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Complex evolutionary history of coffees revealed by full plastid genomes and 28,800 nuclear SNP analyses, with particular emphasis on Coffea canephora (Robusta coffee)
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Introduction

With the introduction of high-throughput sequencing technologies, additional levels in the field of molecular genetics have become available for a wide range of organisms, such as deep-and whole-genome sequencing data. For plants, and more specifically for crops and wild relatives of crops, several gigabases of sequence data have been generated, allowing researchers to reveal the evolutionary patterns and events of complex taxa such as Citrus [START_REF] Wu | Genomics of the origin and evolution of Citrus[END_REF], banana [START_REF] D'hont | The banana (Musa acuminata) genome and the evolution of monocotyledonous plants[END_REF], peach [START_REF] International | The high-quality draft genome of peach (Prunus persica) identifies unique patterns of genetic diversity, domestication and genome evolution[END_REF] or grapevine [START_REF] Jaillon | The grapevine genome sequence suggests ancestral hexaploidization in major angiosperm phyla[END_REF]. For the last group, three distinct polyploidization events were observed, revealing the hexaploidal nature of the Vitis vinifera genome. In parallel, phylogenetic analyses have uncovered multiple incongruities existing between maternal and nuclear topologies for many more plant lineages than were initially accounted for: Nothofagus [START_REF] Acosta | Evidence of chloroplast capture in South American Nothofagus (subgenus Nothofagus, Nothofagaceae)[END_REF], Lactuca [START_REF] Wang | Molecular Phylogeny of the Lactuca Alliance (Cichorieae Subtribe Lactucinae, Asteraceae) with Focus on Their Chinese Centre of Diversity Detects Potential Events of Reticulation and Chloroplast Capture[END_REF], Rosidae [START_REF] Sun | Deep phylogenetic incongruence in the angiosperm clade Rosidae[END_REF], Osmorhiza [START_REF] Yi | Chloroplast capture and intra-and inter-continental biogeographic diversification in the Asian-New World disjunct plant genus Osmorhiza (Apiaceae)[END_REF], Asian Ixora species, [START_REF] Mouly | Phylogeny and classification of the species-rich pantropical showy genus Ixora (Rubiaceae-Ixoreae) with implications of geographical monophyletic units and hybrids[END_REF], and Coffea [START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF]. Part of these topological dissimilarities were caused by ancient hybridization events between two ancestral species followed by chromosome doubling, resulting in the emergence of new species (allopolyploid). This type of event has been reported for Coffea arabica [START_REF] Lashermes | Molecular characterization and origin of the Coffea arabica L. genome[END_REF], Gossypium barbadense [START_REF] Liu | Evolution of the FAD2-1 fatty acid desaturase 5′ UTR intron and the molecular systematics of Gossypium (Malvaceae)[END_REF], Nicotiana tabaccum [START_REF] Chase | Molecular systematics, GISH and the origin of hybrid taxa in Nicotiana (Solanaceae)[END_REF] and Brassica [START_REF] Osborn | The contribution of polyploidy to variation in Brassica species[END_REF]. In addition, hybridization did not always result in genome duplication but sometimes led to homoploid speciation which is often referred to as introgressive hybridization. Obviously, such events are difficult to detect and to distinguish from introgression. In their study, [START_REF] Yakimowski | The role of homoploid hybridization in evolution: a century of studies synthesizing genetics and ecology[END_REF] considered 17 species to be putatively homoploid hybrids (e.g. Senecio squalidus [START_REF] James | Recent, allopatric, homoploid hybrid speciation: The origin of Senecio squalidus (Asteraceae) in the British Isles from a hybrid zone on Mount Etna, Sicily[END_REF][START_REF] Brennan | Molecular genetic and quantitative trait divergence associated with recent homoploid hybrid speciation: A study of Senecio squalidus (Asteraceae)[END_REF], Iris nelsonii [START_REF] Arnold | Iris nelsonii (Iridaceae): Origin and genetic composition of a homoploid hybrid species[END_REF][START_REF] Taylor | Genomic collinearity and the genetic architecture of floral differences between the homoploid hybrid species Iris nelsonii and one of its progenitors, Iris hexagona[END_REF], Pinus densata [START_REF] Wang | Genetic composition and diploid hybrid speciation of a high mountain pine, Pinus densata, native to the Tibetan plateau[END_REF][START_REF] Gao | Demography and speciation history of the homoploid hybrid pine Pinus densata on the Tibetan Plateau[END_REF], Penstemon clevelandii [START_REF] Wolfe | Diploid hybrid speciation in Penstemon (Scrophulariaceae)[END_REF], Paeonia anomala [START_REF] Pan | Molecular phylogenetic evidence for the origin of a diploid hybrid of Paeonia (Paeoniaceae)[END_REF], and three Helianthus (H. anomalus, H. deserticola and H. paradoxus, Rieseberg, 1991;[START_REF] Lai | Extensive chromosomal repatterning and the evolution of sterility barriers in hybrid sunflower species[END_REF]. Homoploids and allopolyploids need to be reproductively isolated in order to avoid gene dilution from backcrosses with one of the parents. In these new hybrids, the change in mating preferences as well as the acquisition of new adaptive traits that increase the capability of colonizing new habitats can sometimes extremely facilitate the process of speciation [START_REF] Chase | Hybridization and speciation in angiosperms: a role for pollinator shifts?[END_REF][START_REF] Servedio | Magic traits in speciation: 'magic' but not rare?[END_REF][START_REF] Marques | Convergent recruitment of new pollinators is triggered by independent hybridization events in Narcissus[END_REF]. Besides introgression and homoploidy, the retention of ancestral polymorphism due to incomplete lineage sorting (ILS) can also account for nuclear/cytoplasmic discrepancies as reported in pines trees [START_REF] Zhou | Importance of incomplete lineage sorting and introgression in the origin of shared genetic variation between two closely related pines with overlapping distributions[END_REF]. At present, genome-scale approaches can resolve a significant number of phylogenetic incongruities and can help reconstruct a more accurate evolutionary history (Som 2015).

The genus Coffea belongs to the Rubiaceae, a large family within the Euasterid clade together with its sister genus Psilanthus (Robbrecht and Manen, 2006;[START_REF] Maurin | Towards a Phylogeny for Coffea (Rubiaceae): Identifying Well-supported Lineages Based on Nuclear and Plastid DNA Sequences[END_REF]Ferreira et al., 2019. Later, Davis et al. (2011) proposed the merging of the genus Psilanthus and subgenus leading to the actual Coffea genus. With the inclusion of Psilanthus, the Coffea genus comprises 124 species [START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF][START_REF] Davis | High extinction risk for wild coffee species and implications for coffee sector sustainability[END_REF]. Wild species of Coffea s.s (including only species of the former genus Coffea) are exclusively distributed throughout the African continent and the Western Indian Ocean Islands with approximately 50% of the species endemic to Madagascar [START_REF] Davis | An annotated taxonomic conspectus of the genus Coffea (Rubiaceae)[END_REF], http://publish.plantnetproject.org/project/wildcofdb; Guyot et al., 2020 ). In the wild, the distribution of the Coffea species is species-specific with only a few cases of sympatry (growing side by side), and few putative hybrids reported [START_REF] Berthaud | Genetic Resources of Coffea[END_REF][START_REF] Charrier | La structure génétique des caféiers spontanés de la région malgache (Mascarocoffea): leur relation avec les caféiers d'origine africaine (Eucoffea)[END_REF][START_REF] Noirot | Reproductive isolation, gene flow and speciation in the former Coffea subgenus: a review[END_REF].

