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Evolutionary relationships have remained unresolved in many well-studied groups, even though advances in next-generation sequencing and analysis, using approaches such as transcriptomics, anchored hybrid enrichment, or ultraconserved elements, have brought systematics to the brink of whole genome phylogenomics. Recently, it has become possible to sequence the entire genomes of numerous non-biological models in parallel at reasonable cost, particularly with shotgun sequencing. Here we identify orthologous coding sequences from whole-genome shotgun sequences, which we then use to investigate the relevance and power of phylogenomic relationship inference and time-calibrated tree estimation. We study an iconic group of butterflies -swallowtails of the family Papilionidae -that has remained phylogenetically unresolved, with continued debate about the timing of their diversification.

Low-coverage whole genomes were obtained using Illumina shotgun sequencing for all genera. Genome assembly coupled to BLAST-based orthology searches allowed extraction of 6,621 orthologous protein-coding genes for 45 Papilionidae species and 16 outgroup species (with 32% missing data after cleaning phases). Supermatrix phylogenomic analyses were performed with both maximum-likelihood (IQ-TREE) and Bayesian mixture models (PhyloBayes) for amino acid sequences, which produced a fully resolved phylogeny providing new insights into controversial relationships. Species tree reconstruction from gene trees was performed with ASTRAL and SuperTriplets and recovered the same phylogeny. We estimated gene site concordant factors to complement traditional node-support measures, which strengthens the robustness of inferred phylogenies. Bayesian estimates of divergence times based on a reduced dataset (760 orthologs and 12% missing data) indicate a mid-Cretaceous origin of Papilionoidea around 99.2 million years ago (Ma) (95% credibility interval: 68.6-142.7 Ma) and Papilionidae around 71.4 Ma (49.8-103.6 Ma), with subsequent diversification of modern lineages well after the Cretaceous-Paleogene event. These results

Introduction

Next-generation sequencing (NGS) provides vast amounts of data, and effective extraction of its phylogenetic signal has become a key challenge in systematics [START_REF] Metzker | Sequencing technologies-the next generation[END_REF][START_REF] Mccormack | Applications of next-generation sequencing to phylogeography and phylogenetics[END_REF]. Methods that sequence hundreds or thousands of loci are now costefficient and have proven useful for constructing robust phylogenies [START_REF] Metzker | Sequencing technologies-the next generation[END_REF][START_REF] Mccormack | Applications of next-generation sequencing to phylogeography and phylogenetics[END_REF]. Consequently, phylogenomics has fundamentally changed how we address questions in evolutionary biology, even as NGS methods continue to develop.

Two sequencing methods have risen to the forefront of phylogenomics: transcriptomics [START_REF] Oakley | Phylotranscriptomics to bring the understudied into the fold: Monophyletic Ostracoda, fossil placement and Pancrustacean phylogeny[END_REF][START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Garrison | Spider phylogenomics: untangling the Spider Tree of Life[END_REF]) and hybrid enrichment [START_REF] Faircloth | Ultraconserved elements anchor thousands of genetic markers spanning multiple evolutionary timescales[END_REF][START_REF] Lemmon | Anchored hybrid enrichment for massively high-throughput phylogenomics[END_REF][START_REF] Lemmon | High-throughput genomic data in systematics and phylogenetics[END_REF], and a third, shotgun sequencing, has recently become attractive [START_REF] Allen | Phylogenomics from whole genome sequences using aTRAM[END_REF]. Transcriptomics relies on sequencing of expressed RNAs, and no knowledge of targeted gene regions is required. However, the availability of fresh or properly stored tissues limits the number of taxa included in such phylogenetic studies [START_REF] Lemmon | High-throughput genomic data in systematics and phylogenetics[END_REF][START_REF] Mccormack | Applications of next-generation sequencing to phylogeography and phylogenetics[END_REF]. In contrast, hybrid enrichment uses DNA probes to hybridize and selectively capture targets from a genome, which requires prior knowledge of the desired targets [START_REF] Lemmon | High-throughput genomic data in systematics and phylogenetics[END_REF][START_REF] Mccormack | Applications of next-generation sequencing to phylogeography and phylogenetics[END_REF]). An advantage of hybrid enrichment techniques is the ease of using ethanol-preserved tissues, old DNA extractions, and in some cases, old museum specimens (e.g. [START_REF] Guschanski | Nextgeneration museomics disentangles one of the largest primate radiations[END_REF][START_REF] Blaimer | Sequence capture and phylogenetic utility of genomic ultraconserved elements obtained from pinned insect specimens[END_REF]. This can greatly increase the number of taxa in a phylogenomic study. However, later studies mining the original data are limited to the conserved regions of the hybrid enrichment. The third sequencing method -shotgun sequencing -can readily provide similar amounts of genomic data as the two other methods [START_REF] Staden | A strategy of DNA sequencing employing computer programs[END_REF][START_REF]Shotgun DNA sequencing using cloned DNase I-generated fragments[END_REF][START_REF] Gardner | The complete nucleotide sequence of an infectious clone of cauliflower mosaic virus by M13mp7 shotgun sequencing[END_REF][START_REF] Fuentes-Pardo | Whole-genome sequencing approaches for conservation biology: Advantages, limitations and practical recommendations[END_REF]. This method breaks up template DNA sequences across the genome into many small fragments before sequencing them, which has been used for both high-level and low-divergence phylogenomic analyses [START_REF] Harkins | Phylogenomic reconstruction supports supercontinent origins for Leishmania[END_REF][START_REF] Allen | Phylogenomics from whole genome sequences using aTRAM[END_REF][START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF][START_REF] Zhang | Phylogenomics from low-coverage whole-genome sequencing[END_REF]. Three main approaches for reconstructing phylogenetic relationships from whole genome shotgun sequencing have recently been developed [START_REF] Allen | aTRAM -automated target restricted assembly method: a fast method for assembling loci across divergent taxa from nextgeneration sequencing data[END_REF][START_REF] Schwartz | A composite genome approach to identify phylogenetically informative data from next-generation sequencing[END_REF][START_REF] Hughes | AGILE: an assembled genome mining pipeline[END_REF][START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF][START_REF] Zhang | Phylogenomics from low-coverage whole-genome sequencing[END_REF]. The first involves a search for shared conserved sequences in different species without focus on coding sequences [START_REF] Schwartz | A composite genome approach to identify phylogenetically informative data from next-generation sequencing[END_REF][START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF]). Both [START_REF] Schwartz | A composite genome approach to identify phylogenetically informative data from next-generation sequencing[END_REF] and [START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF] rely on selecting reads with high similarity with respect to reference contigs to create a de novo sequence (i.e. mapping methods). This method is more suitable for low divergence datasets, since mapping to more divergent datasets can result in difficulties when identifying homologous data [START_REF] Schwartz | A composite genome approach to identify phylogenetically informative data from next-generation sequencing[END_REF]. The second approach is to extract sequences from de novo assemblies via a set of predefined orthologous gene clusters [START_REF] Hughes | AGILE: an assembled genome mining pipeline[END_REF][START_REF] Zhang | Phylogenomics from low-coverage whole-genome sequencing[END_REF]. This approach allows focusing on genes of interest while avoiding difficulties in orthology detection, but its use is confined to groups with suitable genomic resources that provide an adequate initial set of orthologous genes. However, orthologous datasets are not available for some groups. Therefore, to make better use of less suitable genomic resources, a third approach was developed by [START_REF] Allen | aTRAM -automated target restricted assembly method: a fast method for assembling loci across divergent taxa from nextgeneration sequencing data[END_REF]. The advantage of this approach lies in the assembly of predefined targeted genes by selecting reads with an optimized BLAST search step (a standard all-to-all BLAST search would have been impractical due to the number of reads in shotgun sequencing). Extending the rationale of [START_REF] Allen | aTRAM -automated target restricted assembly method: a fast method for assembling loci across divergent taxa from nextgeneration sequencing data[END_REF], we used a custom-designed BLAST method to directly annotate de novo assemblies of highly fragmented genomes instead of selecting reads. Additionally, rather than using predefined orthologous genes to annotate de novo genomes [START_REF] Allen | Phylogenomics from whole genome sequences using aTRAM[END_REF], we used all genes available from the reference genome. Orthology detection was then performed specifically on our dataset, which is likely to generate more specific data (and potentially a larger amount of data) than from a restricted focus on a predefined list of genes. This approach allows annotation of divergent and highly fragmented genomes, with the potential to resolve complex phylogenomic relationships and contribute to analyses like molecular dating.

With 18,000+ described species [START_REF] Van Nieukerken | Order Lepidoptera Linnaeus 1758. Animal biodiversity: An outline of higher-level classification and survey of taxonomic richness[END_REF], butterflies (Papilionoidea) represent an evolutionarily successful lineage of phytophagous insects in terms of species richness, morphological diversity and ecological habits. Butterflies include numerous biological models and represent some of the most popular invertebrates, demonstrating that lepidopteran phylogeny and evolution are of both scientific and public interest. Attempts to resolve the higher-level phylogeny of butterflies have been based on varied taxonomic sampling and molecular datasets ranging from multi-gene Sanger data [START_REF] Regier | Toward reconstructing the evolution of advanced moths and butterflies (Lepidoptera: Ditrysia): an initial molecular study[END_REF][START_REF] Mutanen | Comprehensive gene and taxon coverage elucidates radiation patterns in moths and butterflies[END_REF][START_REF] Heikkilä | Cretaceous origin and repeated tertiary diversification of the redefined butterflies[END_REF] to genomic data [START_REF] Kawahara | Phylogenomics provides strong evidence for relationships of butterflies and moths[END_REF][START_REF] Breinholt | Resolving relationships among the megadiverse butterflies and moths with a novel pipeline for anchored phylogenomics[END_REF][START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF], providing considerable resolution of the higher phylogeny of butterflies.

Swallowtail butterflies (Papilionidae) represent a charismatic and well-known family of butterflies, with colorful wing patterns and extensive morphological diversity -such as wingspans ranging from 2-3 cm (the tiny dragontail butterflies, Lamproptera) to 20 cm (the world's largest butterflies, Ornithoptera). Their global distribution currently includes 32 genera comprising at least 550 described species [START_REF] Collins | Threatened swallowtail butterflies of the world[END_REF][START_REF] Tyler | Swallowtail butterflies of the Americas: a study in biological dynamics, ecological diversity, biosystematics and conservation[END_REF][START_REF] Scriber | Swallowtail butterflies: their ecology and evolutionary biology[END_REF]. Most species are found in tropical regions, where they reach their greatest species richness within the true swallowtails (Papilio, Wallace 1865; [START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF], while mountain-adapted apollo butterflies occur on temperate and cold climates (Parnassius, Condamine et al. 2018a). Papilionidae include model organisms that have contributed to fundamental studies in biogeography [START_REF] Wallace | On the phenomena of variation and geographical distribution as illustrated by the Papilionidae of the Malayan region[END_REF][START_REF] Condamine | Global biogeographical pattern of swallowtail diversification demonstrates alternative colonization routes in the Northern and Southern hemispheres[END_REF], insect-plant interactions [START_REF] Ehrlich | Butterflies and plants: a study in coevolution[END_REF][START_REF] Berenbaum | Chemical mediation of host-plant specialization: the Papilionid paradigm[END_REF], speciation (Dupuis andSperling 2015, 2016), and other areas of evolution and ecology [START_REF] Scriber | Swallowtail butterflies: their ecology and evolutionary biology[END_REF][START_REF] Kunte | The diversity and evolution of Batesian mimicry in Papilio swallowtails butterflies[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF][START_REF] Kunte | Doublesex is a mimicry supergene[END_REF]. Although numerous studies have investigated the phylogeny of this group [START_REF] Munroe | The classification of the Papilionidae (Lepidoptera)[END_REF][START_REF] Hancock | Classification of the Papilionidae (Lepidoptera): a phylogenetic approach[END_REF][START_REF] Igarashi | The classification of the Papilionidae mainly based on the morphology of their immature stages[END_REF][START_REF] Miller | Phylogenetic studies in the Papilioninae (Lepidoptera: Papilionidae)[END_REF][START_REF] Tyler | Swallowtail butterflies of the Americas: a study in biological dynamics, ecological diversity, biosystematics and conservation[END_REF][START_REF] Caterino | A partitioned likelihood analysis of swallowtail butterfly phylogeny (Lepidoptera: Papilionidae)[END_REF][START_REF] Zakharov | Molecular phylogeny, historical biogeography, and divergence time estimates for swallowtail butterflies of the genus Papilio (Lepidoptera: Papilionidae)[END_REF][START_REF] Nazari | Phylogeny, historical biogeography, and taxonomic ranking of Parnassiinae (Lepidoptera: Papilionidae) based on morphology and seven genes[END_REF][START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]Condamine et al. , 2018b)), the phylogenetic backbone of Papilionidae has not been resolved, potentially constraining our understanding of global biogeographic processes like those affecting the divergence of key clades of swallowtail butterflies in the Southern Hemisphere [START_REF] Condamine | Global biogeographical pattern of swallowtail diversification demonstrates alternative colonization routes in the Northern and Southern hemispheres[END_REF].

