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DNA barcoding often fails to identify species despite its undisputed advantages. Hybridization, sample contamination, incomplete lineage sorting and nuclear copies of mitochondrial genes (NUMTs) are often put forward as explanations but have seldomly been tested. Here I used available RNA-seq data to explore this issue in four Chorthippus grasshopper species. I was able to exclude NUMTs, contamination and recent hybridization as likely causes of the low barcoding performance. Using a phylogenetic method, I estimated the nuclear and mitochondrial mutation rates as 1.31 × 10 -9 -2.27 × 10 -9 and 8.1 × 10 -9 -1.4 × 10 -8 mut./site/year, respectively. These grasshoppers therefore did not exhibit a particularly low mitochondrial mutation rate compared to other insect species. Using coalescence simulation, I was able to show that two simple demographic scenarios, with a divergence rate of 1 to 3 Myr, provided a good fit to the mitochondrial genealogies in three of the four target species. Interestingly, the mitochondrial genealogy of Chorthippus mollis was inconsistent with a neutral evolution pattern, suggesting that it had undergone adaptive selection.

Introduction

DNA barcoding involves the use of a specific DNA fragment to identify organisms at the species level [START_REF] Hebert | Barcoding animal life: cytochrome c oxidase subunit 1 divergences among closely related species[END_REF][START_REF] Ratnasingham | BOLD: The Barcode of Life Data System (http[END_REF]. This technique has gained popularity in projects like metabarcoding [START_REF] Hebert | Counting animal species with DNA barcodes: Canadian insects[END_REF][START_REF] Linard | Lessons from genome skimming of arthropod-preserving ethanol[END_REF] and environmental DNA ((Valentini et al. , 2016) . It is particularly effective for assessing the diversity of little known invertebrate groups [START_REF] Hebert | Counting animal species with DNA barcodes: Canadian insects[END_REF] and detecting cryptic species [START_REF] Vieites | Vast underestimation of Madagascar's biodiversity evidenced by an integrative amphibian inventory[END_REF][START_REF] Janzen | Nuclear genomes distinguish cryptic species suggested by their DNA barcodes and ecology[END_REF]. Efficient species identification and monitoring are critical for accurate species loss monitoring, as unrecorded diversity can lead to substantial underestimation of extinction [START_REF] Régnier | Mass extinction in poorly known taxa[END_REF][START_REF] Cowie | The Sixth Mass Extinction: fact, fiction or speculation?[END_REF]. However, DNA barcodes sometimes fail, so it is essential understand the cause of misidentifications in order to be able to apply these tools more effectively.

In Orthoptera, DNA barcoding is frequently used (e.g., [START_REF] Huang | DNA Barcoding and Species Boundary Delimitation of Selected Species of Chinese Acridoidea (Orthoptera: Caelifera)[END_REF][START_REF] Guo | DNA Barcoding of genus Hexacentrus in China reveals cryptic diversity within Hexacentrus japonicus (Orthoptera, Tettigoniidae)[END_REF][START_REF] Warchałowska-Śliwa | Highly divergent karyotypes and barcoding of the East African genus Gonatoxia Karsch (Orthoptera: Phaneropterinae)[END_REF]) and mitochondrial markers have been used for phylogenetic estimation [START_REF] Song | Phylogenomic analysis sheds light on the evolutionary pathways towards acoustic communication in Orthoptera[END_REF]. Molecular phylogeny can have taxonomic implications. For example, based on the phylogeny proposed by [START_REF] Vedenina | Speciation in gomphocerine grasshoppers: molecular phylogeny versus bioacoustics and courtship behavior[END_REF], [START_REF] Defaut | Implications taxonomiques et nomenclaturales de publications récentes en phylogénie moléculaire: 1. Les Gomphocerinae de France (Orthoptera, Acrididae). Matér[END_REF] suggested a change in the classification rename the Chorthippus from the sub-genus Glyptobothrus in Gomphocerippus Roberts 1941. This change has been adopted by the French taxonomic reference databases (Gargominy et al. 2021 https://inpn.mnhn.fr/telechargement/referentielEspece/taxref/15.0/ ).

Recently, [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF] presented a dataset including more than 700 DNA barcodes of Orthopterans from central Europe. It was found that 76.2% of the 122 recorded species could be identified using DNA barcodes, thereby reflecting the usefulness of this technology (see also [START_REF] Timm | The efficiency of the COI gene as a DNA barcode and an overview of Orthoptera (Caelifera and Ensifera) sequences in the BOLD System[END_REF]), but numerous instances of misidentification have been noted. Among the most striking example concerns the Glyptobothrus subgenus Chopard, 1951, including Chorthippus biguttulus, C. brunneus, C. mollis, C. apricarius and Gomphocerippus rufus. Figure 3 in [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF] illustrated a phylogeny were DNA barcodes of different species all appeared to be lacking any discernible genetic structure. This finding is intriguing as these species exhibit distinct phenotypes, e.g. clear differences in their songs [START_REF] Sardet | Cahier d'identification des orthoptères de France[END_REF][START_REF] Bellmann | Der Kosmos Heuschreckenführer[END_REF][START_REF] Sardet | Grasshoppers of Britain and Western Europe: A Photographic Guide[END_REF]. [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF]discussed potential reasons for this discrepancy, including hybridization, incomplete lineage sorting (ILS), the presence of nuclear copies of mitochondrial pseudogenes (socalled nuclear copies of mitochondrial sequences [NUMTs]) and the potential influence of maternally transmitted bacterial Wolbachia endosymbiots. However, none of these factors were tested in that study.

More recently, [START_REF] Nolen | Historical isolation facilitates species radiation by sexual selection: Insights from Chorthippus grasshoppers[END_REF], building on the dataset of [START_REF] Berdan | A population genomic scan in Chorthippus grasshoppers unveils previously unknown phenotypic divergence[END_REF], estimated the phylogeny using complete mitochondrial genomes (mitogenomes) mainly assembled from RNAseq data. Despite using considerably more sites (>10 kb compare to 0.65 kb of the DNA barcode), the phylogeny failed to recover any monophyletic species among Glyptobothrus, with G. rufus again nested within Chorthippus spp. This new phylogeny is likely to be less affected by NUMTs because it is commonly believed that they are not expressed (e.g. [START_REF] Pereira | Mind the numt: Finding informative mitochondrial markers in a giant grasshopper genome[END_REF]. However, this hypothesis should be formally tested as NUMTs have been shown to be expressed in bumblebee genomes [START_REF] Ding | Genus-Wide Characterization of Nuclear Mitochondrial DNAs in Bumblebee (Hymenoptera: Apidae) Genomes[END_REF] and are very frequent in grasshopper genomes [START_REF] Song | Many species in one: DNA barcoding overestimates the number of species when nuclear mitochondrial pseudogenes are coamplified[END_REF][START_REF] Moulton | Assessing the effects of primer specificity on eliminating numt coamplification in DNA barcoding: a case study from Orthoptera (Arthropoda: Insecta)[END_REF][START_REF] Pereira | Mind the numt: Finding informative mitochondrial markers in a giant grasshopper genome[END_REF]. Interestingly, [START_REF] Nolen | Historical isolation facilitates species radiation by sexual selection: Insights from Chorthippus grasshoppers[END_REF] found evidence of introgression during Chorthippus evolution but not trace of hybrids in sympatric samples. This is in line with evidence of postzygotic reproduction barrier between C. brunneus and C. bigguttulus [START_REF] Gottsberger | Behavioral sterility of hybrid males in acoustically communicating grasshoppers (Acrididae, Gomphocerinae)[END_REF], 2019). Despite this ancestral hybridization, nuclear marker studies highly support a standard taxonomy, with all species and subspecies showing a clear genetic structure. Hybridization is therefore a good candidate for explaining the discrepancy between mitochondrial marker findings and taxonomic classifications. However, in the absence of positive selection, hybridization should lead to high mitochondrial genetic diversity because a given population will share mitochondrial haplotypes from its own population and from an other species.

