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Target sequence data shed new light on the infrafamilial classification of Araceae

Keywords: Angiosperms353, nuclear phylogenomic tree, Alismatales, Lemnoideae. Helicodiceros, Jasarum, Peltandra, Pistia, Remusatia, Sauromatum, Steudnera, Syngonium, Typhonium, Typhonodorum, Ulearum, Xanthosoma, Zomicarpa Anchomanes clade Aglaonemateae, Nephthytideae Adelonema, Anchomanes, Apoballis, Bognera, Cercestis, Colobogynium, Croatiella, Cryptocoryne, Culcasia, Dieffenbachia, Furtadoa, Galantharum, Gamogyne, Gearum, Gorgonidium, Hera, Heteroaridarum, Homalomena, Hottarum, Incarum, Kiewia, Lagenandra, Nabalu, Naiadia, Ooia, Philodendron Pichinia, Piptospatha, Pursegloveia, Rhynchopyle, Schismatoglottis, Schottariella, Schottarum, Taccarum, Proto-Araceae, Lemnoideae, Pothoideae, 47 Ambrosinia, Amorphophallus, Amydrium, Anadendrum, Anaphyllopsis, Anchomanes, Anthurium, Anubias, Apoballis, Ariopsis, Arisaema, Arisarum, Arophyton, Arum, Biarum, Bognera, Caladium, Calla, Callopsis, Cercestis, Chlorospatha, Colletogyne, Colobogynium, Colocasia, Croatiella, Cryptocoryne, Culcasia, Cyrtosperma, Dieffenbachia, Dracontioides, Dracontium, Eminium, Englerarum, Epipremnum, Filarum, Furtadoa, Galantharum, Gamogyne, Gearum, Gonatopus, Gorgonidium, Gymnostachys, Hapaline, Helicodiceros, Hera, Heteroaridarum, Heteropsis, Holochlamys, Homalomena, Hottarum, Incarum, Jasarum, Kiewia, Lagenandra, Lasia, Lasimorpha, Lemna, Lysichiton, Monstera, Montrichardia, Nabalu, Naiadia, Nephthytis (Africa), Nephthytis bintuluensis, Ooia, Orontium, Peltandra, Phymatarum, Pichinia, clade, Aroideae Anubias, Apoballis, Ariopsis, Arisaema, Arisarum, Arophyton, Arum, Biarum, Bognera, Caladium, Calla, Callopsis, Cercestis, Chlorospatha, Colletogyne, Colobogynium, Colocasia, Croatiella, Cryptocoryne, Culcasia, Dieffenbachia, Eminium, Englerarum, Filarum, Furtadoa, Galantharum, Gamogyne, Gearum, Gonatopus, Gorgonidium, Hapaline, Helicodiceros, Hera, Heteroaridarum, Homalomena, Hottarum, Incarum, Jasarum, Kiewia, Lagenandra, Montrichardia, Nabalu, Naiadia, Nephthytis (Africa), Nephthytis bintuluensis, Ooia, Peltandra, Philonotion, Phymatarum, Pichinia, Piptospatha, Pistia, Pursegloveia, Remusatia, Rhynchopyle, Sauromatum, Schismatoglottis, Schottariella, Schottarum, Steudnera, Stylochaeton, Syngonium, Taccarum, Tawaia, Toga, Typhonium, Typhonodorum, Ulearum, Vesta, Xanthosoma, Zamioculcas, Zantedeschia, Zomicarpa

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION 3

Araceae is a large, ancient family of monocots comprising 3,667 species assigned to 143 genera (Boyce and Croat, 2011 onwards), of which many are globally important in horticulture and agriculture. They make up one of the most ecologically diverse families of flowering plants, from the smallest known species (Wolffia globosa (Roxb.) Hartog & Plas) to the largest unbranched inflorescence (Amorphophallus titanum (Becc.) Becc.), and with habits ranging from floating aquatics, geophytes and large arborescent herbs to nomadic vines and epiphytes. The family is cosmopolitan, although it is by far the most diverse in the wet tropics, particularly South and Central America and Southeast Asia. There is much active research on the taxonomy of the family with over 100 new species published in 2020 alone (IPNI), mostly assigned to the genus Anthurium, and 21 new genera published in the past 10 years, mostly from Southeast Asia (IPNI).

The family is also notable for its extensive fossil history, which includes some of the earliest known monocots in the fossil record, stretching back to the early Cretaceous (Friis et al., 2004[START_REF] Friis | Diversity in obscurity: fossil flowers and the early history of angiosperms[END_REF][START_REF] Hesse | The fossil pollen record of Araceae[END_REF][START_REF] Bogner | The free-floating aroids (Araceae) -living and fossil[END_REF][START_REF] Iles | Monocot fossils suitable for molecular dating analyses[END_REF][START_REF] Smith | The fossil record of noncommelinid monocots[END_REF]Mayo et al., 2013;[START_REF] Hoffman | Notes on some araceous (and non-araceous) fossils[END_REF]. A recent review of aroid fossils, focusing on the early evolutionary history of Araceae, found that the family was particularly diverse during the late Cretaceous and early Paleocene, exhibiting combinations of morphological characters unknown in extant Araceae [START_REF] Stockey | Fossil evidence for Paleocene diversification of Araceae: Bognerospadix gen. nov. and Orontiophyllum grandifolium comb[END_REF]. The historical biogeography of Araceae has been analysed in detail by [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], using a molecular analysis combined with fossil data and computational modelling. They concluded that the early evolution of the family was linked to aquatic or sub-aquatic environments and that early diversification within the family, which led to the evolution of subfamilial lineages, took place during the Cretaceous and was associated with the fragmentation of the supercontinent Pangaea.

There is a large body of work on the classification, phylogenetics and systematics of Araceae (summarised by Mayo et al., 2013). The first detailed phylogenetic tree of the whole family using computational analysis and including most accepted genera at the time was presented by [START_REF] French | Araceae from the Early Cretaceous of Portugal: Evidence on the emergence of monocotyledons[END_REF], based on chloroplast restriction site data, following an earlier study by [START_REF] Duvall | Phylogenetic analysis of rbcL sequences identifies Acorus calamus as the primal extant monocotyledon[END_REF], which included only nine genera. Various other molecular phylogenetic analyses based on DNA restriction sites or sequence data were published, but most used only a limited number of genera and with diverse research aims (e.g. [START_REF] Sriboonma | Phylogeny of Typhonium (Araceae) inferred from restriction fragment analysis of chloroplast DNA[END_REF][START_REF] Wen | Evolution of the eastern Asian and eastern North American disjunct genus Symplocarpus (Araceae): insights from chloroplast DNA restriction site data[END_REF][START_REF] Othman | Molecular systematics of the tropical aquatic plant genus Cryptocoryne Fischer ex Wydler (Araceae)[END_REF][START_REF] Barabé | The correlation between development of atypical bisexual flowers and phylogeny in the Aroideae (Araceae)[END_REF][START_REF] Grob | Phylogeny of the tribe Thomsonieae (Araceae) based on chloroplast matK and trnL intron sequences[END_REF]Renner et al., 2004;Renner and Zhang, 2004;[START_REF] Rothwell | Molecular phylogenetic relationships among Lemnaceae and Araceae using the chloroplast trnL -trnF spacer[END_REF][START_REF] Tam | Intergeneric and infrafamilial phylogeny of subfamily Monsteroideae (Araceae) revealed by chloroplast trnL-F sequences[END_REF][START_REF] Kitano | Molecular phylogentetic analysis of the genus Symplocarpus (Araceae) from Japan based on chloroplast DNA sequences[END_REF][START_REF] Nie | Intercontinental biogeography of subfamily Orontioideae (Symplocarpus, Lysichiton, and Orontium) of Araceae in eastern Asia and North America[END_REF][START_REF] Gauthier | Molecular phylogeny of the genus Philodendron (Araceae): Delimitation and infrageneric classification[END_REF][START_REF] Mansion | Phylogenetic analysis informed by geological history supports multiple, sequential invasions of the Mediterranean basin by the angiosperm family Araceae[END_REF]. The landmark study of [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF], using plastid DNA sequence data and including most genera then recognized, was crucial in establishing for the first time with confidence the phylogenetic position of the duckweeds within Araceae (Lemnoideae or Lemnaceae; see also [START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF]. Studies on a similar scale then followed by [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF], who focused on a comparison with morphological characters, and [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], who investigated the historical biogeography of the family including fossil data. These three family-wide studies were all based entirely on plastid sequence data. [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF] presented a phylogenetic analysis combining a nuclear marker, the gene PhyC, to six plastid markers, with a focus on the reconstruction of the ancestral pollination systems in Araceae and several associated floral traits. The first phylogenomic study of Araceae was carried out by [START_REF] Henriquez | Phylogenomics of the plant family Araceae[END_REF] using high-throughput sequencing of combined plastid and mitochondrial data, but with a relatively small sample of only 32 genera in addition to five obtained from public repositories. More recently, a phylogenetic tree based on whole plastid genomes of 30 species with Acorus americanus (Raf.) Raf. as outgroup taxon, provided additional information on the potential phylogenetic position of Calla palustris L., the sole species of a genus whose placement within the family has long been uncertain and which is consider key to understanding floral evolution in the family [START_REF] Abdullah | Comparison of chloroplast genomes among species of unisexual and bisexual clades of the monocot family Araceae[END_REF]. Finally, [START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF] investigated the role of whole-genome duplication in the evolution of the family using transcriptome data for 60 species and 57 genera, but their study did not comprise genus Calla.

The first subfamilial classification of Araceae, proposed by [START_REF] Engler | Vergleichende Untersuchungen über die morphologischen Verhältnisse der Araceae. I. Theil. Über Natürliches System der Araceae[END_REF], was also the first based on evolutionary principles (Mayo & Bogner 2013). It provided the framework for studies of aroid systematics and evolution until the 1990s, when the first significant molecular phylogenetic studies of the family were undertaken (Mayo et al. 2013). The most recent studies provide support for the recognition of eight subfamilies [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF][START_REF] Henriquez | Phylogenomics of the plant family Araceae[END_REF]: Gymnostachydoideae, Orontioideae, Lemnoideae, Pothoideae, Monsteroideae, Lasioideae, Zamioculcadoideae and Aroideae. Lemnoideae is now widely accepted as a subfamily of Araceae, even if the reinstatement of family Lemnaceae has been recently proposed [START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF]. The monophyly of the clade comprising all the unisexual flowered aroids (i.e. subfamilies Zamioculcadoideae and Aroideae) has reinforced the long-held view that possession of unisexual flowers is a derived condition in Araceae, and may suggest a single evolutionary event leading to monoecy in the family (cf. [START_REF] Hay | Durianology, discovery, and saltation -the evolution of aroids[END_REF]; but see below discussion regarding the position of Stylochaeton and tribe Zamioculcadeae).