Although phylogenomic studies have examined relationships among lineages of Lepidoptera [START_REF] Breinholt | Phylotranscriptomics: saturated third codon positions radically in uence the estimation of trees based on next-gen data[END_REF][START_REF] Bazinet | Phylotranscriptomics resolves ancient divergences in the Lepidoptera[END_REF][START_REF] Breinholt | Resolving relationships among the megadiverse butterflies and moths with a novel pipeline for anchored phylogenomics[END_REF]) and butterflies [START_REF] Kawahara | Phylogenomics provides strong evidence for relationships of butterflies and moths[END_REF][START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF], few have employed comprehensive taxon sampling for swallowtail butterflies. The latest phylogenomic study of butterflies included 14 swallowtail butterflies in 12 genera and 352 loci obtained with anchored hybrid enrichment [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Most of their inferred relationships were congruent with previous studies, including Baroniinae as sister to the remainder of the family.

However, Papilioninae was found to be a strongly supported polyphyletic group, which has never been proposed before [START_REF] Munroe | The classification of the Papilionidae (Lepidoptera)[END_REF][START_REF] Hancock | Classification of the Papilionidae (Lepidoptera): a phylogenetic approach[END_REF][START_REF] Miller | Phylogenetic studies in the Papilioninae (Lepidoptera: Papilionidae)[END_REF][START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]Condamine et al. , 2018b)). All possible relationships between the four tribes of Papilioninae have been supported by previous studies, although Leptocircini is most often found (albeit not always highly supported) as the sister group to the remainder of the Papilioninae. Non-monophyly of Papilioninae has important implications for our understanding of their evolutionary history. For instance, study of the latitudinal diversity gradient revealed significant differences in diversification rates between tropical and temperate clades and these insights relied on Parnassiinae and Papilioninae being monophyletic sister groups [START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]. As for other groups, the lack of resolution of phylogenetic relationships within the swallowtail butterflies with molecular and morphological data can be attributed to (i) evolutionary processes like ancient and rapid diversification of lineages (e.g. birds: Jarvis et al. 2014;[START_REF] Prum | A comprehensive phylogeny of birds (Aves) using targeted next-generation DNA sequencing[END_REF][START_REF] Suh | The phylogenomic forest of bird trees contains a hard polytomy at the root of Neoaves[END_REF] or ancient hybridization (e.g. living cats: [START_REF] Li | Phylogenomic evidence for ancient hybridization in the genomes of living cats (Felidae)[END_REF], and/or (ii) methodological and sampling artifacts such as missing data, low taxon sampling, or long branch attraction [START_REF] Nabhan | The impact of taxon sampling on phylogenetic inference: a review of two decades of controversy[END_REF][START_REF] Roure | Impact of missing data on phylogenies inferred from empirical phylogenomic data sets[END_REF]. Phylogenetic patterns that are not due to artifacts can be important signatures of patterns of diversification, revealing links to events that were responsible for the current diversity of butterflies.

In recent dating studies, butterflies have been found to originate in the mid-Cretaceous, ca. 100-110 million years ago (Ma; [START_REF] Heikkilä | Cretaceous origin and repeated tertiary diversification of the redefined butterflies[END_REF][START_REF] Wahlberg | Timing and patterns in the taxonomic diversification of Lepidoptera (butterflies and moths)[END_REF][START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Lineages leading to extant families had all diverged rapidly from each other by 90 Ma, with Papilionidae being the first to diverge from the common ancestor of all butterflies, Nymphalidae diverging from Lycaenidae and Riodinidae about 102 Ma, Hedylidae diverging from Hesperiidae about 99 Ma, and finally Riodinidae diverging from Lycaenidae about 88 Ma. Interestingly, the most recent common ancestor of each butterfly family originated in the Late Cretaceous (70 to 90 Ma), but extant lineages began diversifying only after the K-Pg event at 66 Ma. Estimating a dated phylogenetic hypothesis for more than 18,000 species of butterflies is currently impractical. Just as for vertebrates dated trees that include large clades [START_REF] Jetz | The global diversity of birds in space and time[END_REF], one solution for dealing with large datasets is to infer a higher-level phylogenomic tree for the main butterfly lineages as a backbone, then perform separate analyses that include all sampled species for each main lineage, and finally to link each clade into the backbone tree.

Our study presents a procedure for inferring fully resolved, strongly supported and complete genus-level phylogenies from low-coverage genome data, here applied to swallowtail butterflies. We perform Illumina shotgun sequencing of whole genomes using both newly-collected and museum specimens that represent all swallowtail butterfly genera. This analytical pipeline builds on existing methods to (i) generate 41 de novo low-coverage whole genomes using shotgun techniques, (ii) build a genome dataset by including other swallowtail (4 in total) and outgroup (16 in total) genomes, (iii) check for crosscontamination, (iv) retrieve orthologous (protein-coding) genes based on a single reference genome, and (v) reconstruct a robust time-calibrated phylogenomic tree. Without needing to restrict our analysis to preselected genes, this thorough pipeline has the potential to extract thousands of orthologous genes (6,621 in our case) from fragmented genomes. Using maximum likelihood, Bayesian phylogenetic analyses and supertree analyses, we evaluate the utility of low-coverage whole genomes for phylogenomics at two systematic levels: across the entire superfamily Papilionoidea and within the family Papilionidae (the main focus of this study). We then test the effect of different protein models of evolution, partitioning strategies, missing data, and measures of node support on the inference of phylogenetic relationships.

Finally, we infer the origin of butterflies by estimating divergence times using a relaxed molecular clock calibrated with fossils. This study provides a phylogenomic foundation for evaluating hypotheses on higher-level relationships within Papilionidae and assesses the enigmatic and long-debated status of some genera and tribes. It also gives a timescale for investigating hypotheses on the early evolutionary history of this group, and will ultimately allow better assessments of trait evolution.

Materials and Methods

Taxon Sampling

In order to be phylogenetically informative about the most ancient relationships, our taxon sampling incorporates all described genera in the family Papilionidae (32 genera sensu [START_REF] Scriber | Swallowtail butterflies: their ecology and evolutionary biology[END_REF][START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]Condamine et al. , 2018b)). We sampled 41 species representing all subfamilies and all genera of Papilionidae (Table 1). We also included four genomes in the analyses that were already available for swallowtail butterflies (Papilio glaucus, Cong et al. 2015a;P. machaon, Li et al. 2015;P. polytes, Nishikawa et al. 2015;P. xuthus, Li et al. 2015). In our taxon sampling, we also included Papilio joanae (from the USA), a species of the machaon group [START_REF] Dupuis | Repeated reticulate evolution in North American Papilio machaon group swallowtail butterflies[END_REF], which we compare to the available P. machaon (from China, [START_REF] Li | Outbred genome sequencing and CRISPR/Cas9 gene editing in butterflies[END_REF] as a control for our approach. Based on the latest phylogenies of Papilionoidea [START_REF] Heikkilä | Cretaceous origin and repeated tertiary diversification of the redefined butterflies[END_REF][START_REF] Kawahara | Phylogenomics provides strong evidence for relationships of butterflies and moths[END_REF][START_REF] Breinholt | Resolving relationships among the megadiverse butterflies and moths with a novel pipeline for anchored phylogenomics[END_REF] [START_REF] Zhan | The monarch butterfly genome yields insights into long-distance migration[END_REF]; in addition, two moth species in the families Bombycidae (Bombyx mori, [START_REF] Mita | The genome sequence of silkworm, Bombyx mori[END_REF]), and Tortricidae (Choristoneura fumiferana, de-novo sequencing) were used to root the phylogeny as these families are distant outgroups of the Papilionoidea [START_REF] Wahlberg | Timing and patterns in the taxonomic diversification of Lepidoptera (butterflies and moths)[END_REF]. The lepidopteran data was recovered from Lepbase (http://lepbase.org/). In total, the taxon sampling represents 61 taxa (45 ingroup and 16 outgroup species).

DNA Extractions, Library Preparation and Shotgun Sequencing

For butterfly samples, DNA extractions were obtained using legs or the thorax. Total genomic DNA extraction was performed with DNeasy Blood and Tissue Kits (Qiagen®), digested overnight with proteinase K following manufacturer recommendations, and eluted with AE buffer to either 50 or 100 μl; this method recovered DNA with a concentration of 3-50 ng/μl. We used the Illumina® Nextera DNA Sample Preparation Kit to provide a fast and easy library preparation workflow delivering whole-genome sequencing libraries. The approach relies on an engineered transposome to simultaneously fragment and tag ("tagment") the input DNA, adding unique adapter sequences in the process. The Nextera library preparation kit is well suited for insect DNA extractions as it only requires 50 ng of DNA as input. A limited-cycle PCR reaction uses these adapter sequences to amplify the insert DNA. The PCR reaction also adds index sequences on both ends of the DNA, thus enabling dual-indexed sequencing of pooled libraries on any Illumina Sequencing System.

Based on results of preliminary tests, we optimized the tagmentation and PCR clean-up steps by increasing DNA input from the recommended 50 to 70 ng, and transposome volume from 3.5 to 5 μL. We also modified clean-up of the tagmented DNA by using 35 μL of AMPure® magnetic beads instead of the Zymo® kit as recommended by Illumina. A second clean-up was performed with 30 μL of AMPure beads at the end of library preparations prior to sequencing (sizing of fragments to the desired 400-500 bp size for NextSeq).

For library sequencing, we relied on the NextSeq® series of sequencing systems, which are fast, flexible, high-throughput desktop sequencers. They support a broad range of sequencing applications, with fast turnaround time and moderate output compared to the MiSeq and HiSeq platforms (generating up to 800 million reads pair-ended, 100-120 Gb of data in less than 30 hours). Since prior work showed genome size of swallowtail butterflies to be about 300 Mb (Cong et al. 2015), we multiplexed between 11 and 15 butterfly samples per NextSeq run to give about 10 Gb DNA sequence per sample and obtain low-coverage whole genomes at a sequence depth of about 30x. We used the NextSeq 500/550 High Output v2 kit (300 cycles, 2 x 150 bp) for a total of four NextSeq sequencing runs. We also added several negative controls for each sequencing run, including sham DNA extractions and library preparations, to allow potential removal of reads belonging to laboratory contaminants from analyses and facilitate assemblies of genomes. The choice of Nextera and NextSeq technology is based on the need to generate numerous mid-size DNA fragments at an affordable cost (compared to HiSeq).

Assembly of Low-Coverage Whole Genomes

The full analytical pipeline is illustrated in Fig. 1, and the scripts necessary to reproduce the study are available in the Supplementary Material that accompanies this article, as well as on Dryad (at http://dx.doi.org/10.5061/[NNNN], Appendix S1).