Alternatively, selection on mitochondrial haplotypes, either directly or indirectly through linkage with maternally inherited symbiosis, e.g. Wolbachia [START_REF] Hurst | Problems with mitochondrial DNA as a marker in population, phylogeographic and phylogenetic studies: the effects of inherited symbionts[END_REF][START_REF] Galtier | Mitochondrial DNA as a marker of molecular diversity: a reappraisal[END_REF], could lead to the homogenization of mitochondrial genetic diversity in several populations, see [START_REF] Bonnet | A reassessment of explanations for discordant introgressions of mitochondrial and nuclear genomes[END_REF] for a general discussion of the causes of mito/nuclear discordance.

In this study, I aimed to test the hypotheses put forward by [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF] including hybridization, ILS, NUMTs and Wolbachia. Moreover, I aim to test if the low DNA barcoding performance in Glyptobothrus could be the result of a low mutation rate. [START_REF] Allio | Large variation in the ratio of mitochondrial to nuclear mutation rate across animals: implications for genetic diversity and the use of mitochondrial DNA as a molecular marker[END_REF] recently demonstrated that the mitochondrial mutation rate was on average only 2-5 times higher than the nuclear mutation rate in nonvertebrate species (including insects) as compared to the 10-20 times higher rate in vertebrate species. Indeed, a low mutation rate associated with recent divergence, which could be < 2 Myrs for Glyptobothrus [START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF], could be sufficient to explain the overall inconsistency between mitochondrial DNA findings and taxonomic classifications through incomplete lineage sorting.

I have gathered three transcriptome datasets, including 30 Acrididae species, built upon the datasets of [START_REF] Nolen | Historical isolation facilitates species radiation by sexual selection: Insights from Chorthippus grasshoppers[END_REF], 31 Ensifera species (including crickets, katydids and weta), in order to study other Orthoptera clades, and finally a dataset of 24 passerine bird species mostly based on the datasets of [START_REF] Leroy | Island songbirds as windows into evolution in small populations[END_REF]. Passerines are used for comparison to assess results obtained in typical vertebrates clades. I then estimated the demographic history of Chorthippus species using nuclear datasets in order to test if observed mitochondria genealogies could be in line with a neutral evolutionary pattern under the estimated demographic parameters. Finally, I also tested for the presence of Wolbachia sequences in the transcriptome.

Materials and Methods

Genomic data

Acrididae

For the population genetic analyses focused on Chorthippus species, I used the RNAseq data generated by [START_REF] Berdan | A population genomic scan in Chorthippus grasshoppers unveils previously unknown phenotypic divergence[END_REF] and Nolen et al. (2022) (SRA accessions PRJNA284873 and PRJNA665162, respectively). For the mitochondrial and nuclear substitution rate estimation, I used RNAseq data of [START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF] for 18 species (accession PRJNA801336). These datasets were supplemented by 6 recently published transcriptomes [START_REF] Shah | Transcriptome assembly for a colour-polymorphic grasshopper (Gomphocerus sibiricus) with a very large genome size[END_REF][START_REF] Ran | Comparative transcriptome analysis of Locusta migratoria tibetensis Chen (Orthoptera: Oedipodidae) under high-and low-temperature stress[END_REF][START_REF] Yuan | Characterization and analysis of full-length transcriptomes from two grasshoppers, Gomphocerus licenti and Mongolotettix japonicus[END_REF][START_REF] Zhao | Genome Size Estimation and Full-Length Transcriptome of Sphingonotus tsinlingensis: Genetic Background of a Drought-Adapted Grasshopper[END_REF] (Table S1 & S2 for details).

Ensifera

A literature review led to the identification of 31 Ensifera species and 42 individuals with available transcriptomes [START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Berdan | A genes eye view of ontogeny: de novo assembly and profiling of the Gryllus rubens transcriptome[END_REF][START_REF] Kasumovic | Australian black field crickets show changes in neural gene expression associated with socially-induced morphological, life-history, and behavioral plasticity[END_REF][START_REF] Pascoal | Rapid evolution and gene expression: a rapidly evolving Mendelian trait that silences field crickets has widespread effects on mRNA and protein expression[END_REF][START_REF] Blankers | Demography and selection shape transcriptomic divergence in field crickets[END_REF][START_REF] Satoh | Circatidal gene expression in the mangrove cricket Apteronemobius asahinai[END_REF][START_REF] Toxopeus | How crickets become freeze tolerant: the transcriptomic underpinnings of acclimation in Gryllus veletis[END_REF][START_REF] Twort | New Zealand tree and giant wētā (Orthoptera) transcriptomics reveal divergent selection patterns in metabolic loci[END_REF][START_REF] Zhou | Identification, characteristics and distribution of SSR loci in the transcriptome and genome skimming of Gampsocleis gratiosa (Orthoptera: Tettigoniidae)[END_REF][START_REF] Kataoka | The draft genome dataset of the Asian cricket Teleogryllus occipitalis for molecular research toward entomophagy[END_REF][START_REF] Oppert | Transcriptome analysis of life stages of the house cricket, Acheta domesticus, to improve insect crop production[END_REF][START_REF] Kono | Transcriptomic data during development of a two-spotted cricket Gryllus bimaculatus[END_REF][START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF][START_REF] Hoang | Development of RNAi Methods for the Mormon Cricket, Anabrus simplex (Orthoptera: Tettigoniidae)[END_REF] (Tables S1 andS2).

Passeriformes

For the Passeriformes, I used the alignments obtained in [START_REF] Leroy | Island songbirds as windows into evolution in small populations[END_REF] in which I added Sylvia atricapilla sequences from the GCA_009819655.1 bSylAtr1 assembly [START_REF] Delmore | The evolutionary history and genomics of European blackcap migration[END_REF]). An annotation file was obtained from the China National Gene Bank databases (https://ftp.cngb.org/pub/CNSA/data3/CNP0000505/CNS0103245/CNA0003554/). Protein coding sequences of S. atricapilla were added to the set of orthologous sequences using the same method as that used in [START_REF] Leroy | Island songbirds as windows into evolution in small populations[END_REF] with the hmmsearch and hmmscan packages [START_REF] Eddy | Accelerated Profile HMM Searches[END_REF][START_REF] Scornavacca | OrthoMaM v10: scaling-up orthologous coding sequence and exon alignments with more than one hundred mammalian genomes[END_REF].