The phylogenetic position of the monospecific genus Calla is of particular interest and still largely debated. This species has aperigoniate bisexual flowers and is traditionally thought (from a morphological point of view) to be a transition stage between genera with perigoniate bisexual flowers and the large subfamily Aroideae comprising species with unisexual, mainly aperigoniate flowers. Interestingly, molecular phylogenetic analyses to date have placed Calla palustris consistently within Aroideae, only sometimes opting for a closer position to the transition node between bisexual and unisexual flowers. [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF] placed it within the Aroideae (sensu [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF], sister to Cryptocoryneae and Schismatoglottideae. One significant difference between Araceae phylogenetic trees based on plastid data only [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF] and the phylogenetic study based on combined nuclear PhyC and six plastid markers [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF] is that in the latter, Calla was placed closer to the root of subfamily Aroideae with genera Montrichardia and Anubias. Recently, despite their relatively small sample size, plastid genome-based phylogenetic trees [START_REF] Abdullah | Comparison of chloroplast genomes among species of unisexual and bisexual clades of the monocot family Araceae[END_REF][START_REF] Henriquez | Evolutionary dynamics of chloroplast genomes in subfamily Aroideae (Araceae)[END_REF], recovered six monophyletic subfamilies (Gymnostachydoideae and Pothoideae were not sampled), and placed Calla within the Aroideae, relatively close to genus Schismatoglottis.

Here, we present a phylogenomic study of Araceae based on target sequence capture using the universal Angiosperms353 probes [START_REF] Johnson | A universal probe set for targeted sequencing of 353 nuclear genes from any flowering plant designed using k-medoids clustering[END_REF]. We compare the resulting phylogenetic tree to one obtained from the analysis of whole plastid genome data recovered from the off-target reads combined to those available in public sequence repositories. The Angiosperms353 probes were designed to selectively capture a large set (up to 353) of lowcopy nuclear orthologs that are expected to have high phylogenetic information content [START_REF] Baker | Exploring Angiosperms353: an open, community toolkit for collaborative phylogenomic research on flowering plants[END_REF][START_REF] Mcdonnell | Exploring Angiosperms353: Developing and applying a universal toolkit for flowering plant phylogenomics[END_REF]. This high-throughput sequencing method has been successful in resolving phylogenetic relationships at different taxonomic levels from species up to orders (e.g. [START_REF] Murphy | A phylogenomic analysis of Nepenthes (Nepenthaceae)[END_REF][START_REF] Maurin | A nuclear phylogenomic study of the angiosperm order Myrtales, exploring the potential and limitations of the universal Angiosperms353 probe set[END_REF], or even all angiosperms [START_REF] Baker | A comprehensive phylogenomic platform for exploring the angiosperm tree of life[END_REF]. The present study is unique in terms of generic coverage, comprising 111 out of the 143 genera that the family currently includes, with all eight of the previously recognized subfamilies represented. Our main objective was to resolve the deep phylogenetic relationships within the family with strong support, particularly between the eight currently recognised subfamilies and to confirm the phylogenetic position of the enigmatic genus Calla in relation to the long-debated evolutionary transition in the family between perigoniate bisexual flowers and aperigoniate unisexual flowers.

MATERIALS AND METHODS

Sampling

We selected at least one specimen per genus from a list of genera standardized according to the World Checklist of Vascular Plants (WCVP, 2021) and the Plants of the World Online (POWO, 2020). This initial list was supplemented with recommendations from taxonomic specialists and information from Boyce & Croat (2011 onwards), and recent publications (e.g. [START_REF] Low | Naming the chaos: generic redelimitation in Schismatoglottideae (Araceae)[END_REF]. In total 128 species in 111 genera were sampled, representing ca 78% of all genera in the family (Appendix S1). Twelve species used as outgroup taxa from orders Acorales and Alismatales were included (Appendix S1). Acorus gramineus, the sister group to the remainder of monocotyledons (APG IV, 2016), was used to root all phylogenetic analyses. Selection of plant tissue was based on the best available quality material considering an ideal sample extraction should contain 100-200 ng of DNA with fragment sizes ≥ 350bp following the manufacturer recommendations regarding library preparations (New England BioLabs, Ipswich, Massachusetts, USA). Material was selected from, in order of preference,

(1) fresh leaf tissue dried in silica gel, which generally gave optimal results; (2) DNA aliquots from the bank at the Royal Botanic Gardens, Kew (https://dnabank.science.kew.org/homepage.html), and (3) plant tissue material selected from herbarium specimens, which yielded DNA of variable quality. In addition, we took advantage of public data for three samples available in the Sequence Read Archive (SRA; www.ncbi.nlm.nih.gov/sra; Appendix S1).

DNA Extraction, Library Preparation, Hybridization and Sequencing

We performed DNA extractions using a modified CTAB protocol [START_REF] Doyle | A rapid DNA isolation procedure for small quantities of fresh leaf tissue[END_REF], with samples purified using Mag-Bind TotalPure NGS magnetic beads (Omega Bio-tek, Norcross, Georgia, USA). We ran the purified DNA extracts on a 1.5x agarose gel to assess the average fragment size and then quantified them using a Qubit 3.0 fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). DNA extracts with fragment sizes > 350 bp were sonicated using a M220 Focused-ultrasonicator with microTUBEs AFA Fiber Pre-Slit Snap-Cap (Covaris, Woburn, Massachusetts, USA), following the manufacturer's protocol. Dual-indexed libraries for Illumina sequencing were prepared using the DNA NEBNext UltraTM II Library Prep Kit at half the recommended volume, with Dual Index Primers Set 1, NEBNext Multiplex Oligos for Illumina (New England BioLabs, Ipswich, Massachusetts, USA). Quality of libraries was evaluated on a 4200 TapeStation System using High Sensitivity D1000 ScreenTape (Agilent Technologies, Santa Clara, California, USA) and quantified using a Qubit fluorometer. Equimolar pools comprising 20-25 libraries for a total of 1 μg of DNA were hybridized using the myBaits Expert Predesigned Panel (Arbor Biosciences, Ann Arbor, Michigan, USA) Angiosperms353 v1 (Catalog #308196;[START_REF] Johnson | A universal probe set for targeted sequencing of 353 nuclear genes from any flowering plant designed using k-medoids clustering[END_REF] following the manufacturer's protocol with v4 chemistry (http://www.arborbiosci.com/mybaits-manual). Hybridizations were performed at 65ºC for 28-32 h in a Hybex Microsample Incubator, using an equal volume of red Chill-out Liquid Wax (Bio-Rad, Hercules, California, USA) to prevent evaporation. Enriched products were amplified with KAPA HiFi (2x) HotStart ReadyMix PCR Kit (Roche, Basel, Switzerland) for 10 cycles. We purified the PCR products using the QIAquick PCR purification kit (Qiagen).

Products were quantified with the Qubit fluorometer and in some cases re-amplified a second time for 3-8 cycles. Final products were run on a 4200 TapeStation System using High Sensitivity D1000 ScreenTape (Agilent Technologies, Santa Clara, California, USA) to assess quality and average fragment size. Sequencing was performed at Royal Botanic Gardens, Kew on an Illumina MiSeq (Illumina, San Diego, California, USA) with v3 reagent chemistry (2 × 300 bp paired-end reads) or on an Illumina HiSeq (2 × 150 bp paired-end reads) at Genewiz (Takeley, UK) or at Macrogen (Geumcheon, Republic of Korea).

Sequence Data Processing

Raw sequence reads (FASTQ files) were trimmed using Trimmomatic [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] with a leading and trailing end trim thresholds of 20 and 10, respectively, and a sliding window trimming threshold of 20, averaged over 4 bp (LEADING: 20;TRAILING: 10;SLIDING WINDOW:4:20). Trimmed reads shorter than 40 bp were then removed (MINLEN: 40).

Paired reads and combined unpaired reads were used to recover Angiosperms353 target genes [START_REF] Johnson | A universal probe set for targeted sequencing of 353 nuclear genes from any flowering plant designed using k-medoids clustering[END_REF]; https://github.com/mossmatters/Angiosperms353) using HybPiper v1.3.1 [START_REF] Johnson | HybPiper: Extracting coding sequence and introns for phylogenetics from high-throughput sequencing reads using target enrichment[END_REF]. The HybPiper BLASTN option was used to map the reads to each of the target genes. The reads assigned to each target gene were then assembled de novo using SPAdes [START_REF] Bankevich | SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing[END_REF] and coding sequences (hereafter called genes) were extracted using exonerate [START_REF] Slater | Automated generation of heuristics for biological sequence comparison[END_REF]. Non-coding sequences (i.e., introns and UTRs) flanking the exons were recovered and combined with the exon sequences into socalled supercontigs using the HybPiper intronerate.py script. Sequences from all taxa were combined for each gene and supercontig data set. Each dataset was aligned separately using MAFFT v7 [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: Improvements in performance and usability[END_REF], with accuracy-oriented methods (--localpair; -maxiterate 1000) and the option to generate reverse complement sequences to align them with the remaining sequences based on 6-mer counting (--adjustdirectionaccurately). Single locus alignments were subsequently trimmed using phyutility (https://github.com/blackrim/phyutility) to remove nucleotide sites missing in at least 80% of the taxa (-clean 0.8). Recovery statistics (Appendix S1) and heatmaps (Appendix S2) were generated using scripts from HybPiper v1.3.1 [START_REF] Johnson | HybPiper: Extracting coding sequence and introns for phylogenetics from high-throughput sequencing reads using target enrichment[END_REF]. Sequence data from the three samples obtained from the SRA was processed using the approach described in [START_REF] Baker | A comprehensive phylogenomic platform for exploring the angiosperm tree of life[END_REF].

