan where M. alternatus populations have been found isolated at the two sides of this mountain [START_REF] Shoda-Kagaya | Genetic differentiation of the pine wilt disease vector Monochamus alternatus (Coleoptera: Cerambycidae) over a mountain rangerevealed from microsatellite DNA markers[END_REF].

The European situation is quite different from the Asian one; in that sense a vectoring relay could be possible with M. sutor, which occurs in elevated areas. The similarities between

Monochamus species around the world are tremendous [START_REF] Akbulut | Insect vectors of the pinewood nematode: a review of the biology and ecology of Monochamus species[END_REF]Koutroumpa et al., 2009b;Koutroumpa et al., 2008b). They share similar life histories, even though thousands miles of distance, similar survivorship from egg to adult and similar emergence dynamics. All Monochamus species vectoring the PWN (for details on the PWN vectors see [START_REF] Akbulut | Insect vectors of the pinewood nematode: a review of the biology and ecology of Monochamus species[END_REF] feed and oviposit on various conifer host species under adequate conditions (stressed trees) and in our study no genetic variability within the species could be attributed to the host range. Furthermore, we found M. sutor on the same host as M. galloprovincialis. Even though no study records M. sutor as a PWN vector so far, sympatry and common hosts between the two species could be a deadly combination for conifers susceptible to the PWN at high altitude and proliferation of the PWN beyond the Pyrenean barrier, haplotype distribution, which fits with the two sub-species previously described in the literature. Our molecular analysis revealed that M. sutor separates into two well-supported distinct subclades on the COI MP tree and higher genetic distances separate these distinct lineages which may be attributed to the two sub-species, M. s. sutor and M. s. pellio.

However, no morphological features could be associated to this variability and the two lineages co-occur in southwestern Alps. Therefore, populations originating from the western Alps include both forms (both major haplotypes) in sympatry, thus hybridization should not be excluded at this suture zone, even though the two haplotypes remain distant. The Austrian individuals (M. s. pellio) belong to the B1 clade including the northern Alps populations. We hypothesize, according to the geographic distribution, that this clade belongs to the M. s.

pellio [START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF], whereas the B2 clade likely corresponds to the M. s. sutor. Maximum diversity on the area of the French Alps is common to other insects like the mountain caddisfly Drusus discolor (Rambur, 1842) [START_REF] Pauls | Phylogeography of the montane caddisfly Drusus discolor: evidence for multiple refugia and periglacial survival[END_REF]. Especially the western part of the French Alps is often considered an important hybridization zone for many species, besides a suture zone for different lineages [START_REF] Barilani | Hybridisation with introduced chukars (Alectoris chukar) threatens the gene pool integrity of native rock (A. graeca) and red-legged (A. rufa) partridge populations[END_REF][START_REF] Deschamps-Cottin | Hybridation et introgression entre « bonnes espèces ». Le cas de Parnassius apollo et P. phoebus[END_REF][START_REF] Flanagan | Chromosomal differentiation through an Alpine hybrid zone in the grasshopper Chorthippus parallelus[END_REF][START_REF] Godoy | Phylogeography, genetic structure and diversity in the endangered bearded vulture (Gypaetus barbatus, L.) as revealed by mitochondrial DNA[END_REF][START_REF] Hewitt | Post-glacial re-colonization of European biota[END_REF][START_REF] Taberlet | Comparative phylogeography and postglacial colonization routes in Europe[END_REF][START_REF] Wojcik | Evolution of the common shrew Sorex araneus: chromosomal and molecular aspects[END_REF]. Similar distinct pattern of differentiation between closely related species has already been observed within the alpine Erebia melampus/sudetica (Staudinger, 1861) species complex [START_REF] Haubrich | Cryptic differentiation in alpine-endemic, highaltitude butterflies reveals down-slope glacial refugia[END_REF]. Pleistocene climate cycles have also acted on the diversification of the alpine Nebria species, characterized by altitudinal zonation and habitat preferences [START_REF] Schoville | Testing the 'Pleistocene species pump' in alpine habitats: lineage diversification of flightless ground beetles (Coleoptera: Carabidae: Nebria) in relation to altitudinal zonation[END_REF].