Psilanthus and Coffea species are diploids [START_REF] Bouharmont | Somatic chromosomes of some Coffea species[END_REF][START_REF] Louarn | Introduction à l'étude génétique des Mascarocoffea: nouvelles déterminations de leurs nombres chromosomiques[END_REF] with a chromosome number of x=11 and a total genome size ranging from 460 to 900 Mbp [START_REF] Noirot | Genome Size Variations in Diploid African Coffea Species[END_REF][START_REF] Razafinarivo | Geographical gradients in the genome size variation of wild coffee trees (Coffea) native to Africa and Indian Ocean islands[END_REF], with the exception of Coffea arabica. To date, the only known natural polyploid species is C. arabica, an allotetraploid recently originated [START_REF] Yu | Micro-collinearity and genome evolution in the vicinity of an ethylene receptor gene of cultivated diploid and allotetraploid coffee species (Coffea)[END_REF] from two diploid progenitors: C. canephora and C. eugenioides as the maternal progenitor [START_REF] Lashermes | Molecular characterization and origin of the Coffea arabica L. genome[END_REF]. Coffea arabica is self-fertile while all diploids are selfsterile with the exception of two species: C. heterocalyx [START_REF] Stoffelen | Coffea (Rubiaceae) in Cameroon: a new species and a nomen recognized as species[END_REF] and C. anthonyi [START_REF] Stoffelen | Coffea anthonyi, a new self-compatible Central African coffee species, closely related to an ancestor of Coffea arabica[END_REF]. The presence of short-styled included anthers in Psilanthus lead to possible self-fertility, yet with the possibility to out-pollinate (Charrier and Berthaud 1985). The creation of artificial interspecific hybrids and back-cross progenies between African diploid Coffea species [START_REF] Louarn | Structure génétique des caféiers africains diploïdes basée sur la fertilité des hybrides interspécifiques[END_REF] in Ivory Coast, between African and Malagasy species in Madagascar [START_REF] Charrier | La structure génétique des caféiers spontanés de la région malgache (Mascarocoffea): leur relation avec les caféiers d'origine africaine (Eucoffea)[END_REF] and between C. arabica and Psilanthus ebracteolatus [START_REF] Couturon | First intergeneric hybrids (Psilanthus ebracteolatus Hiern x Coffea arabica L.) in coffee trees[END_REF]) demonstrated the potential of possible hybridization between allopatric species, and the lack of internal reproductive barriers.

The sequencing and assembly of the genome of the diploid Coffea canephora (Robusta coffee) has shown that its species was not subjected to a "recent" whole-genome duplication event [START_REF] Denoeud | The Coffee Genome Provides Insight into the Convergent Evolution of Caffeine Biosynthesis[END_REF]. Using whole-genome approaches and complete plastid reconstruction, discrepancies between maternal and nuclear phylogenies of the two main cultivated coffee species (i.e. Arabica and Robusta) were clearly identified [START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF]. While Coffea arabica belongs to the Coffea clade, C. canephora, was seemingly more closely related to the Psilanthus clade. In previous works, incongruous plastid and nuclear relationships were also highlighted by [START_REF] Maurin | Towards a Phylogeny for Coffea (Rubiaceae): Identifying Well-supported Lineages Based on Nuclear and Plastid DNA Sequences[END_REF] and [START_REF] Nowak | Sequence Data from New Plastid and Nuclear COSII Regions Resolves Early Diverging Lineages in Coffea (Rubiaceae)[END_REF], but clear conclusions could not be reached mainly due to the low support values obtained for the two molecular trees (nuclear and maternal). The combination of these results has an important impact on the current assumption of the evolutionary history of C. canephora as well as among the other wild coffee species.

Using whole plastid genome data for a set of 52 taxa (including Coffea s.s. and Psilanthus) combined with multiple nuclear SNPs we aimed to address the following research objectives:

(1) to reconstruct a maternal tree based on complete plastid genomes, (2) to characterize each maternal phylogenetic clade through detection of highly mutated genes and gene-mutation rates, (3) independently of the known phylogenetic organization, to identify the internal structure of the set of species studied by following the method of [START_REF] Matar | SpCLUST: Towards a fast and reliable clustering for potentially divergent biological sequences[END_REF], and 4) to construct a nuclear tree based on 28,800 nuclear SNPs. By observing discrepancies between nuclear and maternal genomes, we hoped to gain a better view of the complex evolutionary history of Coffee including Coffea canephora (Robusta coffee).

Material and Methods

Plant material

Fifty-three individuals (42 Coffea, 10 Psilanthus and Empogona congesta as the outgroup)

were included in this current study. Their provenance, including their overall geographical location, which is available on the World Rubiaceae Checklist (http://www.kew.org/wcsp/rubiaceae), is shown in Table 1.

Illumina HiSeq sequencing

Besides the short-read sequences already available [START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF][START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF], or provided by the ACGC consortium and Nestlé, France, additional sequencing was performed on DNAs from fresh or dry leaves of 27 samples (including the outgroup Empogona congesta). Seven taxa were sequenced by Eurofins, France, using the Illumina HiSeq2500 platform in paired-end 100-base sequencing according to the manufacturer's instructions. The 20 remaining taxa were sequenced by Nestlé Research, Switzerland, performing Kapa HyperPlus library preparation and sequencing on an Illumina 2500 platform in pared-end (125 bases). Data on the C. canephora DH200-94 reference genome [START_REF] Denoeud | The Coffee Genome Provides Insight into the Convergent Evolution of Caffeine Biosynthesis[END_REF] was also used to reconstruct the plastid genome.

Plastid genome reconstruction and annotation

De novo plastid genome reconstruction was done by mapping raw reads to the C. arabica chloroplast using Bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF], with "very-fast-local" and "alconc" flags. Redundant reads were eliminated using the "Clumpify" function implemented in the bbmap package (https://github.com/BioInfoTools/BBMap), with the "dedupe" option activated. Finally, the obtained reads were assembled using NOVOPlasty (Version 2.7.2) [START_REF] Dierckxsens | NOVOPlasty: de novo assembly of organelle genomes from whole genome data[END_REF], with a sequence seed corresponding to position 20000 to 20101 to the C. arabica chloroplast. Plastid genome annotation was performed with CPGAVAS2 [START_REF] Shi | CPGAVAS2, an integrated plastome sequence annotator and analyzer[END_REF]. Plastid genomes with "Ns" or degenerated bases in the assembly were annotated with GeSeq [START_REF] Tillich | GeSeq{versatile and accurate annotation of organelle genomes[END_REF]. The new annotated sequences obtained in this study are available at the IRD Dataverse (https://dataverse.ird.fr; Guyot et al., 2020).