GetOrganelle 1.7.5 [START_REF] Jin | GetOrganelle: A fast and versatile toolkit for accurate de novo assembly of organelle genomes[END_REF] was used to assemble the plastid genome from raw reads of target-capture samples. Additional plastid genomes were retrieved from the National Center for Biotechnology Information (NCBI). These supplementary plastid genomes came either from the Organelle Genome Resources (https://ftp.ncbi.nlm.nih.gov/refseq/release/plastid/) and Genbank (https://www.ncbi.nlm.nih.gov/nuccore/), or from the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra), in which case plastid genomes were also assembled from raw reads using GetOrganelle. Plastid genomes were then queried against a reference set of the 76 most common plastid genes with BLASTN [START_REF] Camacho | BLAST+: architecture and applications[END_REF] to extract these genes. The dataset was then filtered to keep only samples with a cumulative gene length superior to 5.4kb (10% of the median cumulative gene length for angiosperms; K. Leempoel pers. comm.). The pipeline used to extract plastid genes and build the tree (see below) is available on GitHub (https://github.com/RBGKew/cpDNA).

Phylogenetic Reconstructions

Two approaches were used to reconstruct species trees. First, trees were inferred by analyzing all supercontig alignments (i.e., exons and their flanking regions) concatenated into one matrix using FASconCAT-G v1.0 [START_REF] Kück | FASconCAT: Convenient handling of data matrices[END_REF]. A species tree was generated based on this matrix using RAxML [START_REF] Stamatakis | RAxML Version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies[END_REF], herein referred to as the maximum likelihood (ML) approach. Branches with bootstrap percentages (BP) values > 90% are considered strongly supported, between 90% and 70% as moderately supported and below 70% as weakly supported.

Second, species trees were inferred using a multispecies-coalescent approach.

Individual gene trees were first generated from each trimmed locus alignment using IQ-TREE v2.0 [START_REF] Minh | IQ-TREE 2: New models and efficient methods for phylogenetic inference in the genomic era[END_REF], with ultrafast bootstrap (1000 replicates, UFBoot2; [START_REF] Chernomor | Terrace aware data structure for phylogenomic inference from supermatrices[END_REF] and model selection (-m MFP). Branches with support values below 10% [START_REF] Mirarab | Species tree estimation using ASTRAL: practical considerations[END_REF] were collapsed in each gene tree using Newick Utilities v1.6 [START_REF] Junier | The Newick utilities: high-throughput phylogenetic tree processing in the UNIX shell[END_REF]. A first coalescent analysis was performed after exclusion of genes with less than 25% of the taxonomic sample and with alignments shorter than 100 bp using ASTRAL-III [START_REF] Mirarab | ASTRAL-II: Coalescent-based species tree estimation with many hundreds of taxa and thousands of genes[END_REF] Gene trees were evaluated using TreeShrink [START_REF] Mai | TreeShrink: fast and accurate detection of outlier long branches in collections of phylogenetic trees[END_REF] to identify outlier taxa that increased the diameter of each gene tree (i.e., the maximum distance between any two tips of the tree) by more than 20%, using centroid re-rooting (-b 20 -c). The second and final coalescent analysis was conducted on this new set of gene trees, using the same method as described above. A quartet-based polytomy test, used to evaluate gene tree discordance in the dataset and identify potential hard polytomies, was conducted using ASTRAL-III as described by [START_REF] Sayyari | Testing for polytomies in phylogenetic species trees using quartet frequencies[END_REF]. The test evaluates the null hypothesis that a given branch is a polytomy.

For the plastid data, sequences from each gene were aligned independently in MAFFT 7.4 [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: Improvements in performance and usability[END_REF], using the adjustdirection and auto options, then trimmed with Trimal 1.3 [START_REF] Capella-Gutiérrez | trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses[END_REF] with the gappyout method. The tree was estimated using IQ-TREE 2.1.3 [START_REF] Minh | IQ-TREE 2: New models and efficient methods for phylogenetic inference in the genomic era[END_REF] with independent GTR+G models for each gene and 1000 ultra-fast bootstraps. Simplified versions of the nuclear and plastid trees were compared visually through a tanglegram produced in R with the package phytools [START_REF] Revell | phytools: An R package for phylogenetic comparative biology (and other things)[END_REF].

RESULTS

Sequence recovery

The final nuclear data set comprised 142 accessions, including 128 Araceae representing 111 genera, and 13 samples used as outgroup taxa (Acorus gramineus and 12 samples from other Alismatales families; Appendix S1). For Araceae accessions, 3.75 million read pairs were sequenced on average, ranging from 0.23 to 57.6 million, while this number was slightly lower for the outgroup taxa (3.01 million read pairs on average, ranging from 0.28 to 20.3 million). On the other hand, the percentage of reads on target was lower for Araceae than for the outgroup taxa, on average 0.64% and 2.74%, respectively. The mean number of genes (including flanking regions) with sequences is lower for Araceae than the outgroup taxa (173 and 222, respectively, although the range varies considerably, 10 to 347 for Araceae and 58-309 for the outgroup taxa), which is also reflected in the number of genes recovered with a 50% target length threshold: mean of 96 for Araceae and 142 for outgroup taxa (Appendix S1).

We further explore this discrepancy in sequence recovery between Araceae and the rest of Alismatales using a larger sampling of Alismatales obtained from the Kew Tree of Life Explorer [START_REF] Baker | A comprehensive phylogenomic platform for exploring the angiosperm tree of life[END_REF]; https://treeoflife.kew.org/), as well as comparing it to other monocots and the rest of angiosperms. We found that a similar mean number of genes were recovered for Araceae and Alismatales, 211 and 203, respectively (ranges of 67-322 for Araceae and 91 to 309 for Alismatales). On the other hand, the mean number of genes recovered for other monocots and other angiosperms were 263 (9 to 348) and 308 (28 to 351), respectively, much higher than for Araceae and Alismatales (Figure 1). It is worth noting that the Araceae accessions included in the present study differ slightly from those included in the Kew Tree of Life Explorer (https://treeoflife.kew.org/), hence the different values reported for Araceae between the two comparisons presented here. Even though the Tree of Life Explorer data was compiled using a different approach for sequence recovery than the one used here [START_REF] Baker | A comprehensive phylogenomic platform for exploring the angiosperm tree of life[END_REF], it is evident that sequence recovery for the Angiosperms353 probes is much lower in Alismatales than the rest of angiosperms.

The plastid data set contained 95 samples, 87 of which are Araceae (64 from targeted enrichment sequence data, 23 from public repositories), and covered 79 Araceae genera (Appendix S2). Not all samples processed using targeted enrichment have produced enough off-target reads to allow an adequate recovery of the plastid genome, hence the lower number of genera in the plastid data set. The average length of the plastid genome recovered for all 95 samples is 106,082 bp and 107,630 bp for Araceae samples, ranging from 30,527 bp to 176,835 bp. The final nuclear and plastid aligned concatenated data sets comprised 119,469 and 50,192 bp,respectively (Appendix S3).

Phylogenetic relationships

To refer to the clades presented in our trees, we use an informal mixture of naming conventions. Clade names may be single orthodox Latin terms indicating rank, e.g., Aroideae, or terms consisting of two genus names representing the two names encompassing the clade in our Figure 2, e.g., the Stylochaeton-Arum Clade represents subfamily Aroideae (in these terms the genus names are in roman font and "Clade" is capitalized). Other clade names mentioned in the text refer to clades discussed by previous authors. This is comparable but distinct from the naming conventions of [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF]. Our aim is to provide a clearly defined but provisional vocabulary of clade names which authors can use in discussing aroid phylogenies, and we anticipate that this nomenclature will be updated at some time in the future when a comprehensive formal classification of the family is published. Since studies frequently differ in sampling and clade composition, we believe that the two-genus convention for clade names facilitates the comparison of text and figured trees. However, single term Latin names are more convenient when discussing major taxa such as subfamilies.

In all cases, the genus composition of the clades discussed is made clear in our Table 1.

The polytomy test identifies 32 nodes for which it was not possible to reject the null hypothesis that these nodes may be a polytomy (indicated with asterisks in Figure 2). None of the relationships between subfamilies were identified as such, except for the sister relationship of Lasioideae with Pothoideae-Monteroideae. In addition, most of the nodes identified as putative polytomies are found within subfamily Aroideae (23 out of 32), in particular within the Schismatoglottideae (13).

The Araceae family, with the inclusion of the duckweeds (subfamily Lemnoideae), is robustly recovered as a monophyletic group (LPP = 1.00 -moderate QS). Perhaps the most significant new feature of the phylogenomic tree, in comparison to previous large-scale analyses of the family, is the strong support found for the crown nodes of major clades. There is generally strong support for all subfamilies and the relationships among these (Figure 2A). The Gymnostachys-Symplocarpus (Gymnostachydoideae and Orontioideae), Spirodela-Wolffiella (Lemnoideae), Dracontium-Podolasia (Lasiodeae), Pothos-Anthurium (Pothoideae), and Spathiphyllum-Heteropsis (Monsteroideae) Clades are all strongly supported (LPP = 1.00, QS ranging from moderate to high; Figure 2). Likewise, the relationships between these clades are also strongly supported, except for the sister relationship between Lasioideae and the pair Pothoideae-Monsteroideae, which is only weakly supported (LPP = 0.76, weak QS). The topology of these two clades might be more realistically viewed as a trichotomy with the Stylochaeton-Arum Clade, as indicated by the polytomy test, which in this instance could not reject the null hypothesis that this branch is a polytomy (asterisks on Figure 2). The first divergences within the Lasioideae, Pothoideae and Monsteroideae are also strongly supported. First, the Dracontium-Podolasia Clade is subdivided into the Dracontium-Dracontioides (LPP = 1.00 -high QS) and the Urospatha-Podolasia (LPP = 1.00 -moderate QS) Clades. Second, the Pothos-Anthurium Clade (LPP = 1.00 -high QS) is divided into the Pothos (LPP = 1.00 -high QS) and the Anthurium Clades (LPP = 1.00 -moderate QS). Finally, the Spathiphyllum-Heteropsis Clade (LPP = 1.00moderate QS) is composed of three groups, the Spathiphyllum-Holochlamys (LPP = 1.00moderate QS), the Monstera-Anadendrum (LPP = 1.00 -high QS), and the Alloschemone-Heteropsis (LPP = 1.00 -high QS) Clades. Closer to the tips, particularly in the Spathiphyllum-Heteropsis Clade and the Urospatha-Podalasia Clade, most relationships are weakly supported and identified as polytomies by the polytomy test.