From reads to coding DNA sequences. Using NGS technology (Illumina© NextSeq, pairedend reads with an averaged insert size of 500 bp), we sequenced and assembled 41 new lowcoverage whole genomes of Papilionidae (added to four genomes on GenBank). In addition, we sequenced and assembled a new low-coverage whole genome for Choristoneura fumiferana, and assembled five outgroup genomes from raw reads available on the Lepbase database (added to ten genomes on GenBank). For these 47 genomes, raw reads were cleaned using Trimmomatic 0.33 [START_REF] Bolger | Trimmomatic: a exible trimmer for Illumina sequence data[END_REF]) by removing low quality bases from their beginning (LEADING:3) and the end (TRAILING:3), by removing reads below 50 bp (MINLEN:50), and by evaluating read quality with a sliding window approach (SLIDINGWINDOW:4:15). Quality was measured for sliding windows of 4 base pairs and had to be greater than 15 on average. A plethora of methods now exists for de novo genome assembly (e.g. ALLPATHS-LG, Gnerre et al. 2011;SOAPdenovo, Luo et al. 2012;MaSuRCA, Zimin et al. 2013;Platanus, Kajitani et al. 2014). Here we assembled the genomes using SOAPdenovo-63mer 2.04 [START_REF] Luo | SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler[END_REF]. Several kmer size values (between 27 and 39) were tested for ten genome assemblies, which lead to no substantial difference for the N50 of our assemblies (median of 96 bp of difference between the lowest Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 and highest N50). Kmer size of 31 was selected for further analysis. Then, we closed gaps emerging during the scaffolding process with SOAPdenovo, using the abundant pair relationships of short reads with GapCloser 1.12 [START_REF] Bolger | Trimmomatic: a exible trimmer for Illumina sequence data[END_REF]) (Fig. 1). Papilio genomes have recently been successfully assembled using Platanus (Cong et al. 2015), a tool designed to handle highly heterozygous genomes. In fact, when heterozygosity is too elevated, some assemblers split homologous haplotypes into different contigs. We quantified the impact of heterozygosity on our assemblies with a BLAST (Basic Local Alignment Search Tool) search of our contigs against themselves (96% similarity or higher). We found that duplicated portions of the genomes (found in two or more contigs) amount to only about 1% of the genome on average (including repeated elements); this indicates that the level of heterozygosity did not cause abundant artifactual contig duplications in our assemblies.

Nonetheless, to deal with potential alleles still present in separate contigs in our assembly (due to heterozygosity, for example), our annotation approach makes a consensus sequence for ambiguous sites (see below and consensus step in Fig. 1). Duplicated contigs could also be the result of recent real duplications but we opted for a more conservative approach since our focus is on the deeper phylogeny of the family.

To annotate the sequences of all genomes, we performed a BLAST search using all available proteins for Papilio xuthus (Fig. 1). We used the tblastn function to annotate nucleotide sequences with reference protein sequences of Papilio xuthus [START_REF] Altschul | The construction and use of logodds substitution scores for multiple sequence alignment[END_REF]). Only scaffolds with 60% or more similarity with the reference protein were selected.

Several thresholds were tested for our dataset, and we retained 60% because this threshold provided the best trade-off between missing too many nucleotides versus including spurious nucleotides in the sequences. For example, for a threshold of 80% only highly-conserved regions (with less phylogenetic signal) were generally kept, while for a threshold of 40%, a larger proportion of presumably non-orthologous nucleotides were included. For each species, all scaffolds selected for a single coding DNA sequence (CDS) were aligned with Papilio xuthus with TranslatorX [START_REF] Abascal | TranslatorX: multiple alignment of nucleotide sequences guided by amino acid translations[END_REF] to generate a consensus (Fig. 1). This approach relies on amino acid translations to generate multiple alignments of nucleotides. All sites showing intraspecific variation were set to N, to conservatively avoid false informative sites. For example, recently duplicated genes could match (BLAST step) the same reference protein-coding gene. In this case, all divergent sites between the two copies of genes are replaced by N in the consensus, which avoids creating false informative sites due to a recent duplication event.

Check for cross-contaminations. Cross-contamination is a known but largely neglected issue [START_REF] Ballenghien | Patterns of cross-contamination in a multispecies population genomic project: detection, quantification, impact, and solutions[END_REF]. Using shotgun sequencing, we were particularly exposed to the risk of cross-contamination since we multiplexed between 11 and 15 butterfly samples per sequencing run. Before creating the datasets (Fig. 1), we checked the cross-contamination level in our different sequencing runs using CroCo 0.1 [START_REF] Simion | A software tool 'CroCo' detects pervasive cross-species contamination in next generation sequencing data[END_REF], which was developed for identifying and removing cross contaminants from assembled transcriptomes.

For any given focal species, CroCo identifies CDS that have significantly higher coverage (number of reads mapped to the CDS) in another species than the focal one, with each species of the dataset successively considered as focal. To measure relative coverage between two species, CroCo implements a metric, called Fragments per Kilobase Million (FPKM; [START_REF] Mortazavi | Mapping and quantifying mammalian transcriptomes by RNA-Seq[END_REF], that is used to estimate relative coverage for each gene and is directly comparable between genes because the value is normalized by sequencing depth and size of each gene. Originally developed for transcriptomic data, this method can also be applied to CDS annotated in whole genome sequences. CroCo is thereby used to estimate relative coverage for each CDS of each species and to identify CDS that are suspiciously similar among species. CroCo was set to default parameters, i.e. the option -R to use the tool RapMap Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 for mapping [START_REF] Srivastava | RapMap: a rapid, sensitive and accurate tool for mapping RNA-seq reads to transcriptomes[END_REF], with values between 0.2 and 300 for minimum and maximum coverage. Any contigs suspected of being contaminated were then discarded in subsequent analyses.

To test the effect of not controlling for cross contamination in orthology assignment and phylogenomic reconstructions, the analyses were performed on both the contaminated and the non-contaminated datasets.

Orthology assignment and phylogenomic datasets. Orthologous proteins were identified with OrthoFinder 2.2.0 [START_REF] Emms | OrthoFinder: solving fundamental biases in whole genome comparisons dramatically improves orthogroup inference accuracy[END_REF]. The method produces orthogroups, which are sequence clusters containing genes that descended via speciation from a single gene in the last common ancestor of the species whose genes are being analysed, although some paralogs may be included (mostly in-paralogs). Orthogroups are suitable for phylogenomic datasets, and we selected only orthogroups with one gene per species, to limit gene duplication problems (Fig. 1).

We used HMMCleaner 1.8 (Di [START_REF] Franco | Evaluating the usefulness of alignment filtering methods to reduce the impact of errors on evolutionary inferences[END_REF] to clean CDS alignments from misaligned sequences (gene by gene). This method cleans an alignment by first building a Hidden Markov Model profile of the alignment, and then measuring the score of the different sequence regions along this profile. After that, the sites present in at least two thirds of the sampled species were selected for the phylogenomic dataset. Finally, we performed a last cleaning step using trimAl 1.2rev59 [START_REF] Capella-Gutiérrez | trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses[END_REF], which is designed to trim alignments for large-scale phylogenomic analyses. We adopted a stringent approach by selecting all CDS for each species that have at least 30% of sites overlapping with 75% of the rest of the sequences (-seqoverlap 30 and -resoverlap 0.75 options).

After these steps, we built two amino-acid phylogenomic datasets to test the impact of missing data [START_REF] Roure | Impact of missing data on phylogenies inferred from empirical phylogenomic data sets[END_REF]. In Dataset 1, we kept all genes present in at least 95% of species. For the Dataset 2, we selected all genes present in at least four species. The two amino acid matrices concatenated hundreds (Dataset 1) or thousands (Dataset 2) of selected orthologous genes. In addition, since phylogenomic incongruences between amino-acid and nucleotide datasets have been observed (e.g. in spider flies, [START_REF] Gillung | Anchored phylogenomics unravels the evolution of spider flies (Diptera, Acroceridae) and reveals discordance between nucleotides and amino acids[END_REF], we also created two nucleotide-based versions of Dataset 1 and2 (Datasets 3 and4, respectively).

Final alignments are available on Dryad (at http://dx.doi.org/10.5061/[NNNN], Appendices S2, S3, S4, and S5).

Phylogenomic Analyses with a Supermatrix Approach

Phylogenomic analyses were performed using both maximum likelihood (ML) and Bayesian Inference (BI) methods on concatenated amino-acid datasets of selected orthologous proteins.

ML and Bayesian analyses were implemented with IQ-TREE 1.6.6 [START_REF] Nguyen | IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies[END_REF] and PhyloBayes MPI 1.8 [START_REF] Lartillot | PhyloBayes MPI: phylogenetic reconstruction with infinite mixtures of profiles in a parallel environment[END_REF], respectively.

For Dataset 1, a ML analysis with IQ-TREE was first performed using a single LG model for amino acids (Le and Gascuel 2008) including four matrices, each corresponding to one discrete gamma rate category (+Γ 4 option; [START_REF] Le | Modeling protein evolution with several amino acid replacement matrices depending on site rates[END_REF], and empirical amino acid frequencies estimated from the data (+F option). Node supports were calculated with 100 non-parametric bootstrap (BS) replicates. To compare node supports, a second ML analysis with IQ-TREE was carried out under the same conditions but with 1,000 ultrafast bootstrap (UFBS) replicates [START_REF] Minh | Ultrafast approximation for phylogenetic bootstrap[END_REF][START_REF] Hoang | UFBoot2: improving the ultrafast bootstrap approximation[END_REF]. BS values and UFBS values were considered strong when higher than 70% and 95%, respectively. These ML analyses assumed a single rate matrix for the whole dataset; however, rate heterogeneity is widespread in phylogenomic datasets [START_REF] Yang | Among-site rate variation and its impact on phylogenetic analyses[END_REF][START_REF] Jia | The impact of modelling rate heterogeneity among sites on phylogenetic estimates of intraspecific evolutionary rates and timescales[END_REF] and must be taken into account. IQ-TREE provides a number of site specific frequency models such as the posterior mean site frequency (PMSF) model as a rapid approximation to the time-and memory-consuming profile mixture models C10 to C60 (Le et al. 2008; a variant of the CAT model in PhyloBayes, [START_REF] Lartillot | A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process[END_REF]. PMSF is the amino-acid profile for each alignment site computed from an input mixture model and a guide tree, and the PMSF model is much faster and requires much less memory than C10 to C60 models [START_REF] Wang | Modeling site heterogeneity with posterior mean site frequency profiles accelerates accurate phylogenomic estimation[END_REF], regardless of the number of mixture classes. Moreover, simulations and empirical phylogenomic data analyses have shown that PMSF models can be effective against long branch attraction artefacts [START_REF] Wang | Modeling site heterogeneity with posterior mean site frequency profiles accelerates accurate phylogenomic estimation[END_REF]). We performed IQ-TREE analyses with the C50 model as well as the PMSF model. The C50 analysis required 466 Gb of memory and more than five days to infer the ML tree, so we did not perform bootstrap analysis. However, we ran 1,000 UFBS replicates for the PMSF analysis. For all IQ-TREE analyses, we estimated the most likely tree with 100 separate ML searches, as well as 100 searches using the -t RANDOM option, which after initial model optimization on a parsimony tree uses 100 random tree topologies as starting trees for each search.

Bayesian phylogenetic reconstruction was conducted using PhyloBayes MPI [START_REF] Lartillot | PhyloBayes MPI: phylogenetic reconstruction with infinite mixtures of profiles in a parallel environment[END_REF] under the CAT+F81+Γ 4 mixture model [START_REF] Lartillot | A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process[END_REF]). The CAT model allowed us to take into account the across-site heterogeneities in the amino-acid replacement process [START_REF] Lartillot | A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process[END_REF], and has proven to perform well on large molecular datasets (e.g. [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF]. PhyloBayes MPI has been run as follows: two independent Markov chains Monte Carlo (MCMC) analyses starting from a random tree were run until we generated at least 5,000 cycles after convergence (maximum allowed 10,000 cycles), with trees and associated model parameters sampled every cycle. After checking for convergence in both likelihood and model parameters (tracecomp subprogram), the trees sampled in each MCMC run before reaching convergence were discarded as burn-in. The 50% majority-rule Bayesian consensus tree and associated posterior probabilities (PP) were then computed from the remaining trees (bpcomp subprogram). We consider node support with PP ≥ 0.95 to be robust.

The size of Dataset 2 precluded Bayesian analyses. Instead we performed two ML analyses with IQ-TREE and 1,000 UFBS replicates, one using the protein LG+Γ 4 +F model for the whole matrix (Le and Gascuel 2008), and one using the mixture PMSF model [START_REF] Wang | Modeling site heterogeneity with posterior mean site frequency profiles accelerates accurate phylogenomic estimation[END_REF]).

For both Datasets 3 and 4, ML analyses were performed with IQ-TREE with the same settings as above, except that one partition per gene was specified and a best-fitting substitution model for each partition was identified using ModelFinder implemented in IQ-TREE (option MFP, [START_REF] Kalyaanamoorthy | ModelFinder: fast model selection for accurate phylogenetic estimates[END_REF]. Node supports were evaluated with 1,000 UFBS replicates.