Nuclear SNP calling

Illumina short read sequences were first evaluated for quality using FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned against the Coffea canephora reference genome [START_REF] Denoeud | The Coffee Genome Provides Insight into the Convergent Evolution of Caffeine Biosynthesis[END_REF] using Bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF]. Results were processed by SAMtools [START_REF] Li | The sequence alignment/map format and SAMtools[END_REF] to call nuclear SNPs with Mpileup with a minimum 8x coverage. For every 25 species or accessions, SNPs were filtered out according to the 28,800 reference SNPs established for the Coffea genus [START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF].

Phylogenetic analyses

In order to reconstruct the maternal phylogeny, the alignment of 52 complete plastid sequences was performed using Clustalw Ver.2.1 [START_REF] Larkin | Clustal W and Clustal X version 2.0[END_REF]. Next the alignment was analyzed using RaxML v8.0 [START_REF] Stamatakis | RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies[END_REF] with the same parameters used as in [START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF]: the General Time Reversible (GTR) model of nucleotide substitution under the Gamma model of rate heterogeneity, ML optimization initiated from a random starting tree, rapid hill-climbing algorithm without the heuristic cutoff, but with autoMRE bootstopping criteria for bootstrap convergence. Empogona congesta was used as the outgroup.

The 28,800 nuclear SNPs were first concatenated for 49 taxa plus Empogona congesta and were subsequently used to construct the molecular tree, using RaxMLV8.0 with the General Phylogenetic network analyses were performed with SplitsTree4 Version 4.15.1 [START_REF] Huson | Application of Phylogenetic Networks in Evolutionary Studies[END_REF]. The Neighbor-net model was run under Kimura 2-parameter (K2P) distances and the Ordinary Least Square Method. The nuclear SNPs and the complete chloroplast sequence data sets were analyzed separately. We used the PHI test [START_REF] Bruen | A Simple and Robust Statistical Test for Detecting the Presence of Recombination[END_REF] to detect any recombination between samples (closely or distantly related), with the average of the delta scores for all quartets being selected from that set of taxa, allowing us to assess the tree likeness of phylogenetic distance data [START_REF] Holland | Delta plots: a tool for analyzing phylogenetic distance data[END_REF] and Q-residuals as indicators of conflicting signals, as implemented in Splits Tree. Delta scores vary for individual accessions from 0 to 1 according to the number of conflicting signals for each accession.

Ancestral chloroplast genome reconstruction

Coding sequences predicted by CPGAVAS2 [START_REF] Shi | CPGAVAS2, an integrated plastome sequence annotator and analyzer[END_REF] and GeSeq [START_REF] Tillich | GeSeq{versatile and accurate annotation of organelle genomes[END_REF] were extracted for all genes present in each of the genomes. Following the method described in Guyeux et al. (2019), the characters (nucleotide or "-" for indel) of each column were placed on the corresponding tip nodes of the plastome phylogeny. Next, the ancestral sequences were reconstructed by Phast's Prequel method [START_REF] Hubisz | PHAST and RPHAST: phylogenetic analysis with space/time models[END_REF] which computes the marginal probability distributions for each base in the ancestral nodes of the phylogenetic tree using the tree model and the sum-product algorithm. Reconstructed ancestors were manually inspected if the marginal probability distributions

were not high enough. After computing the ancestral state at each internal node of the tree, the gene mutation rates were deduced by comparing the sequence of each genome to the reconstructed one of its last common ancestors. The following groups were used : Group 

Gene mutation rates

Annotation results were then filtered to discard trna, rrna and fragments, as well as any sequences predicted to have an evaluation greater than 1e-7. In the ad hoc Python script generated for this task, reverse complements of the sequences were made as required, and the result of this step is a description of each chloroplast in the form of a list of possibly redundant genes, along with the standardized name and orientation as well as its DNA sequence and position. Within the three clades, the number of sequence versions per gene was then counted using a simple script, thus providing information on the diversity per gene of each clade according to its mutation rate.

Clustering analyses

Clustering analyses of chloroplast genomes were carried out using the spectral method embedded in the SpClust software [START_REF] Matar | SpCLUST: Towards a fast and reliable clustering for potentially divergent biological sequences[END_REF], which unlike the phylogenetic study presented above, does not only consider the SNPs, but seeks to take into account more complex relationships between divergent organisms. From the chloroplast alignments, a similarity matrix was constructed using the Needleman-Wunsch algorithm, which allows insertions and deletions to be taken into account in addition to SNPs. From this similarity matrix and the elements of its normalized Laplacian matrix, the chloroplasts were embedded into a space of small dimension, using the spectral dimension reduction technique known as

Laplacian eigenmaps (Laplacian Eigenmaps for Dimensionality Reduction and Data

Representation, Mikhail Belkin and Partha Niyogi), as described in SpClust. This cloud of points was next clustered using the well-known Gaussian Mixture Model (GMM) technique, allowing clusters of more natural shapes to be recovered than when using more basic methods such as k-means. In addition, the GMM does not need to provide the number of expected clusters beforehand: it was deduced here using the Bayesian Information Criterion (BIC).

Silhouette scoring was considered for clustering performance evaluation, which is calculated using the mean intra-cluster distance and the mean nearest-cluster distance for each sample [START_REF] Rousseeuw | Silhouettes: a Graphical Aid to the Interpretation and Validation of Cluster Analysis[END_REF]. It measures how well samples are clustered with samples that are similar to themselves. In other words, each species within clusters obtains a silhouette score from -1 to 1 that shows whether the species is well clustered or not: a high value indicates that the species is very similar to the other members of its cluster, while a score value of 0 indicates that the species is between two clusters and could be put in one or the other; with a low score value (near -1), the assignment to the cluster is not valid and the species should not be considered as part of the cluster. In short, when all species in a cluster have high score values, the species are considered as valid members of the cluster, while in the opposite case, the clustering is questionable.

Results

Chloroplast genome features

Chloroplast The variation in length for the different cp genomes as well as for the LSC, SSC and IR subunits in comparison to the smallest cp genome (here P. brassii) was plotted in ascending order for the length variation (Fig. A. 1). This highlights the patterns of evolution in these regions.

In general, the overall size variation of the cp genome appeared to be influenced more by the LSC than by variations in the SSC or IR. However, a noticeable increase in the length of the SSC was linked to a decrease in the length of IR, and this phenomenon was observed for several taxa (e.g., P. benghalensis, C. eugenioides-DA, C. stenophylla, and C. canephora-BUD15).