Of particular significance is the strong support (LPP = 1.00 -high QS) for the clade comprising the bisexual-flowered genus Calla, all the unisexual-flowered aperigoniate genera and the perigoniate unisexual-flowered genera Stylochaeton, Gonatopus and Zamioculcas (Figure 2A, Stylochaeton-Arum Clade). It is notable that bisexual-flowered Calla and unisexual-flowered aperigoniate Anubias form such a well-supported clade. The weak support (LPP = 0.37 -low QS) for the sister relationship between Stylochaeton and the Gonatopus-Zamioculcas Clade indicate that these two lineages essentially form a trichotomy with the strongly supported Anubias-Arum Clade (LPP = 1.00 -weak QS), which comprises all the other genera of subfamily Aroideae. Within the remainder of the Anubias-Arum Clade, several relationships are poorly supported, but we were nevertheless able to identify a number of groups corresponding to definable entities.

The two largest components of the Anubias-Arum Clade contain a series of highly supported subclades. The Bognera-Galantharum Clade, which is moderately supported, includes three well supported subclades: the Bognera-Gorgonidium Clade (LPP = 1.00 -high QS), the Culcasia-Philodendron Clade (LPP = 1.00 -moderate QS) and the Lagenandra-Galantharum Clade (LPP = 1.00 -high QS). However, the sister relationship of Zantedeschia to the Culcasia-Philodendron Clade is relatively weak (LPP = 0.86 -moderate QS) and the position of Anchomanes is unclear (LPP = 0.10 -weak QS). These low branch support values therefore suggest that the crown node of the Bognera-Galantharum Clade should be viewed as a polytomy (also supported by the results of the polytomy test). On the other hand, the Amorphophallus-Arum Clade, the second large component in this analysis, is well-resolved into four subclades, all well-supported: the Pistia-Arum Clade (LPP = 1.00 -moderate QS), the Arisarum-Arophyton Clade (LPP = 1.00 -moderate QS), the Hapaline-Chlorospatha Clade (LPP = 1.00 -high QS) and the genus Amorphophallus (LPP = 1.00 -high QS).

Relationships recovered with the plastid data are largely similar to those obtained with the nuclear data among most subfamilies, but the similarity between the two analyses is much reduced within the Aroideae (Figure 3). The Orontioideae are sister to the rest of the family in both analyses, although they form a clade with the Gymnostachydoideae in the nuclear analysis and are not included in the plastid analysis. Lemnoideae are sister to the rest of the family in both analyses. While Pothoideae and Monsteroideae are sister groups in both analyses, their relationship to Lasioideae is different, in one case they are sister, in the other they form a grade subtending subfamily Aroideae. In subfamily Aroideae, except for the sister relationship to the rest of the subfamily of the pair Stylochaeton-Zamioculcadeae, both analyses bear little resemblance, including the position of genus Calla, which occupies a more derived position within Aroideae in the plastid analysis. The limited sampling within the plastid analysis compared to the nuclear one is most likely responsible for some of these differences.

DISCUSSION

The variability of gene number recovery in Araceae and Alismatales is lower than in monocots and angiosperms in general (Figure 1). Within Araceae, the number of genes recovered ranges from 10 to 347 in our data set, but even more so when comparing the length of the genes recovered at 50% of the target file, which averages 96 per sample. Nevertheless, the Angiosperms353 probe set has been efficient for producing a well resolved phylogenetic tree for Araceae. However, it is disappointing to see the probe kit performing poorly in comparison with results obtained for other angiosperm groups. The limited representation of Alismatales (four species representing four families) and Araceae (only one species, Pistia stratiotes) in the OneKP data set, which was used for the design of the Angiosperms353 probes [START_REF] Johnson | A universal probe set for targeted sequencing of 353 nuclear genes from any flowering plant designed using k-medoids clustering[END_REF], might partly explain the low gene number recovered for This subfamily, represented in our study by the Dracontium-Podolasia Clade, is no longer sister to the remainder of Aroideae but forms a weak sister group relationship with the other major bisexual-flowered clades, i.e. subfamilies Pothoideae and Monsteroideae. If this sister grouping was discounted due to its low branch support and the fact that it was not rejected as a polytomy by the polytomy test, Lasioideae would emerge as one of the three lineages forming a polytomy with the Aroideae and the pair Monsteroidae-Pothoideae, thus supporting the conclusions of [START_REF] Hay | Cyrtosperma Griff. and the origin of the aroids[END_REF] and [START_REF] Hay | Transference of function' and the origin of aroids: their significance in early angiosperm evolution[END_REF].

Most major branches in our phylogenetic tree confirm groups retrieved in previous phylogenetic studies but with greater support. In addition, a few of the clades recovered here are also novel. The genera or species belonging to each clade are listed in Table 1. Given that the concatenated analysis of the supercontigs was broadly similar to the one retrieved from the multi-species coalescence approach, we concentrate our discussion on the supercontigs data set analyzed using the multi-species coalescence approach (Figure 2). The result of the concatenated analysis is presented in the supplementary material (Figure S3).

Subfamilies: overview

Our phylogenetic tree (Figures 2A,B) supports the recognition of seven major clades in the family Araceae, all corresponding to previously recognized subfamilies, i.e Gymnostachydoideae, Orontioideae, Lemnoideae, Lasioideae, Pothoideae, Monsteroideae and Aroideae [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF]; we discuss these below in this order.

The eighth subfamily recognized in previous studies, the Zamioculcadoideae, is found in our tree to be included in Aroideae (see below) as tribe Zamioculcadeae.

The first supported group (Gymnostachys-Symplocarpus Clade) is composed of subfamilies Gymnostachydoideae (Gymnostachys anceps) and Orontioideae (Orontium, Lysichiton, Symplocarpus) [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF]. Gymnostachydoideae has long been recognized as a monospecific group [START_REF] Bogner | A revised classification of Araceae with dichotomous keys[END_REF], but its sister relationship to the three genera of Orontioideae only became evident following the first studies using molecular data (e.g. [START_REF] French | Araceae from the Early Cretaceous of Portugal: Evidence on the emergence of monocotyledons[END_REF]. Since then, Gymnostachys has been confirmed in this placement by subsequent molecular analyses [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF]. [START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF] recently confirmed this position, with the inclusion in their analysis of additional species of Lysichiton and Symplocarpus. [START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF], on the other hand, do not retrieve Gymnostachys as sister to the Orontioideae, but as sister to the remainder of the family. Despite the high support we obtained for this clade and for the sister relationship of the two subfamilies, we consider that subfamily rank for each component is taxonomically preferable, given the radically different morphology of Gymnostachys anceps from all other Araceae and its isolated geographical location as a subtropical eastern Australian endemic, in contrast to the temperate, boreal Orontioideae [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF]. In addition, the time of divergence of Gymnostachys and Orontioideae is probably very ancient (~60 Ma, [START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF]up to ~ 95 Ma, Nauheimer et al., 2012).

The Spirodela-Wolffiella Clade (Figure 2A) is sister to the rest of the family, with the exception of Gymnostachydoideae and Orontioideae, and comprises four genera of subfamily Lemnoideae (Spirodela, Lemna, Wolffia, Wolffiella). This group occupies the same position as in previous large-scale analyses [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF], although our study lacks the fifth lemnoid genus, Landoltia. 2021) is a matter of historical convention rather than an argument deriving from a distinct new phylogenetic pattern. We prefer to follow the current Angiospem Phylogeny Group delimitation of Araceae and continue to recognize Lemnoideae as one of its subfamilies (APG IV, 2016). Whatever the taxonomic convention adopted, molecular evidence clearly show that Lemnoideae are derived from a bisexual-flowered ancestor, but their floral structures are so extremely reduced that establishing homologies with aroid flowers and/or inflorescences with confidence is impossible [START_REF] Bogner | The free-floating aroids (Araceae) -living and fossil[END_REF].

The Dracontium-Heteropsis Clade is novel, but this grouping is only weakly supported and, as noted above, if disregarded would result in a polytomy comprising the components Lasioideae, Pothoideae-Monsteroideae and Aroideae. In contrast, this clade consists of three highly supported subclades that correspond to the previously recognized subfamilies (clades 7, 23, 24 in [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF] 2012) also found strong support for these four clades. We nevertheless propose that subfamily rank should be restricted only to the three clades currently recognized as such (Table 1), given the strong and longestablished morphological distinctions between them [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Zuluaga | Systematics, biogeography, and morphological character evolution of the hemiepiphytic subfamily Monsteroideae (Araceae)[END_REF]. Hitherto, the most comprehensive molecular analyses have positioned the Lasioideae as sister to the unisexual-flowered subfamilies Aroideae and Zamioculcadoideae with moderate support [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], a topology that we also recovered in our plastid data analysis (Figures 3,S4). All plastid analyses to date consistently place Pothoideae and Monsteroideae together as a moderately to well-supported clade sister to a clade comprising Lasioideae, Zamioculcadoideae and Aroideae. In contrast, [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF], by adding the PhyC nuclear gene to the plastid data of [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF], weakened the association of the Pothoideae and Monsteroideae recovered in previous studies. Given the weak support in our tree for the sister relationship of Lasioideae and the pair Pothoideae-Monsteroideae, and the fact that the null hypothesis that this node is a polytomy could not be rejected by the polytomy test, the possibility that the Lasioideae is sister to Aroideae cannot be ruled out, a topology that would then support the classification proposed by [START_REF] Hay | Transference of function' and the origin of aroids: their significance in early angiosperm evolution[END_REF]. It is worth noting that [START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF] found Lasioideae to be sister to a clade in which Pothoideae-Monsteroideae are sister to the Aroideae, but with limited support.

Our result differs significantly from previous molecular analyses by providing a more solid basis for the delimitation of the large clade composed of all the unisexual-flowered genera (Figure 2B: Stylochaeton-Arum Clade; termed Unisexual Flowers clade by [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF], comprising 81 (72%) of the 111 genera sampled here (Table 1). As in other family-level studies [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF], this clade includes the bisexual-flowered Calla palustris. In our analysis, however, in contrast to the plastid-based results of previous work, Calla is strongly supported as sister to the remainder of Aroideae, with the exception of the Zamioculcadeae (Figure 2A. Therefore, we propose that the Stylochaeton-Arum Clade is recognized as subfamily Aroideae, enlarging its earlier delimitation to include taxa previously assigned to subfamily Zamioculcadoideae (Table 1, compare [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF].