Phylogenomic Analyses with a Supertree Approach

Several studies (e.g. [START_REF] Jeffroy | Phylogenomics: the beginning of incongruence?[END_REF]Kumar et al 2012) have pointed out that high support values can hide statistically significant incongruences at the gene level, with concatenation analyses returning fully-resolved and well-supported trees even when the level of gene incongruence is high. Also, concatenation can be statistically inconsistent with respect to incomplete lineage sorting (ILS, [START_REF] Roch | Likelihood-based tree reconstruction on a concatenation of aligned sequence data sets can be statistically inconsistent[END_REF]. We thus decided to perform a supertree analysis on Dataset 2. Supertree analyses can be more robust to ILS and better show conflicts among genes and involve two steps: first, partially overlapping, source phylogenetic trees are inferred from primary data, then they are assembled into a larger, more comprehensive tree, called the supertree. Thus, we started our analysis by performing phylogenetic inference with IQ-TREE using the LG+Γ 4 +F model for protein sequences for each gene in Dataset 2. Node supports were calculated with 100 non-parametric BS replicates.

We first used ASTRAL-III 5.6.3 [START_REF] Mirarab | ASTRAL: genome-scale coalescent-based species tree estimation[END_REF][START_REF] Zhang | ASTRAL-III: polynomial time species tree reconstruction from partially resolved gene trees[END_REF], a state-ofthe art supertree method for unrooted gene trees that is robust to ILS, on the collection of all unrooted gene trees, having previously collapsed branches with a BS value lower than 70. We estimated quartet support per each internal branch of the ASTRAL supertree (t -1 option).

Second, we used SuperTriplets 1.1 [START_REF] Ranwez | SuperTriplets: a triplet-based supertree approach to phylogenomics[END_REF], an extremely fast and accurate supertree method based on a triplet-based representation of rooted input trees that is robust to ILS [START_REF] Warnow | Computational phylogenetics: An introduction to designing methods for phylogeny estimation[END_REF]. We selected trees containing either Choristoneura fumiferana or Bombyx mori and rooted them with bppReRoot, which is provided within the BppSuite (https://github.com/BioPP/bppsuite) implemented in Bio++ [START_REF] Guéguen | Bio++: efficient extensible libraries and tools for computational molecular evolution[END_REF]. Branches with a BS value lower than 70 were collapsed. The resulting rooted trees were given as input to SuperTriplets, which permits a rooted supertree to be built and, alternatively, a given tree to be scored. This package was used to reconstruct a supertree and score the consensus tree previously inferred with IQ-TREE and PhyloBayes. The advantage of SuperTriplets, compared to ASTRAL, is that it permits information from gene tree rooting to be used; more than 80% of gene trees in our dataset contained one of the outgroup species.

Estimation of Gene and Site Concordance Factors

As noted in the previous section, concatenation analyses can return fully-resolved and wellsupported trees even when the level of gene incongruence is high (e.g., [START_REF] Jeffroy | Phylogenomics: the beginning of incongruence?[END_REF]Kumar et al. 2012). As recommended in [START_REF] Minh | New methods to calculate concordance factors for phylogenomic datasets[END_REF], we measured gene concordant (gCF) and site concordant (sCF) factors to complement traditional bootstrap node-support measures for Datasets 1 and 3 (760 loci). First, using the concatenation of all 760 loci, a reference tree was inferred with IQ-TREE with a search for substitution partition for each locus via ModelFinder [START_REF] Kalyaanamoorthy | ModelFinder: fast model selection for accurate phylogenetic estimates[END_REF]. Second, we inferred a gene tree for each locus alignment using IQ-TREE with a model selection. Finally, gCF and sCF were calculated using the specific option -scf and -gcf in IQ-TREE [START_REF] Minh | New methods to calculate concordance factors for phylogenomic datasets[END_REF].

Estimation of Divergence Times

The genomic datasets generated in this study, although large and informative, can represent computational encumbrances that render phylogenomic dating intractable over reasonable timeframes [START_REF] Dos Reis | Bayesian molecular clock dating of species divergences in the genomics era[END_REF][START_REF] Collins | An in silico comparison of protocols for dated phylogenomics[END_REF][START_REF] Smith | So many genes, so little time: A practical approach to divergence-time estimation in the genomic era[END_REF]. Molecular dating analyses were thus performed with Dataset 1 (amino acids) under a Bayesian relaxed molecular framework using PhyloBayes 4.1c [START_REF] Lartillot | PhyloBayes 3: a Bayesian software package for phylogenetic reconstruction and molecular dating[END_REF]). We enforced the tree topology as the consensus tree previously inferred with IQ-TREE and PhyloBayes. Dating analyses were conducted by partitioning the dataset using the site heterogeneous CAT+GTR+Γ 4 mixture model, as recommended by [START_REF] Lartillot | PhyloBayes 3: a Bayesian software package for phylogenetic reconstruction and molecular dating[END_REF], with a birth-death prior on divergence times [START_REF] Gernhard | The conditioned reconstructed process[END_REF], and a relaxed clock model that was set to an uncorrelated lognormal model [START_REF] Drummond | Relaxed phylogenetics and dating with confidence[END_REF]. Fossil calibrations were assigned to a uniform prior distribution with soft bounds [START_REF] Yang | Bayesian estimation of species divergence times under a molecular clock using multiple fossil calibrations with soft bounds[END_REF].

Constraints on swallowtail clade ages were enforced by fossil calibrations with systematic position assessed using phylogenetic analyses (Condamine et al. 2018a). Four unambiguous and informative fossils belong to Papilionidae, two of which are Parnassiinae [START_REF] Nazari | Phylogeny, historical biogeography, and taxonomic ranking of Parnassiinae (Lepidoptera: Papilionidae) based on morphology and seven genes[END_REF]). The first is †Thaites ruminiana (Scudder 1875), a compression fossil from limestone in the Niveau du gypse d'Aix Formation of France (Bouches-du-Rhône, Aixen-Provence) within the Chattian (23.03-28.1 Ma) of the late Oligocene [START_REF] Sohn | An annotated catalog of fossil and subfossil Lepidoptera (Insecta: Holometabola) of the world[END_REF]. †Thaites was often recovered as sister to Parnassiini, and occasionally as sister to Luehdorfiini + Zerynthiini. Thus, we constrained the crown age of Parnassiinae with a uniform distribution bounded by a minimum age of 23.03 Ma. The second is †Doritites bosniaskii [START_REF] Rebel | Fossile Lepidopteren aus der Miocänformation von Gabbro[END_REF], an exoskeleton and compression fossil from Italy (Tuscany) from the Messinian (5.33-7.25 Ma, late Miocene; [START_REF] Sohn | An annotated catalog of fossil and subfossil Lepidoptera (Insecta: Holometabola) of the world[END_REF]. †Doritites was reconstructed as sister to Archon (Luehdorfiini), in agreement with [START_REF] Carpenter | Treatise on invertebrate paleontology, Part R, Arthropoda 3-4[END_REF]. The crown of Luehdorfiini was thus constrained for divergence time estimation using a uniform distribution bounded with 5.33 Ma. Third is the genus †Praepapilio, with two fossil species †P. colorado and †P. gracilis [START_REF] Durden | Butterflies from the middle Eocene: the earliest occurrence of fossil Papilionidae[END_REF] from the early Lutetian (Eocene) of the Green River Formation (Colorado, U.S.A.). This fossil was used to constrain the crown age of Papilionidae with a uniform distribution bounded by a minimum age of 47.8 Ma [START_REF] Smith | 40 Ar/ 39 Ar geochronology of the Eocene Green River Formation, Wyoming[END_REF][START_REF] De Jong | Estimating time and space in the evolution of the Lepidoptera[END_REF].

For the rest of butterflies, we used the recently described fossil of Hesperiidae, †Protocoeliades kristenseni (de Jong 2016, 2017) from the Island of Fur, northwest Jutland, Denmark. It is the oldest butterfly fossil, and is related to the subfamily Coeliadinae, which is the first clade to branch off within Hesperiidae [START_REF] Warren | Revised classification of the family Hesperiidae (Lepidoptera: Hesperioidea) based on combined molecular and morphological data[END_REF]). Since the taxon sampling included one genome of Hesperiidae (Lerema accius), we calibrated the stem of Hesperiidae with a minimum age of 55 Ma. Finally, we relied on the oldest non-ambiguous fossil of Nymphalidae to constrain the crown of the family. The taxon †Prolibythea vagabonda from the Florissant formation in Colorado (late Eocene: Priabonian 33.9-38.0 Ma), found to be sister to extant Libytheana in a phylogenetic analysis [START_REF] Kawahara | Phylogeny of snout butter ies (Lepidoptera: Nymphalidae: Libytheinae): combining evidence from morphology of extant, fossil, and recently extinct taxa[END_REF], was used to calibrate the crown age of Nymphalidae with a minimum age of 33.9 Ma.

We were unable to use other fossil calibrations, although suitable butterfly fossils exist for other families (e.g. [START_REF] Wahlberg | Nymphalid butterflies diversify following near demise at the Cretaceous/Tertiary boundary[END_REF][START_REF] Sohn | An annotated catalog of fossil and subfossil Lepidoptera (Insecta: Holometabola) of the world[END_REF], because the corresponding nodes to which the fossil calibrations could be assigned were not present in our phylogeny. In particular, the families Lycaenidae and Riodinidae have few representatives. Moreover, four fossils have been used to date the phylogeny of Pieridae (Braby et al. 2006) but their identification and phylogenetic assignment is doubtful [START_REF] De Jong | Estimating time and space in the evolution of the Lepidoptera[END_REF][START_REF] De Jong | Reconstructing a 55-million-year-old butterfly (Lepidoptera: Hesperiidae)[END_REF].

PhyloBayes requires a calibration for the root. Since no fossils are available for the root of Papilionoidea, we did not set an a priori minimum age for the root of butterflies but we set the maximum age of the root with a uniform prior bounded by the inferred age of angiosperms. Because most butterflies, and the potential closest relatives, all feed on angiosperms, it is unlikely that they originated earlier than their main host plants. Alternative age estimates have been inferred for angiosperms (e.g. 189 Ma, [START_REF] Bell | The age and diversification of the angiosperms rerevisited[END_REF]140 Ma, Magallón et al. 2015;221 Ma, Foster et al. 2017) [START_REF] Cong | The first complete genomes of metalmarks and the classification of butterfly families[END_REF], and 128 Ma [START_REF] Talla | Rapid increase in genome size as a consequence of transposable element hyperactivity in wood-white (Leptidea) butterflies[END_REF]. Thus we set a conservative maximum age of 150 Ma for the Papilionoidea. Uniform distributions of internal fossil calibrations were also maximally bounded at 150 Ma. The bound of the uniform distribution is soft and does not prohibit the inferred age to be older than the set maximum if suggested by the data [START_REF] Yang | Bayesian estimation of species divergence times under a molecular clock using multiple fossil calibrations with soft bounds[END_REF].

All PhyloBayes calculations were conducted by running three independent MCMC until we generated at least 5,000 cycles after convergence (maximum allowed 10,000 cycles), with sampling posterior rates and dates collected every cycle. After checking for convergence in both likelihood and model parameters (tracecomp), posterior estimates of divergence times were then retrieved from the sampled trees of each chain after the burn-in period to compute the Bayesian time-calibrated tree and associated 95% CI (readdiv subprogram). As Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 recommended by [START_REF] Brown | The past sure is tense: on interpreting phylogenetic divergence time estimates[END_REF], we compared prior and posterior distributions to determine whether signal is coming from the data or the prior.

Results

Low-Coverage Whole Genomes and Phylogenomic Datasets

Illumina sequencing returned a median of 67.6 million quality-filtered reads per species (60.3 million reads after cleaning). Table 1 presents statistics for all genomes generated and used for this study. The cost per genome in 2015 was USD 458.6 (404.3€) on average including library preparation, NextSeq sequencing, and all laboratory consumables. Our 41 de-novo genomes of Papilionidae (plus Choristoneura fumiferana) are highly fragmented, as indicated by their low N50 values (median of 526) and high number of scaffolds (median of 1,372,876).

On average, 78,468 scaffolds per species were assigned by BLAST using Papilio xuthus as the reference for protein-coding genes. Of these, 35,090 scaffolds with at least 60% similarity with the reference protein were selected. On average, three scaffolds were assigned to each protein, and the different scaffolds were aligned to the reference protein to make a consensus.

An average of 10,071 proteins of the 15,131 known proteins in Papilio xuthus were recovered per genome.