Assembly and annotation

Raw data were downloaded using bash scripts generated by sra explorer (https://sra-explorer.info/).

Raw reads were trimmed using fastp [START_REF] Chen | fastp: an ultra-fast all-in-one FASTQ preprocessor[END_REF] with default parameters. Only pair-end sequences obtained after trimming were used for assembly. Transcriptomes were obtained using Trinity [START_REF] Haas | De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis[END_REF] and Megahit [START_REF] Li | MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph[END_REF] assemblers. Trinity was first used but was found to be very time consuming (sometimes more than 24 h per assembly). Consequently, Megahit proved to be much faster and provided similar assemblies in terms of BUSCO score. Megahit was used for the rest of the assemblies (details in Table S2). For transcriptomes obtained with Trinity, I selected only the longest isoform sequences when several isoforms were available per transcript.

BUSCO (v5.2.2; [START_REF] Manni | BUSCO Update: Novel and Streamlined Workflows along with Broader and Deeper Phylogenetic Coverage for Scoring of Eukaryotic, Prokaryotic, and Viral Genomes[END_REF] was used for annotation and to detect single-copy orthologues within each transcriptome. For Acrididae and Ensifera datasets, "insecta_odb10" BUSCO lineages were used whereas "metazoa_odb10" BUSCO lineages were used for Passeriformes.

For mitochondrial genomes, I used MitoFinder (v1.4 [START_REF] Allio | MitoFinder: efficient automated large-scale extraction of mitogenomic data in target enrichment phylogenomics[END_REF] to identify and annotate mitochondrial genes on assemblies (option "-a"). The following mitogenomes were used as reference: Pseudochorthippus parallelus erythropus MT166302; P. parallelus parallelus NC_056785 [START_REF] Pereira | Mind the numt: Finding informative mitochondrial markers in a giant grasshopper genome[END_REF]; Chorthippus fallax MK693137 [START_REF] Deng | Complete mitochondrial genome and phylogenetic analysis of a Chorthippus fallax (Zuboxsky) isolated in rangeland of northwest region of China[END_REF]; C. maritimus Acheta domesticus OK504623. Finally, Passeriforme mitochondrial alignments were obtained from [START_REF] Leroy | Island songbirds as windows into evolution in small populations[END_REF] and S. atricapilla was obtained from accession NC_010228.1 [START_REF] Singh | Bird Mitochondrial Gene Order: Insight from 3 Warbler Mitochondrial Genomes[END_REF].

Alignment, phylogeny and substitution rate estimation

When several individuals were available per species, two individuals were selected based on the number of BUSCO genes and on the number of mitochondrial protein-coding genes annotated by MitoFinder. Alignments were performed using the OMM_MACSE_v10_01 alignment pipeline [START_REF] Scornavacca | OrthoMaM v10: scaling-up orthologous coding sequence and exon alignments with more than one hundred mammalian genomes[END_REF]. This pipeline is based on the MACSE alignment software [START_REF] Ranwez | MACSE: Multiple Alignment of Coding SEquences accounting for frameshifts and stop codons[END_REF][START_REF] Ranwez | MACSE v2: toolkit for the alignment of coding sequences accounting for frameshifts and stop codons[END_REF]. MACSE aligns at the amino acid level but can handle frameshift mutations accurately [START_REF] Ranwez | MACSE v2: toolkit for the alignment of coding sequences accounting for frameshifts and stop codons[END_REF][START_REF] Delsuc | Accurate alignment of (meta)barcoding data sets using MACSE[END_REF]. OMM_MACSE_v10_01 was created to to speed up the process and to add cleaning steps. In particular, post-alignment cleaning was performed using HMMCleaner V1_8_VR2 [START_REF] Franco | Evaluating the usefulness of alignment filtering methods to reduce the impact of errors on evolutionary inferences[END_REF]. HMMCleaner masks dubious alignment regions [START_REF] Franco | Evaluating the usefulness of alignment filtering methods to reduce the impact of errors on evolutionary inferences[END_REF]. HMMCleaner was used only for nuclear alignments as mitochondrial alignments were checked visually.

For nuclear DNA, BUSCO genes with less than four species were excluded from further analyses. A phylogeny was estimated for all genes individually using IQ-TREE (v1.6.12; [START_REF] Nguyen | IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies[END_REF] with the GTR+G4 substitution model. The distribution of genetic distance between species was computed using the R package APE [START_REF] Paradis | ape 5.0: an environment for modern phylogenetics and evolutionary analyses in R[END_REF] with the cophenetic function.

Alignments for which a given pair of species had a divergence above 1.0 subt./site for Acrididae, 1.9 subt./site for Enserifera and 0.164 subt./site for Passeriformes were excluded from further analyses. When visually checked, these alignments were frequently found to have problems that could have been caused by alignment issues and/or hidden paralogy. Using the remaining alignments, 200 genes were randomly selected and concatenated to estimate the species phylogeny using IQ-TREE with a GTR+G4 substitution model and 1,000 ultra-fast bootstraps.

The neutral theory of molecular evolution indicates that the divergence of neutrally evolving sequences is the product of time and the mutation rate [START_REF] Kimura | The neutral theory of molecular evolution[END_REF], which also holds for neutral sites linked to selected sites [START_REF] Birky | Effects of linkage on rates of molecular evolution[END_REF]. Therefore, computing the divergence on neutrally evolving sites for the nuclear and mitochondrial genes can highlight differences in mutation rate among two genomes [START_REF] Allio | Large variation in the ratio of mitochondrial to nuclear mutation rate across animals: implications for genetic diversity and the use of mitochondrial DNA as a molecular marker[END_REF]. Indeed for a given pair of not too recently diverged species, the divergence time should be very close as the ancestors of the mitochondrial genome and the nuclear genome are expected to have lived at approximately the same time. I used the third codon position, where mutations are mainly synonymous, as a neutrally evolving sequence proxy. One individual per species was selected. Branch lengths were estimated with the species tree serving as fixed topology with IQ-TREE using a GTR+G4 substitution model. In order to quantify potential variations among genes, I estimated the substitution rate using 100 sets of concatenate sequences obtained by random sampling among the available genes. All sites with more than 30% missing data were excluded. As different BUSCO gene sets were used for birds and Orthopthera, I selected genes common to both sets for these analyses [START_REF] Kriventseva | OrthoDB v10: sampling the diversity of animal, plant, fungal, protist, bacterial and viral genomes for evolutionary and functional annotations of orthologs[END_REF]. Finally, the same method was applied to mitochondrial genes with a species tree estimated using all the concatenated mitochondrial protein-coding genes.

NUMTs

For all individuals, I extracted all putative mitochondrial genes identified by MitoFinder, performed alignments using macse V2.06 [START_REF] Ranwez | MACSE v2: toolkit for the alignment of coding sequences accounting for frameshifts and stop codons[END_REF][START_REF] Delsuc | Accurate alignment of (meta)barcoding data sets using MACSE[END_REF]) and reconstructed the phylogeny using IQ-TREE [START_REF] Nguyen | IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies[END_REF]. Phylogenies were checked visually to identify distant clusters potentially indicating contamination or NUMTs. When several sequences from a single gene were identified in one individual, the gene was blasted in the BOLD identification system [START_REF] Ratnasingham | BOLD: The Barcode of Life Data System (http[END_REF] and NCBI gene bank (https://blast.ncbi.nlm.nih.gov/).