Three derived bisexual-flowered subfamilies

Each of the clades corresponding to these subfamilies is divided into highly supported subclades, warranting recognition as tribes, as discussed below.

Lasioideae

Subfamily Lasioideae is composed of two tribes: Lasieae and Dracontieae. Although [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF] and [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF] recovered a well-supported grouping of the three genera of Dracontieae (Anaphyllopsis, Dracontium and Dracontioides) they did not formally name it, nor did they recover a monophyletic Lasieae, so our finding splitting the Lasioideae into two strongly-supported subclades is novel. This result should be tempered by noting that Anaphyllum is missing from our sampling of Lasieae (Urospatha, Lasia, Lasimorpha, Pycnospatha, Cyrtosperma and Podolasia). However, since all recent phylogenetic studies have placed Anaphyllum as sister to Lasimorpha within the Lasieae [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF], it seems unlikely that its inclusion here would have greatly altered the separation of Lasioideae into two distinct groups.

Pothoideae

Subfamily Pothoideae is composed of two tribes, the Anthurieae and Potheae [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF]. The first only comprises the hyperdiverse genus Anthurium, with an estimated 3,000 species (Boyce and Croat, 2011 onwards). The second has long consisted of three genera, Pothos, Pothoidium and Pedicellarum. However, Pedicellarum has recently been subsumed into Pothos by Wong et al. (2020), a change supported by the present study despite our limited sampling. Furthermore, our very limited sampling also seems to indicate that Pothoidium might also be nested in Pothos, as it appears to group within Pothos with subgenus Pothos. The status of Pothoidium as a genus separate from Pothos is also questioned by a previous study [START_REF] Carlsen | A Molecular Phylogeny of the Species-Rich Neotropical Genus Anthurium (Araceae) Based on Combined Chloroplast and Nuclear DNA[END_REF]. This group is clearly in need of more comprehensive phylogenetic analyses in order to clarify its generic boundaries. .

Monsteroideae

In our phylogenetic tree, subfamily Monsteroideae is composed of three strongly supported tribes: Spathiphylleae, Monstereae and Anepsiadeae. This subdivision, but with different names (Spathiphylleae, and Heteropsis and Rhaphidophora clades), has already been observed in previous molecular analyses [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF][START_REF] Henriquez | Phylogenomics of the plant family Araceae[END_REF][START_REF] Zuluaga | Systematics, biogeography, and morphological character evolution of the hemiepiphytic subfamily Monsteroideae (Araceae)[END_REF]. Tribe Spathiphylleae, consisting of Spathiphyllum and Holochamys (Table 1), is strongly supported (although its QS is moderate) as sister to the two other tribes, both also strongly supported, as previously found by [START_REF] Zuluaga | Systematics, biogeography, and morphological character evolution of the hemiepiphytic subfamily Monsteroideae (Araceae)[END_REF]. In our sampling, tribe Anepsiadeae Engler 1876 [START_REF] Nicolson | Suprageneric names attributable to Araceae[END_REF] comprises the four genera Alloschemone, Rhodospatha, Stenospermation, and Heteropsis. Tribe Monstereae is represented by the six genera Monstera, Amydrium, Scindapsus, Epipremnum, Rhaphidophora and Anadendrum. Our limited sampling at the species level does not allow us to evaluate several phylogenetic hypotheses proposed by [START_REF] Zuluaga | Systematics, biogeography, and morphological character evolution of the hemiepiphytic subfamily Monsteroideae (Araceae)[END_REF], such as the merging of Holochlamys within the Asian Spathiphyllum species, the paraphyly of Epipremnum (one species groups as sister to Amydrium, the other to Scindapsus), or the probable polyphyly of Rhaphidophora.

Subfamily Aroideae (unisexual-flowered genera plus Calla palustris) Stylochaetoneae & Zamioculcadeae

The Stylochaeton-Gonatopus Clade (Figure 2B) was recovered with good support by [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF], [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF] and [START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF], but with less support by Nauheimer et al. (2012, 70%) and by [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF], with no support in their nuclear tree and > 70% support in their combined nuclear and plastid tree. Our result is similar to that of [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF]; the support for this clade is negligible and considered a polytomy by the polytomy test (Figure 2B). Thus, for the time being, these two groups (Stylochaeton and Zamioculcas + Gonatopus) are probably better represented as a polytomy at the crown node of Aroideae (Figure 2B). The taxonomic consequence is that the Zamioculcadoideae, recognized by [START_REF] Bogner | Zamioculcadoideae, a new subfamily of Araceae[END_REF] as sufficiently distinct to merit subfamily rank, should be reduced to tribe Zamioculcadeae (Table 1). Our topology supports an evolutionary scenario in which Stylochaeton and the Zamioculcadeae are distinct elements of a disparate assemblage of genera at the crown node of Aroideae which led eventually to the aperigoniate, unisexual-flowered lineages. These two elements, although both tropical African geophytes, are very distinct morphologically from other Araceae as well as from each other, so we also recognize the monogeneric tribe Stylochaetoneae [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF]. [START_REF] Hesse | Palynology of the perigoniate Aroideae: Zamioculcas, Gonatopus and Stylochaeton (Araceae)[END_REF] and [START_REF] Ulrich | Calla palustris (Araceae): New palynological insights with special regard to its controversial systematic position and to closely related genera[END_REF] showed that there are important palynological differences between Stylochaeton and Zamioculcadeae: although both have the plesiomorphous characters of sporopolleninous thick tectate-columellate ektexine, the former has inaperturate, foveolate and microreticulate pollen and the latter ring-like apertures and psilate, perforate ornamentation. The similarity between the two groups, which has perhaps most influenced researchers in the past (apart from their geography and ecology), is the combination of a perigon with unisexual flowers. However, the presence of a perigon is a symplesiomorphy, and its morphology differs strongly between the two tribes (i.e., free in Zamioculcadeae, urceolate in Stylochaeton), as does leaf structure [START_REF] Mayo | The genera of Araceae. The Trustees[END_REF][START_REF] Bogner | Zamioculcadoideae, a new subfamily of Araceae[END_REF]. Morphologically, the impression may be of distinct lineages which have independently evolved different types of unisexual flowers. Such a scenario differs from the view that unisexual flowers evolved only once in Araceae [START_REF] French | Araceae from the Early Cretaceous of Portugal: Evidence on the emergence of monocotyledons[END_REF][START_REF] Mayo | The genera of Araceae. The Trustees[END_REF] with an evolutionary sequence resulting in fused petals in Stylochaeton, free petals in Zamioculcadeae and aperigoniate flowers in the derived clade (see hereafter). The current molecular evidence is not strong enough to favor either hypothesis. On the other hand, our result clearly shows a robust placement of Zamioculcadeae and Stylochaeton as sister to the Anubias-Arum Clade, which contains all the other unisexual genera of Araceae in addition to Calla palustris.

Anubias-Arum Clade

Within the expanded subfamily Aroideae, this is the major clade with strongest support, and it includes all the genera with aperigoniate unisexual flowers plus Calla palustris (Aroideae subfamily sensu Cusimano et al., 2011: clade 39). The support assigned to the backbone of this clade is mostly poor, but several clades are however well-supported. These include the small groups Calla+Anubias, Callopsis+Nephthytis afzelii, Nephthytis bintuluensis+Aglaonema, as well as two major clades, the strongly supported Amorphophallus-Arum Clade (Dracunculus clade sensu Cusimano et al., 2011: clade 37) and the somewhat less supported Bognera-Galantharum Clade. The poorly supported relationship between these six clades resembles the findings of previous studies. [START_REF] Ulrich | Calla palustris (Araceae): New palynological insights with special regard to its controversial systematic position and to closely related genera[END_REF] considered the phylogenetic position of Calla in detail and suggested that it (like Stylochaeton and the Zamioculcadeae) represents a transitional form in the phylogenetic development of Araceae, from a plesiomorphic syndrome of bisexual flowers, aperturate pollen with a thick, sporopolleninous ektexine and absence of laticifers, to an apomorphic syndrome of unisexual flowers, inaperturate pollen with thin ektexine and little or no sporopollenin and well developed laticifer systems. They argued that pollen data and other morphological and anatomical evidence supports a position for Calla either sister to Stylochaeton-Gonatopus Clade plus the rest of Aroideae or just sister to the rest of the Aroideae, commenting that such a position would not require an evolutionary reversal of so many significant structural characters. Molecular analyses have been inconsistent in the phylogenetic position assigned to Calla. [START_REF] French | Araceae from the Early Cretaceous of Portugal: Evidence on the emergence of monocotyledons[END_REF] placed it outside the otherwise entirely unisexual-flowered clade we are proposing as subfamily Aroideae, but in [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF] its position is just distal to the Stylochaeton-Gonatopus Clade (the apparent association with the Schismatoglottideae is unsupported in their tree). Later studies based largely on plastid data have found Calla embedded deeper in the Aroideae but in different positions with widely different support levels [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Henriquez | Phylogenomics of the plant family Araceae[END_REF][START_REF] Abdullah | Comparison of chloroplast genomes among species of unisexual and bisexual clades of the monocot family Araceae[END_REF]. [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF], however, associated Calla with Anubias and Montrichardia in an unsupported early branch of the Aroideae (our sense), the latter also unsupported. Our tree proposes a similar position, but with much stronger support. The branch support for including Calla in the Aroideae is very strong, and so is its association with Anubias. Montrichardia then appears immediately above, but its sister relation with the rest of the Aroideae (Callopsis-Arum Clade) is weak. We conclude that our result confirms the inclusion of Calla in the Aroideae clade (as delimited here) and supports a position for it at or near the crown node of the subfamily. However, the underlying evolutionary scenario remains obscure. [START_REF] Ulrich | Calla palustris (Araceae): New palynological insights with special regard to its controversial systematic position and to closely related genera[END_REF] propose that the dissonant characters of Calla should be regarded as plesiomorphies, but a possible evolutionary reemergence of bisexual florets (an atavism) also cannot be ruled out. The extinction of informative lineages at this crucial phase of aroid evolution may have played its part in confounding decisive interpretations at present. Morphological comparison suggests caution in accepting too uncritically an association of the currently temperate Calla and tropical African Anubias; the former has bisexual (aperigoniate) flowers, free stamens with slender connectives and unilocular ovaries with basal placentation, and the latter has unisexual flowers, stamens connate into synandria with thickened connectives, and usually 2-3-locular ovaries with axile placentation. The two genera share simple articulated laticifers, striate leaf venation, creeping stems and emersed aquatic habit. In previous analyses neither genus has shown any consistent pattern of relationships with other genera, and this is even true of pre-molecular classifications. One hypothesis may be that Calla and Anubias are remnants of an earlier (sub)tropical clade (both genera are estimated to have differentiated ~74 and 80 Ma ago respectively; [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], as there are no potential temperate relatives. A surprising feature of our result is the strength of the association between the two genera; perhaps some explanation for this may emerge from a future interpretation of the molecular patterns which are not synapomorphic.