Maternal phylogenetic analysis

Phylogenetic analysis of the maternal cp genomes -including 10 Psilanthus (marked in blue)

and 42 Coffea (marked in red) revealed four major clades that were well-supported (100%).

These clades will be designated hereafter as MC1 to MC4 (Fig. 1). MC1 is composed of one 

Ancestral chloroplast genome reconstruction

Ancestral plastome reconstruction was performed in order to identify the highly mutated genes per species in each clade. As it is not possible to consider a clade with only two individuals, MC1 and MC2 were merged into one group, thereby constituting three sets of taxa for further analyses (see Methods).

Table A.2 summarizes the percentage of species in which one or more genes differ from their ancestral copies. The results showed that the highly mutated genes in all the species of a given group differed from the other groups by the percentage of species involved and by the genes themselves. Therefore, some highly mutated genes were specific to one group, three genes were shared by all species (ycf1, ycf2 and matK), and a few by two groups. For instance, rps3

and ndhF were found in all species of Group 3 while psbD, psaA and accD were specific to Group 2. Mutated genes ycf3, rps4, rps2, rpl22, rpl16, rbcL, petA and atpF were specific to Group 1.

Based on a total of 99 chloroplast genes studied, trees were obtained for each group (Fig.

A.2), allowing the visualization of the total number of genes that differed from their ancestral form (given after the species name). Approximately one third to one half of all the genes differed from their ancestral form in each group, ranging from 39 to 55 in Group 1,32 to 49 in Group 2 and 22 to 43 in Group 3.

Gene mutation rates per species within each group were estimated for each gene as equal to the Levenshtein distance between the translated gene sequences and its ancestor, divided by the length of their alignment (Fig. A.3). To facilitate the visual comparison, the cp genomes with genes ordered according to their genomic position have been divided into two parts (A and B), corresponding to the chloroplastic genome cut into two equal parts. Different patterns have been obtained with some genes highly mutated and others highly conserved.

Vectorial clustering analyses

In order to remain independent from the clustering derived from the molecular tree, and since the molecular phylogeny results solely from nucleotide substitutions, a separate clustering method was performed, taking into account all the genome modifications (see Methods). Given the heterogeneity of the individual scores, the two species with negative values indicated poor clustering and were excluded from the analysis, and the sub-clustering of C2 was recomputed.

The new set of clustering analyses resulted in the formation of three sub-clusters: SC2- 

Nuclear phylogenetic relationships

The nuclear tree (Fig. 2 Coffea arabica is positioned closely to C. canephora, one of its diploid progenitors [START_REF] Lashermes | Molecular characterization and origin of the Coffea arabica L. genome[END_REF]. The geographic regionalization of the structure (i.e. species from one main geographic region are more closely related than species from different regions, see stenophylla [START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF].

The phylogenetic networks that are generated for both plastid and nuclear data show complex relationships which occur especially in the main basal branches (Fig. 3). In order to detect conflicting signals in the data sets and to identify which taxa are involved, the average delta 

Discussion

In this study, a significant increase in complete plastid genome sequences from Coffea and Psilanthus was obtained, complementing the Ixoroideae plastomes generated by [START_REF] Ly | Chloroplast genomes of Rubiaceae: Comparative genomics and molecular phylogeny in subfamily Ixoroideae[END_REF]. The current datasets collectively will be useful for further studies in the Rubiaceae family and more generally for flowering plants. The plastid genomes obtained here as well as the approach used will offer the possibility i) to obtain an increasing number of robust molecular trees at the genus level, and ii) to detect any putative phylogenetic incoherence that may help to understand the complex evolutionary history of these genera.

The maternal phylogeny clearly identified closely-related chloroplasts between Psilanthus and WCA Coffea species. However, there are clear morphological differences in reproductive organs (short-styled and inserted stamens for Psilanthus versus long-styled and partially or fully exerted stamens for Coffea, [START_REF] Leroy | Evolution et taxogénèse chez les caféiers. Hypothèse sur leur origine[END_REF]), growth architecture (both sympodial and monopodial growth in Psilanthus but only monopodial growth for Coffea), biochemical compounds contents (very low caffeine or caffeine-free in Psilanthus and from caffeine-free to caffeine-rich in Coffea [START_REF] Hamon | Caffeine-free species in the genus Coffea[END_REF] for review)), and on corolla and leaf anatomy (The corolla and leaves in Psilanthus are significantly thinner than in Coffea species, [START_REF] Stoffelen | A new caffeine-free coffee from Cameroon[END_REF]. In accordance with morphological and physiological synapomorphies for Coffea and Psilanthus, the nuclear phylogenetic tree clearly separates both genera (except for C. rhamnifolia which is closer to Psilanthus than to Coffea). In contrast, the maternal tree was inconsistent with the morphological evidence and nuclear data in four of the main clades observed. One clade which was sampled in West and Central Africa grouped both Coffea and Psilanthus taxa. We will further discuss the relationships among coffee species using both phylogenetic and clustering methods as well as the inconsistencies between maternal and nuclear phylogenetic trees. In addition, we will discuss the maternal phylogenetic relationships between C. canephora accessions and their clustering with different West African species.

Species relationships

The maternal tree adds new information to the interspecific relationships within Coffea s.l. 

Evolutionary history of Coffee species

Comparing the maternal and the nuclear trees pinpointed some interesting events, all concerning the Coffea species. First, nuclear and plastid data demonstrate a congruous position for East African species (EA nuclear clade and maternal MC4 clade) and for the islands' species (Western Indian Ocean Islands nuclear clade and maternal MC4 clade).

Interestingly, both plastid and nuclear phylogenetic networks indicate a radiative speciation for the Madagascan species (Fig. 3). However, broader samplings need to be analyzed since this current study included only six of the total 68 Madagascan species that have been described to date.

In our current study, the northeast African C. rhamnifolia appears to be more closely related to Psilanthus and especially to the central northeast African P. leroyi than to the genus Coffea in the two molecular trees. The similar placement of C. rhamnifolia in both molecular trees reinforces its enigmatic taxonomic status. Indeed, the position of C. rhamnifolia had been uncertain for a long time and this was reflected by its placement in different genera (Paolia jasminoides (Chiov., 1916), Canthium rhamnifolium (Chiov., 1932), and Plectronia rhamnifolia (Bridson, 1916). Later its position in the Coffea genus (as Coffea paolia [START_REF] Bridson | The identity of Paolia (Rubiaceae)[END_REF], Coffea rhamnifolia [START_REF] Bridson | The identities of Plectonia rhamnifolia Chiov. and P. sennii Chiov. (Rubiaceae)[END_REF])) was confirmed by [START_REF] Leroy | Biogéographie: quelques grands faits relatifs à la flore angiospermienne Malgache[END_REF], [START_REF] Stoffelen | Coffea and Psilanthus (Rubiaceae) in tropical Africa: a systematic and palynological study, including a revision of the West and Central African species[END_REF] and [START_REF] Davis | An annotated taxonomic conspectus of the genus Coffea (Rubiaceae)[END_REF][START_REF] Davis | Growing coffee: Psilanthus (Rubiaceae) subsumed on the basis of molecular and morphological data; implications for the size, morphology, distribution and evolutionary history of Coffea[END_REF], mainly based on its flower morphology which is closer to Coffea than to Psilanthus. Based on morphological characteristics, [START_REF] Leroy | Biogéographie: quelques grands faits relatifs à la flore angiospermienne Malgache[END_REF] positioned C. rhamnifolia in the subgenus Baracoffea, inter alia as it is a species of Coffea with terminal inflorescences on short monopodial shoots.