Moreover, all sequences with a frameshift identified by macse were checked. Finally, contig containing the gene was examined to check if it contained potential regions homologous to the nuclear and mitochondrial sequences.

Mapping, genotyping and popultaion genetics

I created a reference transcriptome consisting of transcripts of several species belonging to the Glyptobothrus species. It included 1,337 genes corresponding to BUSCO genes of the insecta_odb10 datasets.

For each individual, the cleaned reads were mapped onto this reference transcriptome using BWA [START_REF] Li | Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM[END_REF]. The output BWA SAM file was converted in BAM and sorted using sambamba [START_REF] Tarasov | Sambamba: fast processing of NGS alignment formats[END_REF]. Genotype calling was performed using freebayes with the --use-best-n-alleles 4 option [START_REF] Garrison | Haplotype-based variant detection from short-read sequencing[END_REF]. Only SNPs with a quality above 100.0 were considered and indels were excluded. Polymorphic and monomorphic (i.e. homozygous) sites are considered if they had a coverage of >10x and <10000x with reads having a sequencing quality of >30.0 and a mapping quality of >50.0. Sites that did not meet these thresholds were considered ambiguous (i.e. coded "N"). VCFs were converted into fasta files using VCF2Fasta_no_mono.py (https://github.com/benoitnabholz/VCF2Fasta)

All individuals were merged in on fasta file per transcript (available as Supp Mat). All sites with less than 36 individuals were excluded. Population genetics statistics were computed using the seq_stat_2pop package (v1.2; https://github.com/benoitnabholz/seq_stat_2pop) written using bio++ libraries [START_REF] Guéguen | Bio++: Efficient Extensible Libraries and Tools for Computational Molecular Evolution[END_REF]. Fst was computed as Fst = 1p mean / p total , where p mean is the average nucleotide diversity among populations and p total is the nucleotide diversity computed using all individuals [START_REF] Nei | F-statistics and analysis of gene diversity in subdivided populations[END_REF]. Net divergence (Da) is computed as Dxy -(P1+P2)/2 [START_REF] Nei | Mathematical model for studying genetic variation in terms of restriction endonucleases[END_REF] in [START_REF] Hahn | Molecular population genetics[END_REF], where Dxy is the mean genetic divergence between all pairs of sequences from different populations. Finally, individuals with more than 35% missing data were excluded from further analyses.

Molecular dating

In order to obtain an absolute substitution rate in Glytobothrus species, molecular dating was performed using MCMCTREE on full nuclear alignments [START_REF] Yang | Bayesian Estimation of Species Divergence Times Under a Molecular Clock Using Multiple Fossil Calibrations with Soft Bounds[END_REF][START_REF] Rannala | Inferring Speciation Times under an Episodic Molecular Clock[END_REF]. I used a secondary calibration from [START_REF] Song | Phylogenomic analysis sheds light on the evolutionary pathways towards acoustic communication in Orthoptera[END_REF] using the tree obtained with the Daa,trans,strict dataset (FigTree_C80_run1.tre file in the Dryad Digital Repository https://doi.org/10.5061/dryad.qjq2bvqc6) with divergence between Gomphecerinae and Oedipodinae. The latter were represented by Locusta and Sphingonotus in the dataset. I used a uniform prior corresponding to the lower and upper bounds of the 95% confidence interval obtained in [START_REF] Song | Phylogenomic analysis sheds light on the evolutionary pathways towards acoustic communication in Orthoptera[END_REF] ranging from 26.4 to 42.9 Ma. I used a HKY+G5 substitution model. The burnin was set at 2,000 steps followed by a mcmc of 200,000 steps with sampling every 10 steps.

Approximate Bayseian Computation (ABC) to the estimated demographic history

I used the DILS automated pipeline [START_REF] Fraïsse | DILS: Demographic inferences with linked selection by using ABC[END_REF] to obtain the best demographic model inferred using ABC. As this approach is implemented for two populations, I tested the six pairs among the four Chorthippus species for which I had more than 10 samples (C. biguttulus, C. brunneus, C. mollis and C. rubratibialis). DILS compares several population divergence models, including strict isolation (SI), isolation-migration (IM) and secondary contact (SC) models, and it also models variations in migration rate among loci (2M) and variations in effective population size among loci (2N) in order to take potential linked-selection effects into account [START_REF] Fraïsse | DILS: Demographic inferences with linked selection by using ABC[END_REF].

I also evaluated simpler models using the DILS code (https://github.com/popgenomics/DILS_web).

I assessed the simplest SI model with a variable effective population size among loci (SI 2N) and an IM model without variation in the effective population size or migration rate among loci (IM 1M 1N). For all models, I used the variable population size option that allows the population size to vary within each populations after the split in order to account for the observed negative Tajima's D statistic. The parameters used included a mutation rate of 1.5 × 10 -9 mut./sites/years, rho over theta of 0.5, a maximum time split of 10M generations and a maximum N of 100M individuals. The goodness-of-fit statistic was computed as the proportion of time the observed summary statistic was lower or higher than the statistics in the posterior distribution. The p-value could not be higher than 0.5 because the statistic was oriented according to whether the observed statistics were higher or lower than the median of the posterior distribution.

Coalescence simulation of the mitochondrial genealogy

I focused on either the IM model or the simpler SI model. These two models give two extremes in terms of divergence date and migration rate.

The simulations were performed per species pair using demographic parameters estimated using the nuclear data. The parameter estimates were the median of the posterior distribution obtained using the neural network method. The coalescent simulations were conditioned on a theta mutation rate parameter of 4 Ne mu. The effective population size of the nuclear and mitochondrial genomes were not equivalent because mitochondrial DNA is maternally inherited and haploid. The simplest approximation thus involved dividing the nuclear Ne by four in the mitochondrial simulation. The reference theta was computed assuming a Ne of 12.5M (25% of the reference Ne of the nuclear sequence), a mutation rate of 1.2 × 10 -8 mutation/gen./site and a sequence size of 3,000 bp (i.e. Theta = 450). However, this theta could be adjusted if the observed nucleotide diversity was not compatible with the simulation. Indeed, the female Ne is not necessarily half of the whole population Ne as the sex ratio could have an impact on it [START_REF] Ellegren | The different levels of genetic diversity in sex chromosomes and autosomes[END_REF]. Preliminary analyses with the IM model showed that theta=450 led to less nucleotide diversity than the observed value (except for C. mollis). Therefore, I increased the theta to 900 for the IM model. Rho (the population recombination rate) was set a 0, with a sample size of N=30 and 15 chromosomes sampled per population.

For each species pair, I performed 1,000 simulations and computed the maximum divergence between the mitochondrial haplotypes, Fst, nucleotide diversity, Dxy (i.e. the mean nucleotide divergence between populations) and the proportion of the simulation with monophyletic populations. The statistics were compared to the observed statistics by recording the number of simulations with a statistic equal to or higher than that observed.