The position of Calla palustris and the genera Anubias and Montrichardia

Much the same can be said of Montrichardia, which in all molecular analyses to date shows no consistent grouping tendency apart from inclusion in Aroideae, and its sister relations typically have low branch support. At a minimum it could be said that our result is consistent with the view that these three genera lack convincing relationships with other genera and occupy phylogenetic positions early in the evolutionary history of subfamily Aroideae.

Callopsis-Nephthytis afzelii Clade

The moderately supported Callopsis-Nephthytis afzelii Clade is tropical African and novel although the two genera have been associated previously on morphological grounds by [START_REF] Bogner | Une nouvelle espèce du genre Callopsis Engl. (Aracées) et considérations taxonomiques sur ce genre[END_REF][START_REF] Bogner | On two Nephthytis species from Gabon and Ghana[END_REF] and [START_REF] Hay | Nephthytis Schott (Araceae) in Borneo: A new species and new generic record for Malesia[END_REF]Bogner and[START_REF] Bogner | A revised classification of Araceae with dichotomous keys[END_REF] placed Callopsis close to their tribe Nephthytideae. As with Montrichardia, Anubias, Zantedeschia and Calla, Callopsis has never revealed any well-supported sister-group relationships in previous molecular studies but has always appeared as lineage part of a polytomy near the root node of Aroideae [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF][START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF]. On the other hand, Nephthytis (when considered exclusively as an African group) has been consistently associated in both pre-molecular classifications and DNA-based analyses with other tropical African genera such as Culcasia, Cercestis, Anchomanes and Pseudohydrosme. In the major plastid analyses [START_REF] Cabrera | Phylogenetic relationships of aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA[END_REF][START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF] there is also a fairly consistently recovered clade consisting of the Culcasieae, Aglaonemateae, Nephthytideae (Nephthytis, Anchomanes, Pseudohydrosme), Philodendron clade, Zantedeschia and the Spathicarpeae (see Table 1 and [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF] for genera included under these names). This clade was well supported in the analysis of Cusimano et al. (2011: Zantedeschia clade, clade 32) but not in the other two studies, implying that it is not especially stable. On the other hand, branch support for the Aglaonemateae, Nephthytideae and their common node (Anchomanes clade, sensu Cusimano et al., 2011: clade 26) 

Nephthytis bintuluensis-Aglaonema Clade

The Asian and Malesian tribe Aglaonemateae is grouped with the Bornean Nephthytis bintuluensis. This strongly supported clade is associated neither with African Nephthytis nor with Anchomanes as in the previous plastid trees but is instead one element of the large polytomy surrounding the crown node of our expanded subfamily Aroideae. This clade was previously recovered as a well-supported group ( 95 BS) by [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF]; our result thus further confirms the distinctness of Nephthytis bintuluensis from the African Nephthytis afzelii, as proposed by [START_REF] Boyce | Compendium genera Aracearum Malesianum[END_REF] and Boyce and Croat (2011 onwards).

Bognera-Galantharum Clade

This major subclade of subfamily Aroideae has moderate support as a whole, but many nodes internally are poorly supported made up of the genera Zantedeschia and Anchomanes and three strongly supported and previously recognized clades (Figure 2B). The first of these is tribe Spathicarpeae, also recognized by Cusimano et al. (2011: clade 13) and [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], although in our analysis the following genera were not included: Asterostigma, Mangonia, Spathantheum, Spathicarpa and Synandrospadix. The second is the Culcasia-Philodendron Clade, which corresponds to the Homalomena clade of Cusimano et al. (2011: clade 27). Our analysis shows this clade to be highly resolved and composed of the tribes Culcasieae (Culcasia and Cercestis) and Philodendreae (= Philodendron clade, [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF], also with strong branch support. According to our new delimitation, tribe Philodendreae encompasses Homalomena and Furtadoa, Adelonema and Philodendron. A subdivision seems to clearly differentiate the Asian subclade from the Neotropical one, but our species sampling is too limited to further discuss it. However, in more densely sampled studies of the Philodendreae, Furtadoa appears nested in Homalomena [START_REF] Wong | Resurrection and new species of the neotropical genus Adelonema (Araceae: Philodendron Clade)[END_REF][START_REF] Vasconcelos | New insights on the phylogenetic relationships among the traditional Philodendron subgenera and the other groups of the Homalomena clade (Araceae)[END_REF]. Similarly, only one species representing each of the three subgenera of Philodendron (Meconostigma, Philodendron, Pteromischum) have been sequenced, and thus it is not possible to contribute to the view that subgenus Meconostigma should be recognized as the distinct genus Thaumatophyllum, as proposed by Vasconcelos et al. (2018) and [START_REF] Sakuragui | Recognition of the genus Thaumatophyllum Schott -formerly Philodendron subg. Meconostigma (Araceae)based on molecular and morphological evidence[END_REF], but not taken up by other authors [START_REF] Canal | Out of Amazonia and back again: historical biogeography of the species-rich Neotropical genus Philodendron (Araceae)[END_REF].

The relationships of genus Zantedeschia show only weak support, as in previous plastid studies. In our tree it appears as sister to the Culcasia-Philodendron Clade but with weak support (LPP = 0.86 -moderate QS), whereas in [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF][START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF] it is the unsupported sister to the Spathicarpeae.

The last group is the strongly supported Lagenandra-Galantharum Clade which corresponds to the Rheophytes clade of Cusimano et al. (2011: clade 28). As also presented by [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF], these plastid trees included the three well supported components Schismatoglottideae (clade 15), Cryptocoryneae (clade 14) and Philonotion [START_REF] Wong | Molecular phylogeny of tribe Schismatoglottideae (Araceae) based on two plastid markers and recognition of a new tribe, Philonotieae, from the neotropics[END_REF]. Our analysis also robustly recovers these three components, but with the difference that Philonotion is now sister to the Schismatoglottideae, and many more genera are included in the latter clade (Apoballis, Colobogynium, Galantharum, Gamogyne, Hera, Heteroaridarum, Hottarum, Kiewia, Nabalu, Naiadia, Ooia, Pichinia, Piptospatha, Pursegloveia, Rhynchopyle, Schottarum, Tawaia, Toga, Vesta). For a detailed study of the Schismatoglottideae with the description of its 30 constituent genera supported by a complete molecular phylogenetic analysis, we refer the reader to [START_REF] Low | Naming the chaos: generic redelimitation in Schismatoglottideae (Araceae)[END_REF]. In [START_REF] Cusimano | Relationships within the Araceae: comparison of morphological patterns with molecular phylogenies[END_REF], Philonotion is the sister group (> 85% BS) of the combined clades Schismatoglottideae and Cryptocoryneae (each >85% BS). [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF] found the same but with less support (respectively  70% BS and  95% BS). [START_REF] Wong | Molecular phylogeny of tribe Schismatoglottideae (Araceae) based on two plastid markers and recognition of a new tribe, Philonotieae, from the neotropics[END_REF] and [START_REF] Wong | Rheophytism in Bornean Schismatoglottideae (Araceae)[END_REF] found high support (all nodes posterior probabilities  0.97) and [START_REF] Low | Naming the chaos: generic redelimitation in Schismatoglottideae (Araceae)[END_REF] found a polytomy, but their outgroup sampling was not appropriate for resolving the crown node of this group. In our analysis, Cryptocoryneae is the sister group of the clade combining Schismatoglottideae and tropical American Philonotion. We thus propose to include the genus Philonotion within the tribe Schismatoglottideae according to our new delimitation. Only [START_REF] Chartier | The evolution of pollinator/plant interaction types in the Araceae[END_REF] have previously found a similar topology (respectively  95% BS,  85% BS and  95 BS).

Amorphophallus-Arum Clade

The second strongly supported major Aroideae subgroup is the Amorphophallus-Arum Clade, corresponding closely to the Dracunculus clade of Cusimano et al. (2011: clade 37), also discussed by Mayo et al. (2013). [START_REF] Nauheimer | Global history of the ancient monocot family Araceae inferred with models accounting for past continental positions and previous ranges based on fossils[END_REF] also recovered this as a wellsupported clade but left it unnamed. It consists of the genus Amorphophallus, tribe Caladieae (sensu Cusimano et al., 2011: clade 17), the Arisarum-Arophyton Clade (= Colletogyne clade, Cusimano et al., 2011: clade 33) and the Pistia-Arum Clade (= Pistia clade, Cusimano et al., 2011: clade 34), each of these subgroups having strong support (LPP = 1.00 -high QS, but moderate QS for the Pistia-Arum clade). The overall structure of the Amorphophallus-Arum Clade is thus very similar to that obtained by the previous plastid analyses.

CONCLUSIONS

The present phylogenomic data has provided significant strengthening of the phylogenetic backbone of Araceae, which is now highly supported throughout. Using this robust framework, the classification of monophyletic subfamilies can be set on a firmer foundation.

The expanded delimitation of subfamily Aroideae, including the bisexual-flowered genus Calla, provides a sounder basis for future research on the evolution of the aroid phenotypic syndrome, which combines unisexual flowers, highly adapted spathes, zoned spadices, rapid anthesis, inaperturate pollen with little or no sporopollenin and enhanced chemical defense in the tissues.