Coffea rhamnifolia, is particularly well adapted to very dry conditions (400 mm annual rainfall with a long dry season), has solitary terminal flowers often produced before the leaves, [START_REF] Bridson | Studies in Coffea and Psilanthus (Rubiaceae subfam. Cinchonoideae) for Part 2 of Flora of Tropical East Africa: Rubiaceae[END_REF], and an absence of caffeine in seeds (Hamon et al., 2015 for review).

Together, these traits are found in Psilanthus particularly. Therefore, it seems that placing Coffea rhamnifolia in Coffea rather than in Psilanthus was only justified by the flower morphology and in particular the relative length and position of the style and stamens. The habitus, leaves and ecology of C. rhamnifolia and Psilanthus leroyi [START_REF] Bridson | Studies in Coffea and Psilanthus (Rubiaceae subfam. Cinchonoideae) for Part 2 of Flora of Tropical East Africa: Rubiaceae[END_REF] Psilanthus leroyi and on Coffea rhamnifolia in order to learn more about their vegetative morphology, leaf anatomy, phenology and genome organization and functioning.

Unfortunately, both Psilanthus leroyi and Coffea rhamnifolia are absent from living collections and new collections of the species will be difficult to procure as their natural distribution coincides currently with war-torn regions.

The comparison of nuclear and plastid phylogenies has also brought forward a noticeable amount of specific discrepancies. Coffea charrieriana appears as enigmatic as C. rhamnifolia with an intermediary placement between the two nuclear clades Psilanthus and Coffea, while it is found nested within plastid clade MC3 where it is closely related to the West and Central African Coffea species. Initially classified as Psilanthus based on its vegetative appearance, its flower morphology has been observed as typical for Coffea, which contributed to its transfer to Coffea. However, in contrast to the other Coffea species, C. charrieriana is characterized by very thin leaves, has a parenchymatic seed coat that lacks sclereids [START_REF] Stoffelen | A new caffeine-free coffee from Cameroon[END_REF], and has a very low sucrose content (the lowest in Coffea; 3.8% dmb; [START_REF] Campa | Trigonelline and sucrose diversity in wild Coffea species[END_REF]. In addition, it is the only caffeine-free Coffea from West and Central Africa [START_REF] Campa | Diversity in bean caffeine content among wild Coffea species: evidence of a discontinuous distribution[END_REF]. Coffea charrieriana produces black fruits -a rare color in West and Central Africa. All these characteristics tend to link the species to the genus Psilanthus.

In this study, the vectorial clustering failed to place C. charrieriana in a cluster. All these results (maternal and nuclear molecular trees, vectorial clustering) raise questions about its genetic origin, its pure or homoploid species. For [START_REF] Nowak | Sequence Data from New Plastid and Nuclear COSII Regions Resolves Early Diverging Lineages in Coffea (Rubiaceae)[END_REF] et al., 2003[START_REF] Razafinarivo | Geographical gradients in the genome size variation of wild coffee trees (Coffea) native to Africa and Indian Ocean islands[END_REF] and to the largest diploid Coffea genome (C. humilis, 861 and 890 Mb, [START_REF] Noirot | Genome Size Variations in Diploid African Coffea Species[END_REF][START_REF] Razafinarivo | Geographical gradients in the genome size variation of wild coffee trees (Coffea) native to Africa and Indian Ocean islands[END_REF]. The two species are also very different in morphology and habitat. Coffea stenophylla is a medium-sized tree with high productivity while C. humilis is rather a dwarf tree with a limited number of branches producing small amounts of flowers and seeds. Ripe fruits are black for C. stenophylla (a rare feature for Coffea species in West and Central Africa) and bright red for C. humilis. Coffea stenophylla is well-adapted to relatively dry forest conditions and occurs naturally on the hilltops (not on hill slopes or valleys), while C. humilis is well-adapted to very humid conditions which are typical beneath the canopy of evergreen rainforests where it is found along small troughs carved by stream erosion [START_REF] Berthaud | Genetic Resources of Coffea[END_REF]. Curiously, despite these differences in morphological features, growing conditions, and genome size, both species produce artificial hybrids having pollen fertility of 27-38% [START_REF] Louarn | Structure génétique des caféiers africains diploïdes basée sur la fertilité des hybrides interspécifiques[END_REF]. Their presence in the MC4 clade (Fig. 1) seems in sharp contrast to other species in this group where the majority of Coffea species come from West and Central Africa with a significant degree of relatedness. Given that none of the current West African species share the same plastid feature, one possible explanation involves a putative plastid capture from a former extinct species which remains to be identified. However, if the past geographic distribution of the two species was greater before than at the present and extended into an area inhabited by species with the Coffea plastid genome, the plastid capture may have been possible. Another possibility might involve retaining an ancestral polymorphism (incomplete lineage sorting).

In our case study, we could postulate that incomplete lineage sorting possibly occurred throughout the evolution of the genus Coffea. Ancestral polymorphism retention could have been maintained in the ancestor of the West and Central African Coffea species. Afterwards, unequal random lineage sorting could have led to the current plastid genome distribution that exists in the nuclear West and Central African Coffea species (Fig. 4). This hypothesis implies that the retention of ancestral polymorphism would be present in the most recent common with fluorochrome banding applied to Coffea, differences in the number of satellite chromosomes were revealed [START_REF] Hamon | Physical mapping of rDNA and heterochromatin in chromosomes of 16 Coffea species: A revised view of species differentiation[END_REF]. Coffea heterocalyx is characterized by one SAT-chromosome, one 5S and one 18S locus; C. liberica has one SAT-chromosome, two 5S loci and one 18S locus, while C. eugenioides has two SAT-chromosomes, one 5S locus and two 18S loci. Moreover, the acquisition of self-fertility of the nascent diploid species (C. heterocalyx) could not be explained.