The cross-contamination check using CroCo recovered a low level of cross contamination with a median of 26 out of 10,000 (0.26%) contigs contaminated by species (Table 1). Despite a very low level of species cross-contamination on average, we found that this level was significantly higher for Parnassius imperator (26.71% of the contigs). All contaminations were removed for downstream analyses.

OrthoFinder was used to find 30,043 orthogroups, where an orthogroup is a set of genes originating by speciation of a gene present in the last common ancestor. Among these orthogroups, we selected those having only one copy per species. The selected groups were then filtered again, with the genes present in at least 95% of the species comprising Dataset 1, while the orthologous genes present in at least four species formed Dataset 2. These sets of genes were used to create both nucleotide-based and amino-acid-based matrices. In the smallest matrix, we obtained 760 genes, which represent 288,446 amino acids, 162,859 variable sites (56.5%), and 100,994 parsimony-informative sites (35%). We found an average of 96% of genes per species and a median of 12% missing data per species (gaps and undetermined sites in the supermatrix). In the largest matrix, we obtained 6,621 genes, which represent 1,656,028 amino acids, 1,020,365 variable sites (61.6%), and 608,399 parsimonyinformative sites (36.7%). Here we found an average of 65% of genes per species and a median of 31.6% missing data per species.

All orthologous genes identified with OrthoFinder and selected to create Datasets 1 and 2 were also used to create nucleotide matrices (Datasets 3 and 4, respectively).

Nucleotide matrices were cleaned independently leading to the fact that the nucleotide and the amino acids dataset are largely, but not completely, overlapping. In Dataset 3, we obtained 889,191 nucleotides for 760 genes with a median of 971 bp (average 1171 bp) per gene altogether containing 651,305 variable sites (73.2%) and 449,010 parsimony-informative sites (50.5%), including a median of 11.6% missing data. For Dataset 4, we obtained 5,267,461 nucleotides for 6,407 genes with a median of 594 bp (average 822 bp) per gene altogether containing 3,372,338 variable sites (64%) and 2,581,850 parsimony-informative sites (49%), including a median of 32.2% missing data. Due to the redundancy of the genetic code, similarity between species is higher in amino acids sequences than in nucleotide sequences. This had a direct impact in the cleaning step and accounts for the difference in the number of genes in Dataset 4 compared to Dataset 2. We evaluated the robustness of phylogenomic relationships obtained from Datasets 1 and 2 by testing the impact of the number of genes (760 vs 6,621 CDS), percentage of missing data in the supermatrix (12% vs 32%), effect of the protein model used for the analysis (LG vs PMSF vs CAT), and analytical framework (ML in IQ-TREE vs BI in PhyloBayes).

Supermatrix Phylogenomics

For Dataset 1 (760 CDS, 288,446 amino acids, 61 species), the first two analyses (BS and UFBS) used the LG+Γ 4 +F model (total CPU time = 13284h:32m/208h:6m, and memory = 5/10 Gb for BS and UFBS analyses, respectively). The inferred topology recovered Baronia brevicornis (Baroniinae) as the sister species to all Papilionidae, followed by a clade comprising Papilioninae and Parnassiinae, both of which were monophyletic (Fig. 2). When multiple species were sequenced for a genus (Graphium, Ornithoptera, Papilio, Parnassius), they were also monophyletic in the analyses (Fig. 2, Appendices S6 and S7 available on Dryad). Taking into account site heterogeneity in the supermatrix, the third analysis with the PMSF model (total CPU time = 229h:38m, and memory = 11 Gb) and the fourth analysis with the CAT+F81+Γ 4 model with PhyloBayes reached convergence after 1,500 cycles (total cycles = 6,510 cycles, total CPU time = 161,280h) and provided identical topologies, differing only slightly in branch length estimates (Fig. 2, Appendices S6 and S7).

For Dataset 2 (6,621 CDS, 1,656,028 amino acids, 61 species), we performed only ML reconstructions with IQ-TREE and tested the effect of the protein model (LG+Γ 4 +F vs PMSF). The ML analyses with the LG+Γ 4 +F model (total CPU time = 1066h:37m, and memory = 57 Gb) yielded the same topology as obtained with the analyses of Dataset 1. ML analyses with the PMSF model (total CPU time = 4016h:00m, and memory = 70 Gb) provided a very similar topology, except for the branching of Parnassius imperator, which was retrieved as sister to P. orleans (Appendices S6 and S7).

For Dataset 3 (760 CDS, 889,191 nucleotides, 61 species), and Dataset 4 (6,407 CDS, 5,267,461 nucleotides, 61 species), the best substitution model for each gene was selected Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 with ModelFinder followed by ML analyses (total CPU time = 127h:26m, and memory = 15 Gb for Dataset 3, and total CPU time = 884h:33m, and memory = 76 Gb for Dataset 4). The ML analyses provided the same topology as the one obtained with Datasets 1 and 2, except for the relationships of Iphiclides and Lamproptera and the relationships of Papilio antimachus and Papilio polytes, which were not recovered as sister taxa in the nucleotidebased analyses (Appendices S6 and S7).

Node support was either evaluated with non-parametric bootstrap (BS), ultrafast bootstrap (UFBS) or posterior probabilities (PP, CAT model). The results show maximal support for an average of 96.7% of nodes in Papilionidae for all phylogenomic analyses (Fig. 2). All backbone nodes were always supported with maximal values. Both species of the machaon group (P. machaon from GenBank and our de-novo genome of P. joanae) were always found as sister groups with small branch lengths. Only two nodes did not have maximal nodal support and were located within Papilio (the sister relationships between P. antimachus and P. polytes: BS = 98, UFBS = 99, PP = 1) and within Parnassius (the placement of P. imperator: BS = 37, UFBS = 55, PP = 0.78). The inferred phylogeny is thus statistically robust.

Supertree Phylogenomics

The phylogenetic trees obtained by ASTRAL and SuperTriplets had the same topology and pattern of quartet and triplet supports for the nodes (Fig. 3), demonstrating the robustness of the supertree analysis. Indeed, the topology was invariant to the method chosen to reconstruct the supertree and whether rooted or unrooted information was used. The SuperTriplets analysis took 13s on a 3,2 GHz Intel Core i3 with 8 Gb RAM in a single thread, while the ASTRAL analysis took 55m on the same computer. Moreover, the supertree topology only differs from the concatenation tree in the placement of Parnassius imperator, showing the robustness to gene-level scrutiny of the phylogenetic analyses performed in this paper.

Gene and Site Concordance Factors

IQ-TREE with ModelFinder returned the same topology as the one obtained in previous analyses (Fig. 2)(total CPU time = 965h:11m/441h:04m/5809h:27m for Datasets 1 and 3 [760 genes] and 2 [6,621 genes] respectively). Concordance factors for each locus were compared with discordance factors, which relate to the proportion of genes (gDF) or sites (sDF) that support a different resolution of the node (Appendix S8). For each node, the most common resolution inferred in the gene trees is the one we obtained with supermatrix and supertree inferences. In fact, gCF is always higher than gDF1 and gDF2. Concerning the sCF and sDF, all but six nodes were supported by more sites than the other configurations (sCF > sDF but slightly, Appendix S8). Interestingly, for three out of the six nodes with a sDF higher than the sCF, UFBS values were not maximal (67, 97 and 97). For the three other nodes, the results highlight interesting nodes of the phylogeny (red squares in Fig. 3).

Molecular Dating

Bayesian analyses of divergence times performed with the CAT-GTR model in PhyloBayes reached convergence between 1,500-2,000 cycles (total CPU time [1 thread per chain; 3 chains] = between 6 and 8 months). For a conservative estimate of posterior node ages, 1,500 cycles were discarded as burn-in (Appendices S9 and S10 available on Dryad). Dating analysis results for swallowtails and outgroups are shown in Fig. 4. The crown group of butterflies (Papilionoidea) began diversifying in the Late Cretaceous at 99.2 Ma (95% CI: 68.6-142.7 Ma), and swallowtails (Papilionidae) originated in the end of the Late Cretaceous at 71.4 Ma (95% CI: 49.8-103.6 Ma). Subfamilies Papilioninae and Parnassiinae began to diversify at 52.9 Ma (95% CI: 36.7-77.4 Ma) and at 53.6 Ma (95% CI: 36.9-79.2 Ma), respectively. We recovered early Oligocene to mid-Miocene origins for the species-rich genera: Papilio at 22.8 Ma (95% CI: 14.9-34.6 Ma), Graphium at 17.5 Ma (95% CI: 9.9-28.7 Ma), and Parnassius at 21.2 Ma (95% CI: 12.4-35.2 Ma). Comparison of the prior (uniform) distributions and the posterior (normal) distributions of node ages indicates that the priors did not influence the posteriors (Appendix S11).

Sensitivity analyses performed with and without outgroups yielded very similar median estimates of divergence times, with maximum age differences of two million years (Table 2, Appendices S9 andS10). However, we found that including the outgroups reduced the 95% CI by an average of about 40%. Finally, including or excluding Parnassius imperator did not affect the median age estimates for the swallowtail groups except for the crown age of Parnassius, which had a difference of 6.5 million years (Table 2, Appendices S9 andS10).

Cross-Contamination Issues

When cross-contamination checks (with CroCo) were not applied, we retrieved 29,792 orthogroups with OrthoFinder (Emms and Kelly 2015), and Datasets 1 and 2 contained 959 and 2,993 genes, respectively. Phylogenomic reconstructions provided the same topology as the one obtained after the cross-contamination process, except for Bayesian inference on Dataset 2 where Parnassius was not monophyletic (Appendix S12). We also found that cross contamination impacted phylogenomic inferences by overestimating branch length for several taxa (Appendix S13). Shotgun sequencing is one of the simplest and most affordable of sequencing approaches, requiring minimum sample preparation before sequencing and yielding data that is evenly spread across the genome [START_REF] Staden | A strategy of DNA sequencing employing computer programs[END_REF][START_REF]Shotgun DNA sequencing using cloned DNase I-generated fragments[END_REF][START_REF] Gardner | The complete nucleotide sequence of an infectious clone of cauliflower mosaic virus by M13mp7 shotgun sequencing[END_REF]. With current NGS tools [START_REF] Metzker | Sequencing technologies-the next generation[END_REF], this sequencing approach represents an opportunity to rapidly increase phylogenomic sampling. However, one limitation is that shotgun sequencing may require high sequencing effort to obtain useable read coverage, as well as more intensive bioinformatics analyses to find loci of interest compared to other sequencing approaches like capture methods (for which fewer reads are required to obtain sufficient loci coverage due to more specific reads).

Discussion

Using Shotgun Sequencing for Phylogenomics

Although the use of low-coverage whole-genome data often results in fragmented genomes, it has become a fast-moving field, as shown by the recent development of several pipelines to handle this kind of data. Pipelines like aTRAM [START_REF] Allen | aTRAM -automated target restricted assembly method: a fast method for assembling loci across divergent taxa from nextgeneration sequencing data[END_REF][START_REF] Allen | Phylogenomics from whole genome sequences using aTRAM[END_REF] and AGILE [START_REF] Hughes | AGILE: an assembled genome mining pipeline[END_REF] aim to mine and annotate coding sequences from a fragmented target genome that uses a set of predefined orthologous reference genes from a closely related taxon. Other recently-described approaches based on shotgun sequencing [START_REF] Schwartz | A composite genome approach to identify phylogenetically informative data from next-generation sequencing[END_REF][START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF] extract nuclear regions shared between species of interest. For example, [START_REF] Pouchon | Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the tropical Andes[END_REF] extracted 1,877 metacontings shared by at least one outgroup and three other taxa, highlighting the usefulness of this approach for phylogenomic reconstruction and subsequent applications.

Here, we meet the challenge of phylogenomic reconstruction by orthologous CDS identification from contigs obtained with whole-genome shotgun sequencing. The method is designed for highly fragmented and low-coverage genomes and requires the availability of a single (related) reference genome. Despite the low-coverage nature of our data, we were able to cost-effectively identify more than 10,000 CDS for 41 newly sequenced species (plus Choristoneura fumiferana). Applying a rigorous cleaning procedure, we extracted 6,621 orthologous genes and assembled four genomic datasets including 100,994 (35%) and 608,399 (36.7%) informative amino-acid sites for Datasets 1 and 2, respectively; and 449,010 (50.5%) and 2,581,850 (49%) informative nucleotide sites for Datasets 3 and 4, respectively. This amount of informative data for phylogenomic analyses is comparable to sequencecapture datasets like UCEs (854 UCE loci for stinging wasps including 143,608 [70.7%] informative nucleotide sites, Branstetter et al. 2017), which now constitute the most widely used approach in phylogenomics [START_REF] Mccormack | Applications of next-generation sequencing to phylogeography and phylogenetics[END_REF]. Our BLAST-based annotation and orthologous detection was validated because two closely-related species of the machaon group were consistently found as sister lineages and had short branch lengths. In addition, both ML and Bayesian phylogenies agreed with several established studies [START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF] and uncover new relationships (see below). Remarkably, even with poor-quality libraries (Allancastria cerisyi, Hypermnestra helios and Parnassius imperator), our approach correctly places these species in the same position as in a fully sampled tree of Parnassiinae (Condamine et al. 2018a), although with low support for Parnassius imperator.