Our results also strongly suggest that new research on African genera will be of particular significance to understanding the evolution of the Aroideae as a whole, since Callopsis, Nephthytis and Anubias all display significantly different relationships from those recovered in previous, plastid-based studies; similarly, the proximity of Stylochaeton and Zamioculcadeae emerges as much less convincing. It seems likely that future resolution of the relationships of these taxa will throw light on how the "unisexual syndrome" evolved in aroids. It also now seems clearer that Calla will have a key role in this scenario, since the relationship with Anubias recovered here is novel as well as moderately robust, and an early divergence of Calla within Aroideae can now be viewed with more confidence.

Another significant finding of the study is to call into question the position of Lasioideae, a group of tropical, bisexual-flowered geophytes and aquatic macrophytes, previously placed as sister to the Aroideae. Our phylogenomic results group the Lasioideae as sister to the Monsteroideae+Pothoideae clade, but with low support and identified as a polytomy by the polytomy test. This topology can thus be viewed as a trichotomy including Aroideae, Monsteroideae+Pothoideae and Lasioideae, thereby leaving open the possibility that Lasioideae are sister to a clade in which Monsteroideae+Pothoideae are sister to Aroideae, subsequent to the divergence of Lemnoideae, as found by [START_REF] Zhao | Phylotranscriptomic Analyses Reveal Multiple Whole-Genome Duplication Events, the History of Diversification and Adaptations in the Araceae[END_REF]. This topology is consistent with a dominant feature of the evolution of Araceae, the repeated divergence of clades from ancestors adapted to a greater or lesser extent to freshwater wet habitats.

There are a few limits as our phylogenomic analysis includes 111 of the current total of 143 recognised genera. However, many of the unsampled genera belong to the tribes Schismatoglottideae and Spathicarpeae and their inclusion is unlikely to change greatly the high-level topology as presented here. Nevertheless, future phylogenomic studies should aim to be complete at generic level, and also to sample more species in the larger genera. It is also of particular interest to resolve some of the key moderately-supported nodes such as the phylogenetic positions of the subfamily Lasioideae, of the genus Montrichardia, of the two genera Zantedeschia and Anchomanes; or finally of the new Nephthytis bintuluensis-Aglaonema Clade. The possibility cannot be excluded that some of the moderately-supported nodes cited above may be a consequence of missing data rather than sampling gaps. It appears that the number of recovered genes with the Angiosperms353 probe set was significantly lower for Araceae genera (and Alismatales) compared to other angiosperms. So, obtaining sequences from a higher number of genes, either through an updated version of Angiosperms353 or a Araceae specific probe set, may strengthen some of the relationships still in debate. SUPPLEMENTARY FIGURE S1: Voucher specimens and ENA accessions; collection q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q 0 100,000 

  Araceae and Alismatales compared to other angiosperms groups. Out of the four samples of Alismatales in OneKP, only two (Pistia stratiotes and Posidonia australis, Posidoniaceae) contribute with probe sequences to the Angiosperms353 set (50 and 184, respectively), which represents only 0.3% of the 75,451 probes found in the set. Ideally, future versions of the Angiosperms353 probes should try to mitigate this gap. This phylogenetic analysis, based on a large sample of genera (111) and sequence data (130 to 347 genes and associated introns), has strengthened some of the findings of recent molecular phylogenetic research on the family and provided clear and well-supported evidence for key relationships within the family. For the first time, all the major clades, including all subfamilies, are fully supported, as well as most of the relationships between them. The results justify the expansion of the major crown group Aroideae to include the perigoniate unisexual-flowered genera Stylochaeton, Gonatopus and Zamioculcas and the aperigoniate, bisexual-flowered Calla. The clear support for the inclusion of Calla in this expanded Aroideae provide evidence that this enigmatic genus forms part of an early evolutionary phase in which aroid floral structure had not yet stabilized into the aperigoniate unisexual pattern exhibited by the great majority of genera. Another significant issue to which the present study contributes but does not resolve with high levels of confidence is the position of Lasioideae.

  [START_REF] Tippery | Lemnaceae and Orontiaceae are phylogenetically and morphologically distinct from Araceae[END_REF] confirm and reinforce the phylogenetic result found by recent studies, but they also propose that the Lemnoideae should be recognized as family Lemnaceae, as they were in the past before their inclusion in Araceae was confirmed by molecular studies. This change, however, would require to taking out subfamilies Gymnostachydoideae and Orontioideae from the rest of Araceae and recognizing two new families. The re-instatement of Lemnaceae as a family suggested byTippery et al. (

  Lasioideae (Dracontium-Podolasia Clade, our study lacks only Anaphyllum), Pothoideae (Pothos-Anthurium Clade) and Monsteroideae (Spathiphyllum-Heteropsis Clade) and a highly supported clade composed of the Pothoideae and Monsteroideae (Pothos-Heteropsis Clade), previously dubbed the Bisexual Climbers clade by Cusimano et al. (2011: clade 31). Nauheimer et al. (

  is robust in all three of these plastid analyses. The present study (which does not include Pseudohydrosme) unexpectedly breaks up the Anchomanes clade, leaving Anchomanes itself negligibly associated with Zantedeschia, the Culcasieae and the Philodendron clade, and moving Aglaonemateae and African Nephthytis to disparate positions on the crown node of the Aroideae.

FIGURE 3 .

 3 FIGURE 3. Comparison of the topologies obtained with the nuclear target enrichment (left)

HydrocharitaceaePotamogetonaceae

  Hydrocharis morsus-ranae 5361 Aponogetonaceae Aponogeton distachyus 992 Scheuchzeriaceae Scheuchzeria palustris 4797 Juncaginaceae Triglochin calcitrapa 5391 Maundiaceae Maundia triglochinoides 5559 Ruppiaceae Ruppia maritima 1152

  

Clade Anchomanes, Cryptocoryneae, Culcasieae-Philodendreae Clade, Schismatoglottideae, Spathicarpeae, Zantedeschia Bognera-Gorgonidium Clade

  