Wolbachia detection

I used BLASTX diamond sequence aligner [START_REF] Buchfink | Fast and sensitive protein alignment using DIAMOND[END_REF] to identify potential Wolbachia proteins present in Chorthippus transcriptomes. Target protein sequences were obtained from the complete genome sequence of Wolbachia pipientis (GenBank accession: CP084693.1). All transcripts with a BLAST score of >400 and >80% identity were considered as potential Wolbachia genes. Candidate transcripts were annotated using the Prokka package [START_REF] Seemann | Prokka: rapid prokaryotic genome annotation[END_REF]. Alignment using MACSE V10 [START_REF] Ranwez | MACSE v2: toolkit for the alignment of coding sequences accounting for frameshifts and stop codons[END_REF] and phylogeny reconstruction using IQ-TREE [START_REF] Nguyen | IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies[END_REF] were performed on atpD, which was the most frequently recorded gene.

Results

Very few nuclear mitochondrial pseudogenes (NUMTs) in RNAseq data

All COX1 genes annotated by mitofinder were considered. A few Chorthippus individuals had several COX1 gene copies in their transcriptomes. A phylogeny enables identification of distant clade sequences. Blast analyses performed on those distantly related sequences revealed the presence of Gryllus and Blaesoxipha erythrura (Diptera: Sarcophagidae). These findings were confirmed by a phylogenetic analyses including Blaesoxipha and Gryllus rubens sequences (Figure S1). The presence of the Blaesoxipha sequence could be easily explained by the fact that B.

erythrura is a known parasite of Acrididae [START_REF] Léonide | Contribution à l'étude biologique des Diptères Sarcophagidés parasites d'Acridiens. IV: Blaesoxipha paolii Villeneuve[END_REF]. The Gryllus sequence had a blast with 100% identity and the the contig which contained the gene showed no trace of nuclear sequences. These results could be explained by contamination and it is unlikely that they were NUMTs. Within the Chorthippus clade, most individuals had only one COX1. Only three individuals had two copies, which were always identical, that could have been the result of a misassembly problem (Figure S1). Finally, one individual had 12 copies (SRR2051368 Chorthippus mollis) with several copies of unique mutations not shared by any other individuals. The corresponding contigs bearing COX1 genes showed no trace of nuclear DNA, so it is also unlikely that they were NUMTs but instead could have been due to an assembly issue for this individual.

Analyses of the other genes only revealed three potential cases of expressed NUMTs where the contig bearing the genes showed similarity with Schistocerca genome nuclear sequences (Supp Mat.). Other identified extra mitochondrial genes could have been associated with Sarcophagidae (fly parasite) or contamination (as illustrated by the ND1 phylogeny, Figure S2).

In conclusion, NUMTs could have been rarely expressed, so it is unlikely that they were the cause of the low DNA barcoding performance in Glytobothrus species. Moreover, the majority of Chorthippus individuals (82%) only had one COX1 sequence, indicating that it is also unlikely that contamination was an issue.

Low mitochondrial mutation rate for Acrididae compared to the nuclear mutation rate

After cleaning, the number of nuclear loci analysed were 373, 368 and 594 with 31, 30 and 27 species for Ensifera, Acrididae and Passeriformes, respectively. This represented an alignment of 410 kb, 385 kb and 712 kb with 18%, 13 % and 9% of median missing data for Ensifera, Acrididae and Passeriformes, respectively. The phylogeny estimated with 200 randomly selected nuclear genes are presented in Figures S3-S5. The total branch length of the nuclear Ensifera phylogeny was considerably larger (6.1 sub./site) than for Acrididae (0.64 sub./site) and Passeriformes (0.43 sub./site). To make the dataset more comparable, I split Ensifera into Gryllidae (9 Gryllidae species, excluding Phaeophilacris and Apteronemobius, 0.25 sub./site) and New Zealand Deinacridinae (16 species; 0.17 sub./site). Deinacridinae are part of the high radiation of Orthopteran species endemic to New Zealand, which includes the tree and giant weta [START_REF] Trewick | Phylogenetics of New Zealand's tree, giant and tusked weta (Orthoptera: Anostostomatidae): evidence from mitochondrial DNA[END_REF][START_REF] Pratt | Diversification of New Zealand weta (Orthoptera: Ensifera: Anostostomatidae) and their relationships in Australasia[END_REF].

The mitochondrial to nuclear substitution rate ratio varied substantially among taxa. Based on the 3 rd codon position, the ratio was only 4.61 for Acrididae, 7.8 for Gryllidae and as high as 18.3 for Passerines and 27 for the Deinacridinae (Figure 1). Variations observed among Ensifera species were spectacular. The ratio obtained for Deinacridinae was higher than that of all the insect clades (19) analyzed in [START_REF] Allio | Large variation in the ratio of mitochondrial to nuclear mutation rate across animals: implications for genetic diversity and the use of mitochondrial DNA as a molecular marker[END_REF] (median ratio for insects = 2.75 and max. = 24.2). In contrast,

Acrididae had the slowest relative rate, but this ratio was in line with that of other insect clades [START_REF] Allio | Large variation in the ratio of mitochondrial to nuclear mutation rate across animals: implications for genetic diversity and the use of mitochondrial DNA as a molecular marker[END_REF]) and mitochondrial DNA still evolved at a faster rate than nuclear DNA in this clade. 

Molecular dating and absolute mutation rate estimation

Molecular dating with MCMCTREE revealed a divergence rate between Omocestus and Chorthippus of between 15 and 26 Myr (median = 19 Ma, see Supp File). This age was used to compute the mitochondrial and nuclear sequence mutation rates using the formula m = D/(2 T),

where D is the molecular divergence between Chorthippus and Omocestus and T is the divergence date in years. I used the divergence date estimated using the 3 rd codon position. For nuclear sequences, the divergence was D = 0.0682 subt./site. This gave the mutation rate (m) between 1.31 × 10 -9 mut./sites/years and 2.27 × 10 -9 mut./site/year for the 3 rd codon position of nuclear proteincoding genes. For mitochondrial sequences, the molecular divergence was computed using the mitochondrial topology, which differs from the nuclear topology [START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF]. The divergence was D = 0.421 subt./site, with a m of between 8.1 × 10-9 mut./sites/year and 1.4 × 10-8 mut./sites/year. For this divergence, the mitochondrial to nuclear mutation rate was around 6. Based on this mutation rate, the most divergent mitochondrial haplotypes within the C. biggutulus complex (i.e. ~0.033 subt./site) diverged 0.9-1.6 Myr ago. For the nuclear genome, genetic differentiation was estimated using Fst as being low among species

Population genetics analysis

(5-9%; Table 3). Similarly, almost no mutations were fixed between species, with a net divergence Da ~ 0.1% representing <25 SNPs out of >30,000 SNPs for all species pairs (~0.01%). Shared polymorphism ranged from 23% to 29% among species pairs. Therefore, despite the fact that the species were clearly differentiated, as indicated by the clear genetic clusters without intermediate individuals reported by [START_REF] Nolen | Historical isolation facilitates species radiation by sexual selection: Insights from Chorthippus grasshoppers[END_REF], the differentiation level was low. For the mitochondrial genome, the Fst is higher than for the mitochondrial genome except for the Fst between rubratibialis and biguttulus (Table 4). This phylogenetic tree demonstrates the complete absence of species monophyly as reported by [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF] and Nolen et al.