Our approach could be enhanced by the use of multiple reference genomes, preferably distributed across the phylogeny (i.e. one per tribe), for the BLAST-based annotation step.

Using several related species for annotation should increase the number of annotated genes for all species, and thus increase the number of orthologous CDS in the final dataset. Note that our BLAST-based annotation permits the use of divergent genomes as references.

However, the use of highly divergent genomes can result in a loss of information due to nonidentification of genes that are too divergent. An increasing number of publications have warned about the effect of cross contamination on phylogenomic inferences [START_REF] Ballenghien | Patterns of cross-contamination in a multispecies population genomic project: detection, quantification, impact, and solutions[END_REF][START_REF] Vienne | Pitfalls in supermatrix phylogenomics[END_REF][START_REF] Simion | A software tool 'CroCo' detects pervasive cross-species contamination in next generation sequencing data[END_REF].

The Importance of Controlling for Cross Contamination

As previously shown in plants [START_REF] Laurin-Lemay | Origin of land plants revisited in the light of sequence contamination and missing data[END_REF], we found that cross contamination not only impacts phylogenomic inference with artefactual relationships (Appendix S12) and over-estimated branch lengths (Appendix S13), but it also has an impact on orthology detection (Table 1). Indeed, by using CroCo [START_REF] Simion | A software tool 'CroCo' detects pervasive cross-species contamination in next generation sequencing data[END_REF] for cross-contamination cleaning, we were able to obtain substantially more 1:1 orthologous genes: 6,621 instead of 2,993 for Dataset 2. This may be explained by spurious sequences leading OrthoFinder to incorrectly infer clusters of orthogroups in the similarity graph, reducing the number of 1:1 orthologous groups. We consequently recommend that phylogenomic studies using shotgun sequencing (with multiplexing steps) should carefully check for cross contamination to obtain as many good-quality genes as possible in the final dataset.

Using Shotgun Sequencing for Dating

The explosion in genomic sequences brings new challenges for inferring divergence times (Jarvis et al. 2014;[START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Tong | Comment on "Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Dos Reis | Bayesian molecular clock dating of species divergences in the genomics era[END_REF]. Phylogenomic datasets raise two distinct problems: (i) the volume of data makes inference of the entire dataset increasingly more challenging, and (ii) the extent of underlying topological and rate heterogeneity across genes makes model mis-specification a serious concern [START_REF] Smith | So many genes, so little time: A practical approach to divergence-time estimation in the genomic era[END_REF]. Dating of phylogenomic trees can be performed with methods that rely on a molecular matrix (e.g. BEAST, MCMCTree, PhyloBayes) or on branch lengths of previously inferred gene trees (e.g. PATHd8,r8s,treePL). This choice strongly impacts the computational time to infer a dated tree: branch-length-based methods usually run in minutes while the former take weeks to months. Even though the size of Dataset 1 was substantial, we were able to use a molecular-matrix-based method (PhyloBayes), which took at least six months on a computer cluster.

Molecular dating in phylogenomic studies is generally performed with BEAST and MCMCTree (e.g. dos Reis et al. 2012;[START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Dos Reis | Uncertainty in the timing of origin of animals and the limits of precision in molecular timescales[END_REF][START_REF] Prum | A comprehensive phylogeny of birds (Aves) using targeted next-generation DNA sequencing[END_REF]Branstetter et al. 2017;[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Only a few studies have used PhyloBayes to estimate divergence times with genomic data (but see [START_REF] Chiari | Phylogenomic analyses support the position of turtles as the sister group of birds and crocodiles (Archosauria)[END_REF]. We hope that our study will encourage other researchers to also use PhyloBayes for molecular dating analyses.

Our study demonstrates that PhyloBayes can scale up to genomic data while appropriately accounting for the site specific heterogeneities of genomic datasets via the CAT model [START_REF] Lartillot | A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process[END_REF]. Indeed, the CAT model has been shown to better take into account the heterogeneity in the data than traditional partitioning approaches (sometimes for a limited number of genes) or no partitioning at all, when dating with BEAST and MCMCTree (dos Reis et al. 2012;[START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Dos Reis | Uncertainty in the timing of origin of animals and the limits of precision in molecular timescales[END_REF][START_REF] Prum | A comprehensive phylogeny of birds (Aves) using targeted next-generation DNA sequencing[END_REF]Branstetter et al. 2017;[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]). Yet, partitioning of the molecular dataset may improve divergence time estimates (shown with simulations and real data in Angelis et al. 2018), which has been demonstrated in a dating analysis using mitogenomes of butterflies (Condamine et al. 2018b).

The main limitation we encountered with PhyloBayes, as it is currently implemented, is that it runs on a single MCMC (although independent MCMC can be launched and mixed); a limitation that also pertains to MCMCTree. It would be useful to have a multi-core version of these programs with Metropolis coupled MCMC. This would increase the number of MCMC to simultaneously explore the landscape of models and parameters and jump to another landscape area to avoid a chain becoming marooned in a local optimum [START_REF] Altekar | Parallel Metropolis coupled Markov chain Monte Carlo for Bayesian phylogenetic inference[END_REF]).

Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019

Computational Limitations for Phylogenomics

The genomic datasets generated in this study and others (e.g. Jarvis et al. 2014;[START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF]Branstetter et al. 2017;[START_REF] Breinholt | Resolving relationships among the megadiverse butterflies and moths with a novel pipeline for anchored phylogenomics[END_REF]) are so large that some analyses become intractable over time frames that are realistic. We compared the computational time of ML (IQ-TREE) and Bayesian (PhyloBayes) inferences, and found a significant difference between ML analyses running for less than two weeks on 18 threads and Bayesian analyses running for more than three months on 64 threads. Both ML and Bayesian inferences gave identical topologies and similar branch lengths (Appendices S6 and S7). Although Bayesian inference is generally recognized as the gold-standard of phylogenetic analyses, our study shows that ML analyses, as implemented in IQ-TREE, performed just as well for the focal group as Bayesian analyses. In addition, the speed of IQ-TREE allows us to test and compare a vast range of datasets and associated settings in a matter of weeks. With genomic datasets becoming increasingly large (e.g. Jarvis et al. 2014;[START_REF] Misof | Phylogenomics resolves the timing and pattern of insect evolution[END_REF]Branstetter et al. 2017), methods that intersect with Bayesian inferences, such as by including more sophisticated models like the ML approximation of the Bayesian mixture model (CAT for Bayesian inferences, Lartillot and Philippe 2004; PMSF for ML inferences, [START_REF] Wang | Modeling site heterogeneity with posterior mean site frequency profiles accelerates accurate phylogenomic estimation[END_REF], represent an interesting avenue to explore.

Confirming and Uncovering Phylogenomic Relationships within Papilionidae

Using shotgun sequencing of whole genomes, we have provided genomic data for all genera of Papilionidae, a dataset that is potentially useful for more diverse evolutionary questions than those normally encompassed by a family tree. Despite the fragmented nature of the genomes, we obtained a resolved and strongly supported phylogeny displaying the relationships of all extant swallowtail genera. The tree is noteworthy for its node support, with only one node not supported, and that being partly due to the poor quality library of the species Parnassius imperator. Supertree methods (SuperTriplets and ASTRAL) gave the same topology as supermatrix methods, indicating that this topology is robust (Fig. 3), which is also confirmed by gene concordance factors (Appendix S8). All phylogenomic analyses showed that Baronia is sister to all remaining Papilionidae with maximal node support in Bayesian and ML analyses (Fig. 2, Appendix S6). In previous studies Baronia has not always been recovered as sister to Papilionidae, but our result benefits from the largest molecular dataset ever assembled for swallowtail genera and also agrees with the latest Sanger-based phylogenies [START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]) and a mitogenomic study (Condamine et al. 2018b).

Parnassiinae have previously been found to be paraphyletic using both morphological and molecular data (e.g. [START_REF] Ford | Studies on the chemistry of pigments in the Lepidoptera, with reference to their bearing on systematics. 4. The classification of the Papilionidae[END_REF][START_REF] Yagi | Phylogeny of Japanese papilionid butterflies inferred from nucleotide sequences of the mitochondrial ND5 gene[END_REF][START_REF] Caterino | A partitioned likelihood analysis of swallowtail butterfly phylogeny (Lepidoptera: Papilionidae)[END_REF][START_REF] Michel | Molecular phylogeny of Parnassiinae butterflies (Lepidoptera: Papilionidae) based on the sequences of four mitochondrial DNA segments[END_REF]).

Here, Bayesian and ML analyses recovered Parnassiinae, as well as the three included tribes, as monophyletic with maximal support (Fig. 2). We further found that Parnassiini is sister to Zerynthiini and Luehdorfiini. These results confirm recent densely-sampled Sanger-based phylogenies [START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF](Condamine et al. , 2018a(Condamine et al. , 2018b) ) on which biogeographic and diversification analyses have been performed. Interestingly, our topology conflicts with a recent phylogenomic study of butterflies based on 352 loci, which recovered Papilioninae as non-monophyletic due to the strongly supported inclusion of Parnassiinae between Leptocircini and the rest of Papilioninae [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Non-monophyly of Papilioninae has never been proposed before, and has important ramifications for the understanding of swallowtail evolutionary history (e.g. evolution of host-plant association, latitudinal diversity gradient). However, regardless of the dataset, our phylogenomic analyses recovered Papilioninae as monophyletic and this result is consistent across the concatenated, quartet-based and triplet-based methods with maximal nodal support, but also with gene and site concordance factors (Figs. 2 and3, Appendices S6 Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 and S13), in agreement with previous studies (e.g. [START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]Condamine et al. , 2018b)). It is possible that the non-monophyly of Papilioninae in [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF] arose from their limited taxon sampling in Papilionidae. Indeed, Leptocircini contain 140 species and seven genera, and Parnassiinae comprise 85 species and eight genera. We sampled all genera while [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF] sampled only two genera for Leptocircini and three genera for Parnassiinae. The lack of key genera that diverged early in Leptocircini (Iphiclides and Lamproptera) or Parnassiinae (Hypermnestra and Sericinus) may have led to the apparent non-monophyly of Papilioninae based on exon-capture data. Alternatively, it is possible that our analyses recovered the monophyly of Papilioninae because our datasets rely on two-(Dataset 1) and eighteen-fold (Dataset 2) more genes than [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF].