		Clades named in text Aroideae clade Dracontium-Pothos-Anthurium	Nuclear (this study) Piptospatha, Pistia, Pothoidium, See Dracontieae Rhynchopyle, Schismatoglottis, See Pothoideae Gorgonidium, Incarum,	Plastid (this Anubias, Spathiphyllum,	Cusimano et al. Anubias, Zomicarpa, Dieffenbachia,	Nauheimer et Anubias, Zomicarpa, (Alocasia Dieffenbachia, Amorphophallus
		and figures containing Dracontioides Clade Clade FIGURE 1. Comparison of DNA sequence recovery (in base pairs) between Araceae, other study) 2011 al. 2012 Pursegloveia, Pycnospatha, Montrichardia, Callopsis, Callopsis, Zomicarpella Zomicarpella Schottariella, Schottarum, Stenospermation hypnosa), Taccarum Gearum, Gearum, )
		> 1 genus (bold: names Callopsis-Arum Clade Dracontium-Heteropsis Nephthytideae Pothos dolichophyllus-True Araceae	Remusatia, Rhaphidophora, Callopsis-Nephthytis afzelii Lasioideae, Monsteroideae, Tawaia, Toga, Vesta See Potheae	Philonotion clade,	Montrichardia, Anchomanes, Gorgonidium, Bisexual climbers	Culcasieae, Anchomanes, Leucocasia Gorgonidium,
		used in this paper; non-Clade Lasieae chinensis Clade Alismatales, other monocots (excluding Alismatales), and other angiosperms (excluding Rhodospatha, Rhynchopyle, Stylochaeton, Philonotion clade, Philodendron Clade, Bognera-Galantharum Pothoideae Cyrtosperma, Lasia, Nephthytis, Nephthytis, (Colocasia Incarum, Incarum, clade, Podolasia
		bold: names for similar Dracontium-Podolasia Pothos-Heteropsis Clade Monsteroideae, Pothoideae Sauromatum, Schismatoglottis, Clade, Nephthytis bintuluensis-See Lasioideae Lasimorpha, Podolasia, monocots), based on data obtained from the Kew Tree of Life Explorer Zamioculcas, Zantedeschia Pseudohydrosme Mangonia, clade	clade, Pseudohydrosme gigantea), Mangonia,
		groups in previous Clade Nephthytis bintuluensis-Proto-Araceae Typhonodorum clade (https://treeoflife.kew.org/; Baker et al 2022). Schottariella, Schottarum, Arum Clade Pycnospatha, Urospatha Aglaonema (including	Zantedeschia	clade Gymnostachys, Spathantheum, Arophyteae,	Nephthytideae, Alocasia, Areae, Gymnostachydoi Spathantheum, Arophyteae,
		publications) Callopsis-Nephthytis Dracunculus clade Lasioideae Aglaonema Clade	Scindapsus, Spathiphyllum, Callopsis, Nephthytis afzelii See Amorphophallus-Arum Anaphyllopsis, Cyrtosperma, Aglaodorum), Nephthytis	clade Ambrosina clade, Anaphyllopsis,	Ambrosina clade, Orontioideae Spathicarpa, Peltandreae	Aglaonemateae, Thomsonieae, Anaphyllum, Arisaema deae, Spathicarpa, Peltandreae
		Aglaonemateae afzelii Clade Pistia-Arum Clade Unisexual flowers clade	Aglaonema (including Spirodela, Stenospermation, Clade Dracontioides, Dracontium, bintuluensis Alocasia, Ariopsis, Arisaema,	Amorphophallus Cyrtosperma, Alocasia,	Aglaodorum, Amorphophallus Synandrospadix, Aroideae,	Aglaodorum, Spathicarpeae, Caladieae, Anaphyllopsis, Orontioideae Synandrospadix,
		Colletogyne clade Nephthytis bintuluensis-Rhaphiodphora clade	Aglaodorum) Steudnera, Stylochaeton, See Arisarum-Arophyton Lasia, Lasimorpha, Podolasia, Arum, Biarum, Colocasia,	Ambrosinia, clade Lasia, Podolasia, Ariopsis,	Aglaonema Arisareae, clade Taccarum Stylochaeton	Aglaonema, Cryptocroyneae, Ambrosina clade Cyrtosperma, Amydrium, Taccarum
		Symplocarpus, Syngonium, Clade Gonatopus, Zamioculcas Pycnospatha, Urospatha Eminium, Englerarum, Holochlamys, Spathiphyllum FIGURE 2. Multi-species coalescent phylogenetic tree of family Araceae based on Arisarum, Typhonodorum Gonatopus-Zamioculcas Pycnospatha, Arum Clade Arisaema, Arum, Spathiphylleae clade	Nephthytis Schismatoglottid Dracontioides, Anadendrum, Holochlamys,
		bintuluensis eae, Dracontium, Lysichiton, Epipremnum, Spathiphyllum supercontigs sequence data inferred using ASTRAL. (A) Subfamilies Gymnostachioideae, Taccarum, Tawaia, Toga, Arophyton, clade Clade Urospatha Orontioideae Lysichiton, Orontium, Lysichiton, Lysichiton, Helicodiceros, Pistia, Remusatia, Colocasia, Urospatha-Podolasia See Lasieae
		Alloschemone-Heteropsis Clade Gymnostachys-Heteropsis Clade Zamioculcadoideae Gymnostachydoideae Spathiphyllum-Clade Orontioideae, Lemnoideae, Lasioideae, Pothoideae and Monsteroideae; (B) Subfamily See Anepsiadeae Typhonium, Typhonodorum, Ulearum, Urospatha, Vesta, Dracunculus Colletogyne, Gymnostachys,, Lysichiton, Lasimorpha, Symplocarpus Symplocarpus Symplocarpus Typhonium Eminium, Rhaphidophora, See Zamioculcadeae Gonatopus, clade Carlephyton, Gymnostachys Gymnostachys Lasia, Symplocarpus Orontium, Orontium, Orontium, Sauromatum, Steudnera, Dracunculus, Monstera, See Monsteroideae
		Alocasia clade Arophyteae Symplocarpus Clade Orontium-Spathiphyllum-	Wolffia, Wolffiella, Xanthosoma, Orontium, Symplocarpus See Orontioideae See Spathiphylleae	Typhonodorum Englerarum,	Alocasia, Areae, Arophyton,	Arophyton, Podolasia, Scindapsus Zamioculcas
		Colocasia clade Hapaline-Chlorospatha Symplocarpus Clade Rheophytes clade Holochlamys Clade Zamioculcadeae	Zamioculcas, Zantedeschia, See Caladieae See Lagenandra-Galantharum Gonatopus, Zamioculcas	Helicodiceros, Cryptocoryne,	Arisaema, Carlephyton, Ariopsis, Cryptocoryneae,	Carlephyton, Ariopsis, Pycnospatha,
		Clade Peltandreae Spirodela clade Zantedeschia clade	Zomicarpa Clade Crown Araceae clade,	Leucocasia, Hottarum, Crown Araceae Anchomanes	Pinellia Colletogyne Colocasia, Peltandra, Schismatoglottide Lemnoideae, True Anchomanes	Colletogyne Colocasia, Urospatha Peltandra,
		Ambrosina clade Areae Bisexual climbers clade Anepsiadeae Lemnoideae	Alloschemone, Heteropsis, Lemna, Spirodela, Wolffia, Lemnoideae	Colletogyne Lemna, Spirodela, Pinellia, Pistia, Kiewia, Ooia, clade, clade,	Colletogyne Arum, Biarum, Monsteroideae, Remusatia, Landoltia, Lemna, Typhonodorum ae Araceae clade,	Arisareae, Arum, Biarum, Remusatia, Landoltia, Typhonodorum
		Philodendreae	Rhodospatha, Stenospermation Wolffiella Adelonema, Furtadoa,	clade, Pistia clade Wolffia, Wolffiella Remusatia, Philonotion, Lemnoideae Homalomena	clade, Pistia clade Dracunculus, Pothoideae Steudnera Spirodela, Homalomena	Typhonodorum Dracunculus, Steudnera Lemna,
		Bognera-Galantharum Cryptocoryneae Heteropsis clade Spirodela-Wolffiella	Cryptocoryne, Lagenandra Homalomena, Philodendron See Lemnoideae	Sauromatum, Schismatoglottis , clade,	Eminium, Cryptocoryne, Wolffia, Wolffiella clade,	clade, Pistia Eminium, Cryptocoryne, Alloschemone, Spirodela,
		Clade	(including Thaumatophyllum)	Steudnera, Toga Spathicarpeae,	Helicodiceros, Lagenandra Spathicarpeae,	clade Helicodiceros, Lagenandra Heteropsis, Wolffia,
		Amorphophallus clade Cryptocoryneae-Philodendron clade Schismatoglottideae Stylochaeton clade	See Lagenandra-Galantharum See Philodendreae Apoballis, Colobogynium,	Amorphophallus, Typhonium Zantedeschia	Thomsonieae, Lazarum, Philodendron, Aridarum, Bakoa, Stylochaeton, Zantedeschia	Lazarum, Rhodospatha, Wolffiella Adelonema Apoballis, Stylochaeton,
	1088	Schismatoglottideae Monstera-Anadendrum Podolasia clade	Clade See Monstereae Galantharum, Gamogyne, Hera,	Caladium, Aroideae,	Caladieae Sauromatum, Furtadoa, Lasioideae, Bucephalandra, Zamioculcadoidea	Sauromatum, Stenospermation (Homalomena Aroideae, Aridarum, Zamioculcadoid
		Clade Homalomena clade Clade	See Spathicarpeae See Culcasia-Philodendron Heteroaridarum, Hottarum,	Filarum, Lasioideae	Theriophonum, Culcasieae, Homalomena Unisexual flowers Phymatarum, e	Theriophonum, speariae), Lasioideae, Bakoa, eae
		Culcasieae Monstereae Stylochaeton-Arum	Cercestis, Culcasia Clade Amydrium, Anadendrum, Kiewia, Nabalu, Naiadia, Ooia, See Aroideae	Syngonium,	Typhonium Cercestis, Philodendron clade Piptospatha,	Typhonium Cercestis, Philodendron, Stylochaeton Bucephalandra,
		Arisareae Caladieae Clade	Caladium, Chlorospatha, Epipremnum, Monstera, Philonotion, Phymatarum,	Xanthosoma,	Ambrosina, Caladium, Culcasia clade Schismatoglottis,	Ambrosina, Caladium, Culcasia Furtadoa, clade, Hestia, Ooia,
		Culcasia-Philodendron Lagenandra-Potheae Stylochaeton-Gonatopus	Filarum, Hapaline, Jasarum, Adelonema, Cercestis, Culcasia, Apoballis, Colobogynium, Rhaphidophora, Scindapsus Pothoidium, Pothos (including Pichinia, Piptospatha, Gonatopus, Stylochaeton,	Zomicarpella	Arisarum Chlorospatha, Schottariella	Arisarum Chlorospatha, Homalomena Pothos, Phymatarum,
		Amorphophallus-Arum Arisarum-Arophyton Clade Galantharum Clade Monsteroideae Philonotion clade Clade	Alocasia, Ambrosinia, Ambrosinia, Arisarum, Syngonium, Ulearum, Furtadoa, Homalomena, Cryptocoryne, Galantharum, Alloschemone, Amydrium, Pedicellarum) Pursegloveia, Rhynchopyle, Zamioculcas	Amydrium, Calla,	Filarum, Heteropsis clade, Calla,	Filarum, Heteropsis Pedicellarum, Pichinia,
		Clade Clade Stylochaetoneae	Amorphophallus, Ariopsis, Arophyton, Colletogyne, Xanthosoma, Zomicarpa Philodendron (including Gamogyne, Hera, Anadendrum, Epipremnum, Schismatoglottis, Schottariella, Stylochaeton	Epipremnum, Dracunculus	Hapaline, Spathiphylleae, Dracunculus	Hapaline, clade, Pothoidium Piptospatha,
		Pothoideae Thomsonieae	Arisaema, Arisarum, Arophyton, Peltandra, Typhonodorum Thaumatophyllum) Heteroaridarum, Hottarum, Heteropsis, Holochlamys, Anthurium, Pothoidium, Pothos Schottarum, Tawaia, Toga, Vesta	Heteropsis, clade, Anthurium,	Jasarum, Rhaphidophora clade, Rheophytes Amorphophallus,	Jasarum, Spathiphylleae, Anthurium, Schottariella, Amorphophallus
		Aroideae Culcasieae-	Arum, Biarum, Caladium, Adelonema, Aglaonema See Culcasia-Philodendron Kiewia, Lagenandra, Nabalu, Monstera, Rhaphidophora, (including Pedicellarum)	Monstera, Rheophytes clade Pothoidium,	Scaphispatha, clade clade Pseudodracontiu	Scaphispatha, Rhaphidophora Potheae Schismatoglottis ,
		Philodendreae Clade Pistia clade Spathicarpeae	Chlorospatha, Colletogyne, (including Aglaodorum), Clade Naiadia, Ooia, Philonotion, Rhodospatha, Scindapsus, See Pistia-Arum Clade Bognera, Croatiella,	Rhaphidophora, Pothos (including	Syngonium, Pistia, Colocasia Asterostigma, m (=	Syngonium, clade Pistia, Colocasia Asterostigma, Pseudodracontiu
		Dracontieae	Colocasia, Eminium, Alocasia, Ambrosinia, Anaphyllopsis, Dracontioides, Phymatarum, Pichinia, Spathiphyllum, Stenospermation Dieffenbachia, Gearum,	Rhodospatha, Pedicellarum)	Ulearum, clade, Alocasia Bognera, Amorphophallus)	Ulearum, clade, Bognera, m (=
			Englerarum, Filarum, Hapaline, Amorphophallus, Anchomanes, Dracontium Piptospatha, Pursegloveia,	Scindapsus,	Xanthosoma, clade Croatiella,	Xanthosoma, Englerarum Croatiella,
						50 51 52 53 54 55 57 58 59

Aroideae. Pie charts above branches display quartet score (QS) values for each node (blue: species tree topology QS; orange: first alternative topology QS; gray: second alternative topology QS). Local posterior probability values (LPP) are indicated below branches. Red asterisks indicate branches for which the null hypothesis that a given branch is a polytomy could not be rejected (p>0.05; polytomy test, Sayyari and Mirarab 2018). Photo credits: from top to bottom and right to left; (a.) R. Zabeau; ((b.) A. Haigh (AH); (c.) L. Bouttier; (d.) Unknown; (e.) E. Lucas; (f.; g.) AH; (h.): P. Boyce (PB); (i.) AH; (j.) P. Wilkin; (k.; l.) AH; (m.) J. Bogner; (n.; o.) AH; (p.) D. Bown; (q.; r.; s.) AH ; (t.) RBGKew ©; (u.) PB; (v.) M. Gibernau; (w.) M. Cheek.
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