An alternative explanation could involve a hybridization between the self-fertile C. anthonyi [START_REF] Stoffelen | Coffea anthonyi, a new self-compatible Central African coffee species, closely related to an ancestor of Coffea arabica[END_REF] as the male genitor, and a species from the WCA region, member of the maternal MC3 clade as the female genitor. The male parent would be the donor of the self-fertility and the female parent the donor of the plastid genome. In the wild, interspecific hybridization of the Coffea species is not uncommon, yet such hybrids may not necessarily be viable and fertile. Putative hybrids within the genus Coffea have been reported since the end of the 19 th century [START_REF] Chevalier | Les caféiers du globe. Caféiers sauvages et cultivés[END_REF]. For example, Coffea affinis is often considered as a natural intraspecific hybrid between C. stenophylla and C. liberica in their region of origin (Ivory Coast). Similarly, C. bakossi [START_REF] Cheek | A new species of Coffea (Rubiaceae) from western Cameroon[END_REF] could also be a natural hybrid between C. liberica and C. montekupensis [START_REF] Stoffelen | A New Species of Coffea (Rubiaceae) and Notes on Mount Kupe (Cameroon)[END_REF]. Both species grow in a more mountainous environment where they have a partially overlapping altitudinal range.

However, even if all the hybrids reported were obtained naturally, in most cases, interspecific hybridization did occur after wild species from outside their area of origin were introduced, as with Java (C. liberica X C. arabica), in Malaysia, in Indochina, and in Trinidad (C. liberica X C. stenophylla). [START_REF] Gomez | Favourable habitats for Coffea inter-specific hybridization in central New Caledonia: combined genetic and spatial analyses[END_REF] also reported hybrids that occurred naturally after the introduction of "pure" species in New-Caledonia. Indeed, introducing new species into new habitats may induce changes in flowering, such as blossoming overlaps with the possibility of cross-pollination. In the distribution area of the parental species, detecting natural hybrids can be difficult. Survival of the F1 offspring does not guarantee success for such hybrids which need to be fertile as well as being isolated enough (reproductively from its progenitors to avoid parental gene dilution [START_REF] Chase | Hybridization and speciation in angiosperms: a role for pollinator shifts?[END_REF]. Assuming that hybridization is possible, the acquisition of self-fertility could spur the process of rapid, successful speciation. Without a doubt, this new trait would greatly facilitate speciation with limited pollen fertilization from parental species (reproductive isolation) and would ensure a rapid fixation of new allelic combinations, producing new morphological, physiological and adaptive traits. Hybridization might also lead to quicker genomic changes, such as chromosomal rearrangements and genome expansion, producing beneficial new phenotypes [START_REF] Baack | A genomic view of introgression and hybrid speciation[END_REF]. If its hybrid origin is confirmed, the hybridization event resulting in C. heterocalyx did not produced a detectable burst of transposable elements [START_REF] Guyot | Partial sequencing reveals the transposable element composition of Coffea genomes and provides evidence for distinct evolutionary stories[END_REF].

Tree comparisons also highlighted certain inconsistencies regarding the placement of most of the Western and Central African Coffea species, including the widely cultivated coffee species C. canephora. All these coffee species belong -together with the Psilanthus species of the same geographic region -to the maternal MC3 clade. Putative incomplete lineage sorting for C. stenophylla, C. humilis and C. heterocalyx, followed by random lineage sorting could feasibly explain the position of the other WCA Coffea species in the maternal tree (Fig. 4). Our sampling demonstrates that this position of C. canephora close to the West and Central African Psilanthus clade, as reported by [START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF], is not an effect of the accessions used by these authors. Indeed, the six accessions of the study sampled in different countries (see Table 1) are close to the WCA Psilanthus lineage which are both members of the maternal MC3 clade of the present study.

As expected, the recent allotetraploid C. arabica [START_REF] Yu | Micro-collinearity and genome evolution in the vicinity of an ethylene receptor gene of cultivated diploid and allotetraploid coffee species (Coffea)[END_REF] belongs to the maternal MC4 clade as well as its female parent C. eugenioides. However, the hybrid species is part of the nuclear WCA clade close to its other progenitor, C. canephora.

Finally, it seems that several mechanisms such as incomplete lineage sorting (although this is not possible to clearly demonstrate in the present study) and hybridization which leads to homoploidy (without chromosome doubling) and alloploidy (for C. arabica tetraploid) have all shaped the evolutionary history of coffees. It is clear however that the evolutionary history of the genus Coffea is more complex than it was initially perceived. These mechanisms -by cause or consequence -could be associated to the capability of these genomes to evolve without dramatic changes (as detected with transposable elements, [START_REF] Guyot | Partial sequencing reveals the transposable element composition of Coffea genomes and provides evidence for distinct evolutionary stories[END_REF]), but with high possibilities of adaption to an immense range of habitats, [START_REF] Davis | An annotated taxonomic conspectus of the genus Coffea (Rubiaceae)[END_REF][START_REF] Charrier | La structure génétique des caféiers spontanés de la région malgache (Mascarocoffea): leur relation avec les caféiers d'origine africaine (Eucoffea)[END_REF] http://publish.plantnet-project.org/project/wildcofdb; Guyot et al., 2020) during new niche colonization events or while undergoing climate changes.

Coffea canephora: a complex species or a complex of species?

In this study, even with a limited number of C. canephora accessions available, the genetic differentiation observed agrees with results based on SSRs [START_REF] Gomez | Current genetic differentiation of Coffea canephora Pierre ex A. Froehn in the Guineo-Congolian African zone: cumulative impact of ancient climatic changes and recent human activities[END_REF][START_REF] Musoli | Genetic differentiation of wild and cultivated populations: diversity of Coffea canephora Pierre in Uganda[END_REF], on retrotransposon diversity [START_REF] Hamon | Two novel Ty1-copia retrotransposons isolated from coffee trees can effectively reveal evolutionary relationships in the Coffea genus (Rubiaceae)[END_REF] Relative to the smallest plastid genome (here, P. brassii) the variation of the total length in bp and length for the different regions (LSC, SSC and IR) is plotted for each species by total length in ascending order. The gene mutation rate between a species and its ancestor for a given gene is equal to the Levenshtein distance between the translated gene sequences of the species and the ancestor divided by the length of their alignment. These rates were estimated independently for the three groups, Gene rate mutation is given on the y-axis. On the x-axis, the Cp genomes with the genes ordered by their position are divided into two parts (A and B) with Groups 1 to 3 from top to bottom. Each species within a group is represented by a color listed in the legend of the figure with Group 1: All-Asian Psilanthus, P. leroyi and C. rhamnifolia), Group 2:

  C. arabica belongs to this clade and is closely related to C. eugenioides, its maternal parent. Interestingly, the six C. canephora accessions were clustered into tree sub-clades within the MC3 clade along with other species (C. mayombensis / C. spCongo; C. brevipes and C. sp nkolbisonii / C. congensis) (Fig. 1).