Also, previous studies relying on few genes always recovered Papilioninae as monophyletic (e.g. [START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF], and the same is true for studies with morphological characters (e.g. [START_REF] Munroe | The classification of the Papilionidae (Lepidoptera)[END_REF][START_REF] Hancock | Classification of the Papilionidae (Lepidoptera): a phylogenetic approach[END_REF][START_REF] Miller | Phylogenetic studies in the Papilioninae (Lepidoptera: Papilionidae)[END_REF][START_REF] Parsons | Gondwanan evolution of the troidine swallowtails (Lepidoptera: Papilionidae): cladistic reappraisals using mainly immature stage characters, with focus on the birdwings Ornithoptera Boisduval[END_REF]. This suggests that dense taxon sampling is essential to phylogenomic tree reconstruction, since insufficient sampling may lead to highly supported clade relationships that are wrong. Systematic debates have surrounded the phylogenetic positions of enigmatic genera like Meandrusa and Teinopalpus, Cressida and Euryades, or Iphiclides and Lamproptera [START_REF] Ford | Studies on the chemistry of pigments in the Lepidoptera, with reference to their bearing on systematics. 4. The classification of the Papilionidae[END_REF][START_REF] Hancock | Classification of the Papilionidae (Lepidoptera): a phylogenetic approach[END_REF][START_REF] Miller | Phylogenetic studies in the Papilioninae (Lepidoptera: Papilionidae)[END_REF][START_REF] Tyler | Swallowtail butterflies of the Americas: a study in biological dynamics, ecological diversity, biosystematics and conservation[END_REF][START_REF] Parsons | Gondwanan evolution of the troidine swallowtails (Lepidoptera: Papilionidae): cladistic reappraisals using mainly immature stage characters, with focus on the birdwings Ornithoptera Boisduval[END_REF][START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]). In the first case, we found strong support for Teinopalpus as the sister group of Troidini and Papilionini, with Meandrusa as the sister group of Papilio and both together forming the tribe Papilionini. This result was suggested by a mitogenome study (Condamine et al. 2018b), but not recovered with Sanger-based phylogenies [START_REF] Simonsen | Phylogenetics and divergence times of Papilioninae (Lepidoptera) with special reference to the enigmatic genera Teinopalpus and Meandrusa[END_REF][START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF]). In the second case, Cressida was recovered as sister to Parides and Euryades with supermatrix and supertree analyses but not with a mitogenomic study, which showed Cressida as sister to Euryades (Condamine et al. 2018b). This latter result seems unlikely given that Cressida is an Australasian genus, while Euryades and Parides are both Neotropical, and the divergence of these three lineages dates back to the early-middle Miocene (Fig. 4). This combined with the fact that both low node supports are obtained with supertree approaches and site concordance factor is lower than site discordance factors may indicate effects of ILS or hybridization in these parts of the tree, or the effect of model misspecification when reconstructing gene trees or even hidden paralogy. For the third case, Iphiclides is found as sister to Lamproptera with amino-acid-based phylogenomic analyses, with both being sister to all Leptocircini (Fig. 2), but we found Lamproptera as sister to all Leptocircini in nucleotide-based phylogenomic analyses (Appendix S6). Gene-tree analyses provide insights into this supermatrix-driven discrepancy with supertree methods showing low node support for the sister relationship (Fig. 3), and site concordance factors are lower than site discordance factors despite gene concordance factors being higher than gene discordance factors (although all factors for these branches have low values, Appendix S8), which means that this relationship remains unclear even using the information provided by this large genomic dataset. Our study demonstrates the need for more specific studies to clarify the phylogeny of Leptocircini, which represents a phylogenetic impediment within Papilionidae. Interestingly, two similar topological issues within the genus Papilio are revealed for the placement of P. alexanor, and for the relationship between P. antimachus and P. polytes, but may be an artefact of low taxon sampling (10 out of 200 species are sampled in Papilio; [START_REF] Nabhan | The impact of taxon sampling on phylogenetic inference: a review of two decades of controversy[END_REF]. Further work with more comprehensive taxon sampling is needed to identify the causes of these low supports and is beyond the scope of this study. Such a comprehensive topology will have important evolutionary implications in terms of trait evolution like host-plant associations or historical biogeography. It has been notoriously difficult to date the origin and diversification events of butterflies, due to the scarcity of their fossil record [START_REF] Sohn | An annotated catalog of fossil and subfossil Lepidoptera (Insecta: Holometabola) of the world[END_REF](Sohn et al. , 2015;;[START_REF] De Jong | Fossil butterflies, calibration points and the molecular clock (Lepidoptera: Papilionoidea)[END_REF] as well as limited taxon and/or molecular sampling. However, a consensus is emerging from recent analyses relying on comprehensive taxon sampling [START_REF] Chazot | Priors and posteriors in Bayesian timing of divergence analyses: The age of butterflies revisited[END_REF] or large genomic sampling [START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]. Genome-based estimates of divergence times reveal that butterflies (Papilionoidea) originated around 99.2 Ma in the Late Cretaceous (Fig. 4, Table 2,Appendix S9). This result largely agrees with the mean age of 106.6 Ma (end of Early Cretaceous) calculated from a survey of ten recent dating analyses estimating the crown age of butterflies [START_REF] Wahlberg | Nymphalid butterflies diversify following near demise at the Cretaceous/Tertiary boundary[END_REF][START_REF] Heikkilä | Cretaceous origin and repeated tertiary diversification of the redefined butterflies[END_REF][START_REF] Wahlberg | Timing and patterns in the taxonomic diversification of Lepidoptera (butterflies and moths)[END_REF][START_REF] Rainford | Phylogenetic distribution of extant richness suggests metamorphosis is a key innovation driving diversification in insects[END_REF][START_REF] Tong | Comment on "Phylogenomics resolves the timing and pattern of insect evolution[END_REF][START_REF] Cong | The first complete genomes of metalmarks and the classification of butterfly families[END_REF][START_REF] Talla | Rapid increase in genome size as a consequence of transposable element hyperactivity in wood-white (Leptidea) butterflies[END_REF]Condamine et al. 2018b;[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF][START_REF] Chazot | Priors and posteriors in Bayesian timing of divergence analyses: The age of butterflies revisited[END_REF]. These studies, combined with our genome-based estimates, propose that butterflies appeared in the mid-Cretaceous (ca. 100 Ma), which is biologically plausible given their association with angiosperm host-plants [START_REF] Ehrlich | Butterflies and plants: a study in coevolution[END_REF]. Angiosperms diversified rapidly and rose to ecological dominance in the Cretaceous between 125 and 80 Ma (a.k.a. the Cretaceous rise of angiosperms, [START_REF] Bell | The age and diversification of the angiosperms rerevisited[END_REF][START_REF] Magallón | A metacalibrated time-tree documents the early rise of flowering plant phylogenetic diversity[END_REF][START_REF] Foster | Evaluating the impact of genomic data and priors on Bayesian estimates of the angiosperm evolutionary timescale[END_REF]. Our dating analyses suggest an origin of butterflies that is concurrent with the global radiation of angiosperms, and subsequent diversification in the extant butterfly families in the Late Cretaceous when angiosperms dominated ecosystems. Angiosperms thus likely acted as a mid-Cretaceous resource-driven enhancer of insect-plant associational diversity that created new opportunities for insect herbivores and pollinators (Labandeira and Currano 2013). Still, these time-calibrated trees indicate a 45-million-year gap (ghost lineage) between the oldest butterfly fossil (a 55-million-year-old hesperiid, de Jong 2016) and the estimated origin of butterflies based on molecular data.

Cretaceous Origin of Papilionoidea and Paleogene Diversification of Papilionidae

Within butterflies, most extant lineages diverged after the K-Pg boundary (Fig. 4, Appendix S9), suggesting that this event had a major impact on the evolutionary history of butterflies, with lineages possibly going extinct [START_REF] Wahlberg | Nymphalid butterflies diversify following near demise at the Cretaceous/Tertiary boundary[END_REF][START_REF] Heikkilä | Cretaceous origin and repeated tertiary diversification of the redefined butterflies[END_REF].

We infer that the most recent common ancestor of the Papilionidae lived in the Late Cretaceous ca. 71.4 Ma, but the divergence of ancestors of all other extant lineages lagged 10 million years behind the end-Cretaceous catastrophe (Fig. 4), and likely survived in Northern Hemisphere regions [START_REF] Condamine | What caused the latitudinal gradient of species diversity in swallowtail butterflies?[END_REF][START_REF] Condamine | Global biogeographical pattern of swallowtail diversification demonstrates alternative colonization routes in the Northern and Southern hemispheres[END_REF]. Such a pattern of diversification suggests clade extinctions at the K-Pg boundary and subsequent diversification of extant clades in the Cenozoic (52.9 Ma for Papilioninae and 53.6 Ma for Parnassiinae, Fig. 4,Table 2).

Subsequent diversification within the two subfamilies occurred in the Eocene, with almost all lineages leading to currently recognized tribes originating in the early Oligocene at 33.5 Ma on average (ranging from 37.5 Ma for Papilionini to 22.4 Ma for Luehdorfiini) and most genera diverging from sister genera in the Miocene (Fig. 4, Table 2). This diversification pattern is similar to that shown in Nymphalidae [START_REF] Wahlberg | Nymphalid butterflies diversify following near demise at the Cretaceous/Tertiary boundary[END_REF], Riodinidae [START_REF] Espeland | Ancient Neotropical origin and recent recolonisation: Phylogeny, biogeography and diversification of the Riodinidae (Lepidoptera: Papilionoidea)[END_REF] and Hesperiidae [START_REF] Sahoo | Hostplant change and paleoclimatic events explain diversification shifts in skipper butterflies (Family: Hesperiidae)[END_REF], suggesting that common drivers or causes have shaped butterfly diversification dynamics through time.

Conclusion

The utility of whole genomes for building and dating phylogenies has never been more auspicious than today. The successful development of powerful analytical tools, in conjunction with the rapid and massive increase in the availability of genomic data (Fuentes-Pardo and Ruzzante 2017), allows us to resolve and understand evolutionary histories that are more and more complex. We still face important limitations in data accessibility (too few genomes are available) and methodological shortcomings (orthology assessment, running time). However, our approach (and analytical pipeline) has empowered the use of lowcoverage and highly fragmented whole genomes, providing productive perspectives for future investigations of other model groups. Applied to an insect radiation, we were able to produce Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019 a much-needed stable backbone for a revised classification of swallowtail butterflies through a fully resolved phylogenomic framework unveiling novel relationships and confirming previous hypotheses. The resulting time-calibrated tree also permits a much better understanding of the major events of Papilionidae diversification for interpreting future comparative studies ranging from ecology to genome evolution. Large 95% credibility intervals (CI) were obtained for analyses without outgroups compared to analyses with outgroups, and a large difference was found in the crown age of Parnassius when Parnassius imperator was excluded from the analysis. gene and site concordance of supermatrix analyses. The supertree topology is inferred by ASTRAL and SuperTriplets with 6,621 genes and 5,367 rooted gene trees, respectively. For those analyses, nodes from source trees with bootstrap support lower than 70 were collapsed (quarter/triplet support is reported for each node). The supermatrix topology is inferred with IQ-TREE (see Fig. 2) while estimating gene and site concordance factors (reported for each node). Red squares highlight nodes with sCF lower than sDF. Colors highlight tribes of Papilionidae, with grey for other butterfly families. Images of extant butterfly species (indicated with asterisks by their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages. 2). Sensitivity analyses are presented in Appendix S9. Colored taxon names highlight tribes of Papilionidae and butterfly outgroups. Images of extant butterfly species (indicated with asterisks by their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages.
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  shotgun sequencing. Butterfly and moth outgroups are included, along with a new lowcoverage genome for Choristoneura fumiferana. All voucher specimens are deposited at the University of Montpellier in the Institut des Sciences de l'Evolution de Montpellier or at the Sperling lab of the University of Alberta.
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 4 Figure 4. Bayesian time-calibrated phylogeny of butterflies. The dated tree was obtained with PhyloBayes analyses of Dataset 1 (excluding Bombyx mori and Choristoneura fumiferana) using the CAT-GTR model, a birth-death model, and an uncorrelated clock model constrained with five fossil calibrations (three Papilionidae and two within outgroups). The tree shows median ages obtained from the posterior distribution of Bayesian analyses (95% credibility intervals are reported in Table2). Sensitivity analyses are presented in Appendix S9. Colored taxon names highlight tribes of Papilionidae and butterfly outgroups. Images of extant butterfly species (indicated with asterisks by their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages.
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  , we selected 16 outgroups, of which 14 are families closely related to Papilionidae including: one Hesperiidae (Lerema accius, Cong et al. 2015b), one Pieridae (Phoebis sennae, Cong et al. 2016a), one Lycaenidae (Calycopis cecrops, Cong et al. 2016b), and 11 Nymphalidae (Heliconius melpomene, Davey et al. 2016; Laparus doris; Eueides

tales; Agraulis vanillae; Dryas iulia; Junonia coenia; Melitaea cinxia, Ahola et al. 2014; Polygonia c-album, de la Paz Celorio-Mancera et al. 2013; Bicyclus anynana, Nowell et al. 2017; Pararge aegeria, Carter et al. 2013; Danaus plexippus,

  but these ages are close to the estimated age of Lepidoptera (e.g.[START_REF] Wahlberg | Timing and patterns in the taxonomic diversification of Lepidoptera (butterflies and moths)[END_REF][START_REF] Rainford | Phylogenetic distribution of extant richness suggests metamorphosis is a key innovation driving diversification in insects[END_REF], and are therefore not appropriate for the root of the butterflies. A survey of nine recent dating analyses that estimated 95% credibility intervals (CI) of the crown age of butterflies yielded a mean maximum age of 128.5 Ma, based on the nine following ages: 129.5 Ma[START_REF] Chazot | Priors and posteriors in Bayesian timing of divergence analyses: The age of butterflies revisited[END_REF], 143 Ma[START_REF] Espeland | A comprehensive and dated phylogenomic analysis of butterflies[END_REF]), 116 Ma (Wahlberg et al. 2009), 128 Ma (Heikkilä et al. 2012), 114 Ma (Wahlberg et al. 2013), 126 Ma (Rainford et al. 2014), 110 Ma (Tong et al. 2015),

	162 Ma
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Table legends Table 1 .

 legends1 Taxon sampling and genomic results of swallowtail butterfly specimens subjected to

Table 2 .