(2020) (Figure 2). Divergence between species (as computed using the Dxy statistic) could be very small with minimum value often <0.1% representing near identical mitochondrial genome and identical COX1 barcodes except for the divergence between mollis and brunneus (minimum divergence = 1.4%). Among the four species, C. mollis is an outliers with a lower genetic diversity (Pi 3 rd codon = 0.2% vs >1% for the others species) leading to higher Fst (Table 4). 

Estimation of divergence times and demographic history of Glytobothrus species using ABC

Results obtained using the random forest or neural network method were very similar, so I opted to present only the neural network estimations. The best model selected using DILS [START_REF] Fraïsse | DILS: Demographic inferences with linked selection by using ABC[END_REF] was always the isolation-migration (IM) model with heterogeneous effective population size among loci (Table 5). Migration was inferred to be either homogeneous (1M) or hetergeneous (2M) among loci (Table 5). Divergence was estimated to have occurred between 2 Myr and 5 Myr, with around 100 migrants per generation representing a migration rate of 0.001% considering the current population size (Table 5). The best model sometimes led to very different population sizes between species and for the same species between pairs. For example, the brunneus/rubratibialis pair had an estimated Ne of 82 million and 39 million, respectively, whereas the C. mollis/rubratibialis pairs had an estimated Ne of 21 and 75 million, respectively. This was surprising given the very similar genetic diversity observed in the different species. These estimates could have been influencedby

the variable Ne among loci implemented in DILS. A simpler model with constant Ne among loci and constant migration (IM 1M 1N model) led to similar Ne among species, but slightly more recent divergence time (1.7-2 Ma, Table S3). Finally, using a much simpler strict isolation (SI) model and a heterogeneous effective population among loci, I estimated the divergence at between 0.3 Myr and up to 3.1 Myr, with a median estimate close to 0.9-1.1 Myr (Table 6). This simple model had a good fit, as demonstrated by the goodness-of-fit test that never had a p-value <0.01, while the simulated statistics were close to that obtained for the Fst statistic and nucleotide diversity (Table S4). Therefore, even without gene flow, the divergence date was unlikely <300 thousand generations. A SI model with homogeneous Ne among loci (SI 1N) generated close estimates, albeit a slightly higher Ne and more recent divergence (Table S5). In conclusion, the various models provided divergence estimates of 0.91 Myr to 3.7 Myr, which could be used for mitochondrial DNA simulations. Simulation of mitochondrial genealogies using a neutral demographic scenario I used the demographic parameter estimated using the ABC order to test if the observed mitochondrial genealogy could be observed based on neutral demographic evolution. I focused on the best DILS model (i.e. IM with 2N model) or the simpler SI 2N model. These two models gave two extremes in terms of divergence date and migration rate.

For each species pair, statistics recorded in the simulation were maximum divergence between the mitochondrial haplotype, median Fst, median nucleotide diversity and the proportion of the simulation with population monophyly.

Simulations under the SI model demonstrated that genealogies quite similar to the observed one could be easily observed under a neutral demographic scenario (Table 7 and Figure S6). For example, the minimum divergence between species could be very low (~0.1%) as observed in real mitochondrial datasets and the maximum divergence was also close to the observed value (Table 7).

Moreover, the species monophyly was almost never observed (once in all the simulations across all species pairs). Therefore, the coalescence simulations demonstrated that both near identical mitochondrial haplotype and maximum divergence above 3% could be observed even with 1 Myr of complete isolation.

In contrast, the low polymorphism of C. mollis seemed incompatible with neutral evolution. Less than 2% of the simulation led to similar or lower nucleotide diversity. The Fst was also not very well simulated, with values less than the oberserved one (median Fst ~ 3%, Table 7).

Table 7. Goodness-of-fit statistic: For each statistic, the results are presented as "(observed statistic -median value of simulated statistics) p-value" where the p-value is the proportion of time where the observed statistic is lower or higher than that obtained in 1,000 simulations using the parameters fitted on the nuclear dataset. For the maximum divergence and minimum divergence, it was the number of times that the simulated statistic was higher and lower, respectively. The IM model provided a poorer fit to the mitochondrial data (Table 7). For the SI model, the similated Fst values were lower than the observed values but the nucleotide diversity and maximum divergence between populations were also systematically lower than the observed values (Table 7).

Model

For example, using the C. brunneus biguttulus pair, the observed maximum divergence recorded between species was 3.2% whereas the 95% CI intervals of the simulated value were 0.7-2%. The simulated Fst was also often lower than the observed value, except for the C. rubratibialisbiguttulus and C. rubratibialis-brunneus pairs (observed Fst = 0.0227 and 0.0924, respectively). In contrast, the nucleotide diversity of C. mollis was higher than the observed value (Table 7), as obtained using the SI model. This confirms that the nucleotide diversity of C. mollis was unlikely the result of a neutral evolutionary process.

Prevalence of Wolbachia

Wolbachia protein coding was found in 126 out of the 140 Acrididae individuals, thereby indicating a very high prevalence (90%) of Wolbachia in grasshoopers. However, most of the protein coding was only found in a few individuals. Only the ATP synthase subunit beta (AtpD) gene was found in a sufficient number of individuals to reconstruct a phylogeny. This phylogeny gave no clear pattern or structure within Chorthippus species (Fig. S7). Therefore, it was impossible to determine if Wolbachia was involved in the low mitochondrial genetic diversity of C. mollis.

Discussion

NUMTs and contamination NUMTs copies [START_REF] Song | Many species in one: DNA barcoding overestimates the number of species when nuclear mitochondrial pseudogenes are coamplified[END_REF][START_REF] Moulton | Assessing the effects of primer specificity on eliminating numt coamplification in DNA barcoding: a case study from Orthoptera (Arthropoda: Insecta)[END_REF][START_REF] Pereira | Mind the numt: Finding informative mitochondrial markers in a giant grasshopper genome[END_REF]. In this respect, automatic pipelines such as MACSE_BARCODE [START_REF] Delsuc | Accurate alignment of (meta)barcoding data sets using MACSE[END_REF] could offer a means to avoid most problems and to perform an efficent first cleaning step.

I
Assembly and annotation of mitochondrial genes also led to the identification of several cases of contamination and the presence of exogeneous DNA from parasites. Contamination from divergent species such as humans or mice were easily identified using BLAST and phylogeny. Other cases were confirmed by the presence of two mitochondrial sequences in the same individuals, confirming that high throughput data are particularly prone to contamination [START_REF] Koutsovoulos | No evidence for extensive horizontal gene transfer in the genome of the tardigrade Hypsibius dujardini[END_REF][START_REF] Ballenghien | Patterns of cross-contamination in a multispecies population genomic project: detection, quantification, impact, and solutions[END_REF][START_REF] Simion | A software tool 'CroCo'detects pervasive cross-species contamination in next generation sequencing data[END_REF][START_REF] Francois | Prevalence and implications of contamination in public genomic resources: a case study of 43 reference arthropod assemblies[END_REF]. However, the contamination level identified within the Chorthippus was low and could not explain the low barcoding performance.