  ) showed two well-supported clades. One clade included all Psilanthus taxa plus Coffea rhamnifolia whereas the other consisted only of Coffea taxa. Within the Coffea clade, the different accessions for a given species were generally very close except for C. canephora in which two species (C. sp. 'nkolbissonii' and C. brevipes) were included.
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 2 Fig.2) is confirmed with the newly studied taxa placed accordingly. For instance, C. sp3, C.

  scores were calculated. For plastid and nuclear data, we obtained a result of 0.141 with a Qresidual score of 0.001 and 0.163 with a Q-residual score of 0.005, respectively. Regarding the nuclear data, values obtained on WCA Coffea and on WCA and Asian Psilanthus are in the same order of magnitude (Delta score = 0.189 and 0.147; Q-residual score = 0.0110 and 0.0128 respectively). These scores are very low for example for Mauritian Coffea (Delta score = 0.001, Q-residual score = 4.117E-6) while the highest values are present for Madagascan and Comorian Coffea (0.537 and Q-residual score = 0.015). As for the nuclear and plastid data, statistically significant evidence for recombination (PHI test) is found (respectively: mean = 0.141, variance = 4.376E-7, observed = 0.136, P-value = 2.50E-10 and mean = 0.094, variance = 1.20E-5, observed = 0.062, P-value = 0.0). In the nuclear tree, as expected, due to its hybrid genetic origin, C. arabica appears in an intermediary position between its two progenitors C. eugenioides and the group of C. canephora accessions. The close relationships between P. mannii and P. melanocarpus and among C. dewevrei, C. sp3 and C. liberica are obvious. For the latter, this reflects the fact that C. dewevrei is often perceived as a variety of C. liberica.

  that were inferred in previous studies.[START_REF] Maurin | Towards a Phylogeny for Coffea (Rubiaceae): Identifying Well-supported Lineages Based on Nuclear and Plastid DNA Sequences[END_REF] contained a large sampling but used only a few plastid loci, whereas Guyeux et al. (2019) used complete plastid sequences but only included a limited number of samples. The present results delineated four wellsupported clades two of which included both Psilanthus and Coffea species (MC1 and MC3), and two consisting solely of Psilanthus (MC2) or Coffea species (MC4).The clades observed in the plastid phylogeny are supported i) by several distinct highlymutated genes between clades at the species level, and also at the ancestral plastid genomereconstruction level, and ii) by their phylogeny-independent vectorial clustering.The nuclear phylogeny, which included data from 25 new accessions, confirms the topology reported by[START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF] and[START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF]. Coffea and Psilanthus formed two well-delineated clades except for C. rhamnifolia (which is part of the clade Psilanthus). This study also phylogenetically posits four additional African taxa(C. sessiliflora, C. sp3, C. mayombensis and C. sp. 'nkolbissonii') previously not included in[START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF] nor in[START_REF] Guyeux | Evaluation of chloroplast genome annotation tools and application to analysis of the evolution of coffee species[END_REF]. All these taxa are situated in logical accordance with their geographic origins, East Africa for the Tanzanian C. sessiliflora and West and Central Africa for the three Cameroonian species.

  ancestor (MRCA) of both Psilantus and Coffea lineages as in the MRCA of all the Coffea lineage.Another obvious discrepancy observed from the trees is related to the position of Coffea heterocalyx. The species is closely related to C. eugenioides in the nuclear tree, and part of the East-Central-East African (E-CEA) clade of[START_REF] Maurin | Towards a Phylogeny for Coffea (Rubiaceae): Identifying Well-supported Lineages Based on Nuclear and Plastid DNA Sequences[END_REF],[START_REF] Hamon | Genotyping-by-sequencing provides the first well-resolved phylogeny for coffee (Coffea) and insights into the evolution of caffeine content in its species: GBS coffee phylogeny and the evolution of caffeine content[END_REF]. C. heterocalyx is part of the maternal MC3 clade (grouping both Psilanthus and Coffea species from the west and central region of Africa, Fig.1). In the nuclear tree of Maurin et al. (2007), Hamon et al. (2017), C. heterocalyx is phylogenetically closely related to the Cameroonian C. anthonyi, C. eugenioides from Eastern Congo, Rwanda, Uganda, Tanzania and Kenya, and the Tanzanian C. lulandoensis, C. kihansiensis and C. mufindiensis. Based on the partial results of Maurin et al. (2007), C. heterocalyx seems to be the sole member of the species of the maternal MC3 clade and the SC2-1 sub-cluster of this study that occurs in the nuclear E-CEA clade. As discussed for C. stenophylla and C. humilis, the retention of ancestral polymorphisms could explain our results for C. heterocalyx (Fig. 4). Seen through this hypothesis, incomplete lineage sorting would be maintained in the MRCA of the E-CEA clade. Random lineage sorting would result in different plastid genomes, with C. heterocalyx on the one hand and with the other members of the nuclear E-CEA clade on the other (Fig. 4). Although a hybrid origin (C. eugenioides x C. liberica resulting in C. heterocalyx) was postulated by Maurin et al. (2007), cytogenetic observations do not support this theory. Using double fluorescence in-situ hybridization (FISH) of the 5S and 18S rDNA genes, coupled
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  Two clusters were observed. One cluster, C1, includes five of the six Asian Psilanthus (P.

	benghalensis var bababudanii, P. benghalensis var bengalensis, P. brassii, P. horsfieldianus
	and P. wightianus) and was characterized with high positive individual score values (varying
	from 0.413 to 0.596, except for P. wightianus with 0.075, the mean of the cluster being equal

to 0.441). The second cluster, C2, was composed of the remaining 47 taxa. This second cluster, with a mean score value of 0.503, consisted of taxa that had positive score values ranging between 0.138 for P. melanocarpus and 0.616 for C. homollei_SZ. Only C. charrieriana (-.222) and P. travancorensis (-0.273) were characterized by negative values.

  In SC2-1, the mean score value was 0.583 with all accessions having highly positive score values (from 0.317 for C. sp3 to 0.702 for C. sp. 'nkolbissonii') which is characterized by a mean score of 0.242, ranging from 0.085 (P. leroyi) to 0.365 (P. melanocarpus), includes the African Psilanthus species and C. rhamnifolia.

	except for C. liberica (0.051).
	Sub-cluster 2-2 (23 taxa; MC4) included two species from West Africa (C. humilis and C.
	stenophylla), and all taxa from the Western Indian Ocean Islands, East Africa and eastern

1, SC2-2 and SC2-3 as summarized in Fig. A.4. Sub-Cluster 2-1 (17 taxa; MC3) was composed of all Coffea species from West and Central Africa including C. canephora, except for C. humilis and C. stenophylla. Central Africa. The mean score value for SC2-2 was equal to 0.395, varying from 0.228 for C. arabica-EF044213.1 to 0.507 for C. pervilleana. Sub-cluster 2-3 (five taxa; MC1 and MC3),

  are very similar and indicate a close relationship between both species. Interestingly, C. rhamnifolia

has a somewhat intermediary position between the genera Coffea and Psilanthus. Given the species phylogenetic relationships from a taxonomic point of view, if placing it into Coffea lacks strong evidence, we should either admit that the species should be renamed Psilanthus rhamnifolia or that both Psilanthus leroyi and Coffea rhamnifolia should be designated to a third genus of their own: Paolia, which is positioned between Coffea and Psilanthus. Another conclusion could be that Coffea is paraphyletic with C. rhamnifolia differentiated from Psilanthus. The current results show that there is a clear necessity for further studies on

  Indeed, their unexpected placement outside of the West and Central African Coffea lineage of the maternal tree is unexpected. Why are these two species so closely related to the Coffea species from both East Africa and the Western Indian Ocean islands?