 2 Results of Bayesian dating of main nodes in butterflies. Using 760-gene data, four Bayesian analyses were conducted to test the impact of outgroups (59/58 spp vs 45/44 spp) or the exclusion of Parnassius imperator (59/45 versus 58/44 species) on node age estimates.

Table 1 .

 1 Taxon sampling and genomic results of swallowtail butterfly specimens subjected to shotgun sequencing. Butterfly and moth outgroups are included. along with a new low-coverage genome for Choristoneura fumiferana. All voucher specimens are deposited at the University of Montpellier in the Institut des Sciences de l'Evolution de Montpellier or at the Sperling lab of the University of Alberta. Downloaded from https://academic.oup.com/sysbio/advance-article-abstract/doi/10.1093/sysbio/syz030/5486398 by guest on 07 May 2019

																	Page 68 of 70
	ID		Data			Genome assembly			Cross-contamination analyses	Final Dataset 1	Final Dataset 2	
	Species name	Voucher	Number of raw reads (M)	Reads after cleaning (M)	Assembly size (M)	N50	scaffolds Number of	length Average	%GC Mean	Number of genes before CroCo Dataset 1 Dataset 2	contamination %	genes Number of	data % missing	genes Number of	data % missing	SRA number
	Allancastria cerisyi	2081	73.342	60.072	146.973	150	905391	162.3	36.30	328	485	0.169	104	93.84	543	95.52	SRR8954514
	Archon apollinus	2124	67.361	62.930	787.111	398	2752266	286	35.69	954	1840	0.242	748	18.29	4189	40.17	SRR8954513
	Atrophaneura dixoni	2008	59.715	55.536	369.571	1616	785140	470.7	39.77	957	1913	0.327	758	5.22	4708	25.3	SRR8954516
	Baronia brevicornis	167	77.182	72.038	488.028	1169	973148	501.5	35.21	959	1757	0.472	760	7.72	4344	33.39	SRR8954515
	Battus polydamas	308	76.666	69.456	453.655	427	1499801	302.5	33.23	957	1902	0.010	758	12.21	4506	33.2	SRR8954510
	Bhutanitis mansfieldi	2097	44.295	33.719	317.424	200	1637993	193.8	36.28	890	1526	0.011	675	44.12	2746	68.7	SRR8954509
	Byasa alcinous	93	94.005	86.018	319.164	2081	443395	719.8	33.82	959	1942	0.094	760	4.72	4760	24.3	SRR8954512
	Cressida cressida	1827	66.593	59.979	459.866	558	1414336	325.1	32.48	954	1876	0.231	754	10.18	4515	31.6	SRR8954511
	Euryades corethrus	3716	51.927	45.178	343.287	301	1372876	250	33.15	957	1912	0.010	758	9.66	4595	30.42	SRR8954508
	Eurytides dolicaon	11002	76.265	68.143	589.135	354	2185856	269.5	34.77	957	1873	9.303	720	18.22	3885	44.7	SRR8954507
	Graphium androcles	1904	62.412	56.862	933.096	495	3089220	302	33.14	957	1833	2.464	751	13.4	4262	37.67	SRR8954549
	Graphium sarpedon	2021	36.692	34.228	590.915	221	2775869	212.9	33.04	938	1718	0.122	748	27.6	3719	52.04	SRR8954548
	Hypermnestra helios Hypermnestra helios	Hyp.01-01a 2069	17.743 33.169	10.851 29.511	164.657 292.277	150 161	1040790 1741883	158.2 167.8	36.27 37.74	887	1540	0.000 4.278	645	53.52	2500	75.51	SRR8954546 SRR8954547
	Iphiclides podalirius	6	38.605	34.373	390.909	599	1041389	375.4	35.92	959	1876	0.105	759	14.08	4378	36.37	SRR8954545
	Lamproptera meges	1955	59.278	53.733	512.606	275	2153366	238	33.64	957	1824	0.650	755	16.52	4232	40.68	SRR8954544
	Losaria neptunus	3706	31.248	27.061	248.117	449	785959	315.7	36.02	939	1794	0.054	751	17.01	4164	41.5	SRR8954543
	Luehdorfia japonica	356	82.816	74.878	543.466	360	1930389	281.5	37.07	957	1901	0.182	757	13.31	4455	33.91	SRR8954542
	Meandrusa sciron	1896	42.681	39.647	509.369	479	1699899	299.6	38.02	959	1996	0.009	759	10.48	4740	28.87	SRR8954541
	Mimoides lysithous	3789	92.328	83.586	541.013	730	1377484	392.8	35.65	958	1889	0.057	759	7.13	4595	28.92	SRR8954540
	Ornithoptera priamus	1919	62.251	57.565	419.015	1305	762773	549.3	36.78	958	1931	0.009	760	4.66	4770	23.97	SRR8954527
	Ornithoptera richmondia	1938	70.462	60.269	480.793	315	1827473	263.1	39.20	957	1891	1.979	749	15.41	4326	38.12	SRR8954528
	Pachliopta kotzebuea	1920	94.744	87.123	304.109	5273	161975	1877.5	35.38	958	1920	8.394	747	6.3	4372	30.55	SRR8954525
	Papilio alexanor	Alx.01-01a	161.124	128.084	409.954	3716	565709	724.7	36.11	959	2238	0.034	759	4.77	5252	18.32	SRR8954526
	Papilio antimachus	Dru.01-01a	195.146	144.268	388.176	2842	646388	600.5	40.50	959	2270	1.083	750	9.18	5146	23.63	SRR8954523
	Papilio glaucus (GenBank)	3	-	-	374.816	230841	60470	6198.4	35.47	959	2224	-	760	4.6	5206	19.08	-
	Papilio joanae	295	61.752	57.302	408.782	643	1010689	404.5	32.72	958	2382	0.123	760	6.43	5465	19.01	SRR8954524
	Papilio machaon (GenBank)	1	-	-	278.436	1174287	63187	4406.5	33.77	959	2413	-	759	3.2	5376	14.87	-
	Papilio polytes (GenBank)	2	-	-	227.021	3672263	3874	58601.2	33.77	946	2233	-	744	8.67	5098	22.16	-
	Papilio slateri	1796	60.549	54.703	356.588	855	811786	439.3	36.67	959	2213	0.377	758	7.81	5094	23.68	SRR8954521
	Papilio thoas	Her.01-01a	153.287	122.570	339.705	1002	748457	453.9	33.34	959	2192	2.229	744	11.24	4991	27.04	SRR8954522
	Papilio xuthus (GenBank)	-	-	-	-	-	-	-	-	959	2482	-	760	1.16	5730	9.76	-
	Papilio zelicaon	Pap.01-01a	199.531	164.682	399.147	764	947128	421.4	33.57	959	2351	1.982	755	13.48	5151	26.89	SRR8954529
	Parides photinus	149	67.923	63.876	380.543	835	871292	436.8	33.64	959	1916	1.010	757	5.61	4684	26.28	SRR8954530
	Parnassius honrathi	Parn.01-01a	178.536	150.484	994.537	955	2130202	466.9	36.56	959	1872	0.106	758	6.43	4578	28.51	SRR8954539
	Parnassius imperator	Kai.01-01a	35.528	21.955	483.372	171	2712024	178.2	37.86	841	1307	26.714	394	72.94	1368	86.98	SRR8954538
	Parnassius orleans	Drio.01-01a	156.174	120.544	814.564	485	2954078	275.7	35.38	955	1908	8.955	708	14.37	4145	38.93	SRR8954532
	Parnassius smintheus	1706	103.125	95.149	846.707	379	3198623	264.7	35.92	957	1866	0.260	759	11.45	4417	33.94	SRR8954531
	Pharmacophagus antenor	1646	120.153	107.409	387.987	4329	399998	970	40.99	958	1874	1.034	760	5.32	4612	26.79	SRR8954535
	Protesilaus protesilaus	3711	79.486	72.676	901.946	234	4111085	219.4	33.97	954	1774	10.172	706	27.2	3434	55.15	SRR8954534
	Protographium marcellus	7	64.339	58.553	636.959	320	2472899	257.6	35.25	955	1872	0.560	757	14.06	4408	35.48	SRR8954537
	Sericinus montela	Ser.01-01a	137.724	109.471	526.009	1843	750961	700.4	35.74	959	1887	2.622	750	7.82	4535	29.83	SRR8954536
	Teinopalpus imperialis	1566	64.583	58.453	530.299	848	1161826	456.4	35.12	958	1956	0.158	759	6.92	4737	26.84	SRR8954519
	Trogonoptera brookiana	2023	35.422	30.401	282.281	423	897158	314.6	34.22	956	1888	10.976	699	25.74	3865	47.93	SRR8954533
	Troides plateni	Tr.20-01h	168.313	134.462	449.338	2905	693452	648	42.36	959	1904	0.892	758	5.63	4664	25.82	SRR8954518
	Zerynthia polyxena	2122	32.378	29.101	461.127	255	1969767	234.1	34.39	939	1751	0.091	738	30.92	3638	54.68	SRR8954517
	Agraulis vanillae	NA	-	-	390.758	21413	45022	8679.3	31.80	946	1547	-	754	12.05	3702	44.52	-
	Bicyclus anynana	NA	-	-	-	-	-	-	-	941	2273	-	754	9.87	5157	27.72	-
	Bombyx mori	NA	-	-	-	-	-	-	-	938	2191	-	739	16.39	5044	31.44	-
	Calycopis cecrops	NA	-	-	-	-	-	-	-	875	1826	-	714	17.17	4365	38.84	-
	Choristoneura fumiferana	399	155.399	139.886	570.774	606	1574167	362.6	36.59	946	1548	0.000	752	15.63	3652	47.38	SRR8954520
	Danaus plexippus	NA	-	-	-	-	-	-	-	952	2480	-	757	10.52	5564	22.97	-
	Dryas iulia	NA	-	-	566.959	21916	53067	10683.8	34.64	950	1555	-	757	12.06	3725	44.17	-
	Eueides tales	NA	-	-	539.115	32552	49376	10918.6	33.40	951	1541	-	751	13.03	3669	45.16	-
	Heliconius melpomene	NA	-	-	-	-	-	-	-	957	2507	-	756	6.45	5703	18.64	-
	Junonia coenia	NA	-	-	-	-	-	-	-	883	2135	-	739	12.78	5012	31.28	-
	Laparus doris	NA	-	-	404.741	46843	31556	12826.1	35.41	948	1533	-	758	11.95	3690	45.02	-
	Lerema accius	NA	-	-	-	-	-	-	-	905	2239	-	732	13.3	5066	30.09	-
	Melitaea cinxia	NA	-	-	-	-	-	-	-	881	2169	-	712	21.81	4660	41.37	-
	Pararge aegeria	NA	-	-	406.226	5576	118444	3429.7	36.24	943	1483	-	754	14.46	3449	49.35	-
	Phoebis sennae	NA	-	-	-	-	-	-	-	946	2241	-	754	8.55	5124	25.99	-
	Polygonia calbum	NA	-	-	345.882	2829	177472	1948.9	32.85	940	1512	-	741	19.71	3442	50.67	-
	Median		67.642	60.269	409.954	643	1010689	294	35.43	957	1891	0.260	754	12.05	4515	31.6	-
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using the CAT-GTR model, a birth-death model, and an uncorrelated clock model constrained with five fossil calibrations (three Papilionidae and two within outgroups). The tree shows median ages obtained from the posterior distribution of Bayesian analyses (95% credibility intervals are reported in Table 2). Sensitivity analyses are presented in Appendix S9. Colored taxon names highlight tribes of Papilionidae and butterfly outgroups. Images of extant butterfly species (indicated with asterisks by their taxon names) are interspersed in the tree to serve as illustrative markers for major lineages.