Incomplete lineage sorting could explain the low barcoding performance in Glytobothrus

Several demographic models fit the nuclear data well. I chose two models among the most extreme that I tested and was thus able to produce coalescence simulations that reproduced the observed mitochondrial genealogies. For example, paraphyly and near-identical mitochondrial genomes between species could be obtained even with 1 million generations of strict isolation. Similarly, a maximum divergence between mitochondrial haplotypes of ~3% was compatible with a low proportion of ongoing migration. The mitochondrial genealogy was therefore compatible with a neutral divergence scenario with or without a low extent of gene flow and a divergence of 1 to 4

Ma. Coalescence theory predicts that at least ~1.7 Ne generations is needed to have more monophyletic genealogies in samples [START_REF] Rosenberg | The shapes of neutral gene genealogies in two species: probabilities of monophyly, paraphyly, and polyphyly in a coalescent model[END_REF]. The ancestral Ne estimated by ABC was around 500 thousand to 1 million individuals. With the SI model, the divergence was therefore just over 1 Ne, which was clearly within the parameter space where paraphyly is theoretically more likely [START_REF] Rosenberg | The shapes of neutral gene genealogies in two species: probabilities of monophyly, paraphyly, and polyphyly in a coalescent model[END_REF].

Glytobothrus grasshoppers represent an interesting example of diversification with ILS. The phylogeny findings of [START_REF] Hawlitschek | DNA barcoding of crickets, katydids and grasshoppers (Orthoptera) from Central Europe with focus on Austria, Germany and Switzerland[END_REF][START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF] indicated that other closely related species are likely involved in the same ILS event, including C. eisentrauti, C. apricarius and Gomphocerrippus rufus. With this level of ILS, it is not surprising that the phylogeny reported by [START_REF] Hawlitschek | Transcriptomic data reveals nuclear-mitochondrial discordance in Gomphocerinae grasshoppers (Insecta: Orthoptera: Acrididae)[END_REF] was not well resolved for this clade. Chorthippus cazurroi could also be added as its COX1 was in the same bin as defined in BOLD (BOLD:AAC5779) [START_REF] Pato | The roles of geography, climate and sexual selection in driving divergence among insect populations on mountaintops[END_REF].A minimum of eight species were hence involved in the rapid diversification process.

Interestingly, other Chorthippus species in the binotatus complex, involving two species and up to eight sub-species, also diverged within the last two million years [START_REF] Noguerales | Integrating genomic and phenotypic data to evaluate alternative phylogenetic and species delimitation hypotheses in a recent evolutionary radiation of grasshoppers[END_REF][START_REF] Noguerales | Genomic evidence of speciation by fusion in a recent radiation of grasshoppers[END_REF]. The genomics technology (ddRAD) used hampered me from obtaining mitochondrial DNA, but it is likely that mitochondrial markers would have a low resolution in this case. In a more distantly related group, [START_REF] Trewick | DNA Barcoding is not enough: mismatch of taxonomy and genealogy in New Zealand grasshoppers (Orthoptera: Acrididae)[END_REF] reported a similar case with a new Zealand grasshopper of the Sigaus genus. The DNA barcoding genealogies presented extensive paraphyly among the four species studied. In contrast, phylogenetic reconstruction using the mitochondrial genome and the coalescence simulation demonstrated that relatively divergent clades (~3% divergence) supported by maximum bootstrap scores could be completely unrelated to population structures and species boundaries. Great care should thus be taken when using mitochondrial phylogeny to estimate population structure and taxonomy [START_REF] Dasmahapatra | Mitochondrial DNA barcoding detects some species that are real, and some that are not[END_REF].

The barcoding performance will decrease with the effective population size (Ne) as the time to sort ancestral polymorphism increases with Ne. This has been confirmed by an analysis on butterflies, where non-monophyletic species tended to have a higher genetic diversity [START_REF] Mutanen | Species-Level Para-and Polyphyly in DNA Barcode Gene Trees: Strong Operational Bias in European Lepidoptera[END_REF].

The Chorthippus species considered here had average genetic diversity (~1.5% of synonymous sites) as compared to other invertebrates [START_REF] Romiguier | Comparative population genomics in animals uncovers the determinants of genetic diversity[END_REF], suggesting that many groups could be concerned by the mitochondrial paraphyly problem. This problem would likely be less prevalent in species with low Ne, such as Eusocial hymenoptera [START_REF] Romiguier | Comparative population genomics in animals uncovers the determinants of genetic diversity[END_REF][START_REF] Weyna | Relaxation of purifying selection suggests low effective population size in eusocial Hymenoptera and solitary pollinating bees[END_REF]. This seemed to be confirmed in bees where DNA barcodes performed very well [START_REF] Schmidt | DNA barcoding largely supports 250 years of classical taxonomy: identifications for C entral E uropean bees (H ymenoptera, A poidea partim)[END_REF], although this was anecdotical and no formal tests have been carried out to date.

The low mutation rate of the mitochondrial genome was not a direct cause of the mitochondrial paraphyly as mutation and genetic drift are independent processes. The mutation rate controls the rate at which neutral divergence accumulates and, therefore, could increase the barcoding gap in rapidly evolving species [START_REF] Allio | Large variation in the ratio of mitochondrial to nuclear mutation rate across animals: implications for genetic diversity and the use of mitochondrial DNA as a molecular marker[END_REF]. The very high variation of mito-nuclear mutation rate observed among Ensifera demonstrated that the mutation rate can evolve relatively fast among species and that the barcoding performance would probably be heterogeneous.

Direct or indirect positive selection acting on the Chorthippus mollis mitochondrial genome

The polymorphism pattern of C. mollis mitochondrial sequences was incompatible with the demographic model inferred using nuclear data. The possible explanation for this discrepancy is a recent selective sweep event that may have occurred in response to direct selection to a mitochondrial mutation. Mitochondrial DNA is known to be involved in thermal adaptation in insects (e.g. [START_REF] Immonen | An experimental test of temperature-dependent selection on mitochondrial haplotypes in Callosobruchus maculatus seed beetles[END_REF][START_REF] Rank | Mitonuclear mismatch alters performance and reproductive success in naturally introgressed populations of a montane leaf beetle[END_REF]. The effects of Wolbachia on mitochondria genealogies through indirect selection is also well known [START_REF] Hurst | Problems with mitochondrial DNA as a marker in population, phylogeographic and phylogenetic studies: the effects of inherited symbionts[END_REF][START_REF] Galtier | Mitochondrial DNA as a marker of molecular diversity: a reappraisal[END_REF][START_REF] Cariou | The global impact of Wolbachia on mitochondrial diversity and evolution[END_REF]. I detected a high prevalence of the bacteria within all of the Acrididae species tested, suggesting that it could have been involved in the unusual evolution pattern of the C. mollis mitochondrial genome.

Conclusion

Using coalescence simulations, I was able to show that near identical mitochondrial haplotypes and identical barcodes could be obtained between populations isolated ~1 Myr. Incomplete lineage sorting provided a simple explanation for the barcoding failures in clades that included a minimum of eight species. The estimated population sizes and mutation rates did not seem extreme, thereby indicating that ILS is a good candidate to explain the lack of resolution of the DNA barcoding technique in many insect clades. 