	Surprisingly, these two species, closely related from a phylogenetic point of view, correspond
	to the smallest genome of West and Central Africa (C. stenophylla, 631 and 670 Mb, Noirot

, the inconclusive placement of C. charrieriana could be the result of ancient hybridization with a Psilanthus chloroplast capture. With this assumption, the female progenitor of C. charrieriana would be a Psilanthus species. This hypothesis might explain the difficulty of achieving favorable plant development in ex-situ collections. Indeed, samples collected on Mount Bakossi (Cameroon) in 1983 (Anthony et al., 1985) and placed in a forested environment in Ivory Coast could not be successfully grown. Duplication in the field at the Centre de Ressources Biologiques, Bassin-Martin, Reunion, show very slow treelet development. Another divergence has been observed between the two West African species C. stenophylla and C. humilis.

  , and on SNPs (Mérot-L'Anthoëne et al., 2019). Indeed the two samples (C021 and C033) from West Africa belonging to the Guinean Genetic Group D[START_REF] Gomez | Current genetic differentiation of Coffea canephora Pierre ex A. Froehn in the Guineo-Congolian African zone: cumulative impact of ancient climatic changes and recent human activities[END_REF][START_REF] Mérot-L'anthoëne | Development and evaluation of a genome-wide Coffee 8.5K SNP array and its application for high density genetic mapping and for investigating the origin of Coffea arabica L[END_REF] are sisters and are well differentiated from the Ugandan BUD15 (Genetic Group O, of Mérot-L'Anthoëne et al., 2019) and from the accession FRT81 derived from C. canephora material originally collected in the Kouilou region of the Republic of the Congo.The Ugandan populations of C. canephora are quite distinct from the other C. canephora populations, as the ones from West Africa and some populations from the Central African Republic called "caféiers de la Nana (Coffee trees of the Nana)." For[START_REF] Berthaud | Les caféiers sauvages en Centrafrique. Résultats d'une mission de prospection (janvier-février 1975)[END_REF], the "Nana" population can grow in temporarily flooded areas similar to C. congensis but also on dry soils, contrary to other C. canephora populations.Based on overall morphological differences as well as on the inferred phylogenetic relationships within C. canephora and within the nuclear West and Central African Coffea clade, it may be considered that some populations, well differentiated and genetically isolated, might evolve towards new species with several intermediary steps of (sub-)speciation.The nested placement of C. sp. 'nkolbissonii' and C. brevipes questions the status of C. canephora and its link with these two species. Indeed C. brevipes is a small species, which is often considered as a dwarf form of C. canephora. Moreover, C. brevipes is also characterized by other morphological differences such as plant architecture, number of caliculi, number of flowers per inflorescence, length of the peduncle, shape of the leaves, etc.In fact, quite a few different and independent characters are distinctive; morphologically, both of the species C. brevipes and C. canephora can be easily distinguished from each other. The general distribution of C. brevipes is similar to that of C. canephora (except that C. brevipes does not occur in the Guinean domain (West of Nigeria) while C. canephora does occur there). Recently, C. brevipes was found at a higher altitude (up to 1,450 m, in Rwanda and up to 1,570 m, in Eastern Congo), an altitude similar to C. canephora in Uganda. However, the species have never been found sympatric. A more detailed look at their distribution and population density suggests that C. brevipes is better adapted to the wet and dense rainforest while C. canephora is a species from the less dense and less humid rainforest. It is observed that the population of C. canephora in dense and wet rainforest is lower and less reproductive.These observations could be an indication that C. canephora is surviving in dense rainforest probably as a relict species from drier periods. Further studies are needed however to shed more light on this point. The combined morphological traits and habitat preferences contribute to maintaining C. brevipes as a distinct species.The case of C. sp. 'nkolbissonii' is not as clear, even if its habitus and morphology are quite distinct from C. canephora. Coffea sp. 'nkolbissonii' is a small shrub of 1 to 1,5 m tall, with thin twiglets, narrower (and smaller) leaves, light grey to white bark, and petioles that turn blackish when dried. It has quite a restricted distribution area and is only found on the hills around Yaoundé in central Cameroon. It could therefore be considered as a distinct species or as a subspecies of C. canephora within central Cameroon.In both the nuclear and the chloroplast trees, Coffea congensis has a basal position within the C. canephora clade. Indeed, it is closely related to C. canephora, C. brevipes and C. sp. 'nkolbisonii', but it is always considered as a distinct species. Coffea congensis is adapted to a very particular habitat, namely periodically inundated islands and riverbanks of the Congo stream and some of its larger tributaries. Morphologically, it is easily distinguishable from C. canephora and the other species of the clade by its smaller and narrower leaves. Phenotypically, C. congensis resembles C. arabica and C. kivuensis more than the other species of the canephora clade. Psilanthus Leroyi, is highlighted here. The topological comparison between the maternal and nuclear trees has pointed out an inconsistent placement of most of the West and Central African Coffea species. These are more closely related to the Western and Central African Psilanthus than to the remaining Coffea, which could be explained both by retention of ancestral polymorphism and by hybridization without chromosomal doubling. The particular case of C. canephora (Robusta coffee) illustrates the complex evolutionary history of the coffee species. Coffea canephora could be either a complex species or in an ongoing process of sub-speciation. Maternal phylogeny on 52 Coffea and Psilanthus accessions plus Empogona congesta as outgroup. The tree was built using RaxML and GTR as model of substitution. Only the support values equal or superior to 85% are considered significant. Apart from C. canephora accessions marked in green, Psilanthus taxa are marked in blue while the Coffea taxa are in red. The geographical regions of origin are as follows, NEA: North East Africa; WCA: West and Central Africa; MUS: Mauritius; MDG-COM: Madagascar & Comoros; EA: East Africa; WA: West Africa; E-CEA: East Central East Africa. MC1, MC2, MC3 and MC4 refer to clades determined in this study (colored boxes).
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Finally, while C. congensis, C. brevipes and C. sp. 'nkolbissonii' are considered as species with limited gene flow in the wild, C. canephora might be considered as a complex of species or at least one species which is currently in a state of ongoing speciation. This point of view could explain the genetic and phenotypic differentiation observed between the Western and the Central African C. canephora populations
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, and within the Central African populations (Mérot-L'

Anthoëne et al., 2019)

.

In conclusion, the present study shows a new evolutionary history for coffee species revealed by comparing two molecular trees based on complete plastid genome sequences and on 28,800 nuclear SNPs, respectively. The enigmatic status of Coffea rhamnifolia, closely related to
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