Conclusion

In contrast to what is currently believed, M. galloprovincialis and M. sutor are not clearly subdivided in the cited sub-species but rather to multiple intermediate morphological forms. The origin of this high morphological variability and important gene flow is found in the life traits of these species as well as movements due to human forestry activity and world wide wood trade. The different lineages of these species are hardly delimitated with the markers used. A more fine scale analysis of the dispersion with highly polymorphic microsatellites markers has been initiated in order to specify the genetic structure and dispersal patterns of these two sister species. These studies will be applied on a larger sampling and at higher elevations, especially in the French Alps and Pyrenees, which could be crucial areas for the surveillance of the PWN infestation.
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  DNA sequences DNA was extracted from one or two legs to allow subsequent morphological observations while reducing contamination from organisms like nematodes. Tissue from the last abdominal segment was used for larval DNA extraction. Body parts and DNA extracts were kept as vouchers in the entomological collection at the URZF at INRA-Orléans in France. Extraction and isolation of genomic DNA were performed using the GenElute Mammalian Genomic DNA miniprep kit (Sigma-Aldrich, St Quentin, France) at a final elution of 100 µl.
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  cluster together. Most individuals from Greece shared the same dominant haplotype (SI 3).All Greek individuals grouped in the B1 clade together with haplotypes from populations sampled in the most southern part of our sampling in France, the southern French Alps and the Pyrenees. More precisely, the two haplotypes SI 4 and SI 8 group individuals from the French Alps (SuSam) and Massif Central (SuLG) with the Pyrenean individuals SuPra and SuMon, respectively. Both haplotypes were positioned in subclade B1 with the previously mentioned southern most haplotypes.
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 123 Fig.1PWN infested areas (stars) and M. galloprovincialis vs M. sutor geographic distribution in Europe (lines). Combination map of the CABI Crop Protection Compendium data and observations of[START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF],[START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF] and[START_REF] Vives | Coleoptera Cerambycidae[END_REF]. A) Yellow line encircles the regions of M. galloprovincialis geographic distribution. B) Blue line encircles the regions of M. sutor geographic distribution. Fig. 2 Differences on elytra and male genitalia of the two species M. galloprovincialis (top) and M. sutor (bottom): Three stripes on elytra characterize M. galloprovincialis and points all over elytra characterize M. sutor. The lateral styli are less sclerotinized (A) with brown setae (B) for M. galloprovincialis and more sclerotinized with red setae for M. sutor. The form of the sclerotinized part of the copulatory piece (C) has an elongated thin shape for M. galloprovincialis and is heart shaped for M. sutor Fig. 3 Frequency distribution of intraspecific and interspecific (congeneric) genetic divergence in Monochamus. Intraspecific distances correspond A) to M. galloprovincialis COI sequences, B) to M. sutor COI sequences Fig. 4 A) Consensus MP tree for M. galloprovincialis and M. sutor species using 15 morphological characters. No BootStrap values were higher than 50% and therefore are not shown. B) Consensus MP tree for M. galloprovincialis and M. sutor species using COI sequence data. Only bootstrap values higher than 50% are shown. In this example, the four different lines, attributed to each branch of the tree, indicate the four different states of the first morphological character (patches on the elytra) separating M. galloprovincialis from M. sutor. Identical patterns were observed for three other morphological characters (characters 9, 10 and 13 on supplementary data I).C) Consensus MP tree for M. galloprovincialis and M. sutor species using 28S sequence data.Population codes were given inTable 2

Fig. 5

 5 Fig. 5 COI TCS network showing haplotype distribution. A) M. galloprovincialis and B) M. sutor. Color code corresponds to different populations. Population codes were given in Table 2 and circle size is proportionate to the number of individuals having each haplotype. Clades correspond to those of the MP tree (figure 4)
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Table 1

 1 M. galloprovincialis / M. sutor taxon comparison by[START_REF] Hellrigl | La bionomie des espèces de Monochamus (Coleoptera, Cerambycidae) et leur importance pour la sylviculture et l'économie du bois[END_REF],[START_REF] Sama | Atlas of the Cerambycidae of Europe and the Méditerranean Area[END_REF], Tomminen940and[START_REF] Tomminen | The male genitalia of Monochamus sutor (L.), M. galloprovincialis (Olivier) and M. urussovi (Fischer von Waldheim) (Coleoptera, Cerambycidae)[END_REF],[START_REF] Villiers | I. Cerambycidae[END_REF] and[START_REF] Vives | Coleoptera Cerambycidae[END_REF] 

	941					
	942					
		Host	Distribution		Elevation Climatic	Morphology
						requirements
	M. g. galloprovincialis	Pinus spp.	North Africa		< 800 m	Mediterranean	a) -V form scutellum
			South-west	and	Central	Warm, dry	-Round apex of the median lobe
			Europe			Branches	(male genitalia)
							b) -Legs and antennae brown-red
							-Elytra covered grey or red-
							white bristle
							-Large body size
	M. g. pistor	P. sylvestris	North Europe		> 800 m	Cold, humid	Same as a)
		P. nigra	Central and East Europe	Branches	c) -Legs and antennae black
		Picea	South Europe (occasionally)		-Elytra rare yellow-white bristle
		(occasionally)	Russia				-Small body size
			North Kazakhstan		
			Causasia			
			Transcaucasia			
			Armenia			
			North Turkey			
	M. s. sutor	Picea abies				
		Picea excelsa				
		Pinus spp.				

2008 2008 2012 1999 2009 2009 2008 2008 2012 1999 2009 DetecƟon of the PWN
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