  MK903587 and C. aethalinus MK903586[START_REF] Chang | Evolutionary rates of and selective constraints on the mitochondrial genomes of Orthoptera insects with different wing types[END_REF] for Acrididae. For Enserifera, I added Gampsocleis sedakovii MK903561[START_REF] Chang | Evolutionary rates of and selective constraints on the mitochondrial genomes of Orthoptera insects with different wing types[END_REF]) Gryllus bimaculatus NC_053546;

Figure 1 .

 1 Figure 1. Mitochondrial to nuclear divergence ratio computed using the 3 rd codon position of BUSCO protein-coding genes. Each dot represents one replication estimated by bootstrapping genes in the alignments. The values are mean ratios of the bootstrap replications.

Figure 2 .

 2 Figure 2. Phylogenetic reconstruction based on the mitochondrial genomes of Chorthippus species using IQ-TREE with the GTR+G4 model. Values at the nodes indicate ultra-fast bootstrap support (2,000 replications). Nodes without values have 100% support. Colors indicate species, i.e. blue for C. biguttulus, orange for C. brunneus, yellow for C. mollis and red for C. rubratibialis.

  only found three potential NUMTs in the data (in Locusta migratoria, Stenobothrus lineatus and Gryllus texensis) with contigs containing the mitochondrial sequences also showing similarity to the nuclear sequences. This represented a low proportion of the datasets (3 out of 182 individuals tested), confirming that NUMTs were not a problem when using RNAseq data. Conventional barcoding analyses using PCR should still consider NUMTs since Acrididae species have many

Table 3 .

 3 Genetic differentiation statistic computed on nucleotide nuclear sequences (all positions).

	Upper diagonal : Fst. Lower diagonal : net divergence (Da).		
	Nuclear	C. biguttulus C. brunneus	C. mollis	C. rubratibialis
	C. biguttulus C. brunneus C. mollis	--0.001 0.001	0.052 --0.002	0.067 0.064 --	0.067 0.060 0.085
	C. rubratibialis	0.001	0.001	0.002	--

Table 4 .

 4 Genetic

	Mitochondrial	biguttulus	brunneus	mollis	rubratibialis
	biguttulus brunneus mollis	--0.001 0.001	0.091 --0.003	0.115 0.321 --	0.021 0.091 0.154
	rubratibialis	0.006	0.001	0.003	--

differentiation statistic computed on nucleotide mitochondrial sequences (all positions). Upper diagonal : Fst. Lower diagonal : net divergence (Da).

Table 5 .

 5 Parameter estimates of the demographic model inferred using the best model selected by DILS. Parameters estimated using the neural network method. 3 rd codon position of 500 randomly selected genes.

	Species pair	Best model N1 x1000	N2 x1000 Na x1000	Tsplit x1000	M12	M21
	big / bru IM_2M_2N big / mol IM_2M_2N big / rub IM_1M_2N bru / mol IM_2M_2N bru / rub IM_1M_2N	12370 (9186-16458) 11380 (9006-14195) 9417 (7104-12345) 46970 (31066-64758) 82053 (55100-110784)	20510 (14536-28522) 40402 (26971-56522) 20734 (14676-29776) 17236 (12972-22246) 38768 (26598-54989)	1042 (862-1233) 1238 (1048-1447) 965 (790-1143) 1130 (949-1318) 886 (733-1068)	3525 (2643-4522) 2528 (2008-3162) 2768 (2166-3539) 2521 (2040-3095) 3309 (2622-4076)	225 (164-286) 95 (63-127) 116 (78-157) 155 (119-192) 150 (120-182) 80 (58-102) 148 (111-184) 161 (112-211) 165 (137-193) 152 (111-190)
	mol / rub IM_2M_2N	20951 (14990-28242)	7533 (6021-9539)	1054 (870-1245)	3766 (2786-5026)	148 (121-177) 90 (65-117)

Table 6 .

 6 Parameter estimates using a simple SI 2N model with variable population size as demographic model. Parameters estimated using the neural network method. 3rd codon position of 500 randomly selected genes.

	Species pair	N1 x1000	N2 x1000	Na x1000	Tsplit x1000
	Big / bru Big / mol Big / rub Bru / mol Bru / rub	52253 (5164-96118) 50097 (6552-97831) 53204 (6689-97742) 52643 (7609-97235) 53142 (5727-98701)	54303 (6170-97449) 52424 (5712-98400) 52402 (5771-97119) 54119 (7229-96882) 3527 (1672-10601) 1326 (742-3003) 2976 (352-12797) 912 (660-1467) 3914 (991-14216) 1154 (835-1535) 2961 (760-11087) 917 (661-1383) 52106 (5992-97681) 3430 (167-14834) 1127 (851-1535)
	Mol / rub	53151 (5227-97522)	53222 (4533-97566) 3656 (1064-15146) 964 (258-3156)
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Detail of the potential NUMTs

Only three potential NUMTs were identified. One in Locusta migratoria accession SRR9641243 with a contig of 4300 bp that has only 235bp of mitochondrial sequences and blast on 97% of its length on chromosome 5 of Schistocerca cancellata's genome with 85% identity. The other is in Locusta migratoria accession SRR9641243. A contig of 4100 bp length has the first 1100bp that are not mitochondrial and blast on chromosome 2 of Schistocerca cancellata's genome with 84% of identity. Finally, Stenobothrus lineatus accession SRR921642 had a contig that was only partially mitochondrial with ND4 sequence that contains frameshifts identified by MACSE [START_REF] Ranwez | MACSE v2: toolkit for the alignment of coding sequences accounting for frameshifts and stop codons[END_REF] and that blast on chromosome 2 of S. cancellata's genome with 84% identity.
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Table S4. Goodness-of-fit statistics for the SI 2N model with variable demography. For each statistic, the observed values, the median and the proportion of times that the observed statistic is less or greater than the simulated statistic over 1000 simulations under the parameters estimated on the core dataset are computed as the goodness-of-fit statistic "GOF statistic". "avg" and "_std" stand for average and standard deviation respectively. The statistics are explained in the DILS manual file https://github.com/popgenomics/DILS_web/blob/master/manual.pdf as "piA, piB = pairwise nucleotide diversity (π) for each population (Tajima, 1983) thetaA, thetaB = Watterson's θ for each population (Watterson, 1975). D TajA , D TajB = Tajima's D for each population (Tajima, 1989). div AB = raw divergence (Dxy) between populations [START_REF] Nei | Mathematical model for studying genetic variation in terms of restriction endonucleases[END_REF]) netdivAB = net divergence (D a ) between populations, measured by D xy -(π A + π B )/2 [START_REF] Nei | Mathematical model for studying genetic variation in terms of restriction endonucleases[END_REF]) FST = FST measured by 1 -πS /πT where πS is the average nucleotide diversity in each population and π T is the total nucleotide diversity across populations (Wright, 1943). Pearson's correlation between populations/species and between loci for πA and πB".

Table S5. Parameter estimates of the demographic model derived using the SI 1N variable demography model. Parameters estimated using the neural network method. 3rd codon position of 500 randomly selected genes 

Legend of Supplementary figures