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Next generation sequencing elucidates cacao badnavirus diversity and reveals the existence of more than ten viral species

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

Introduction

Cacao swollen shoot disease (CSSD) which results from cacao swollen shoot virus (CSSV) infection is now regarded as the major viral disease affecting cacao and has been recognized as one of the most important diseases in West Africa limiting cacao production. CSSD was first described in Ghana at Effiduase in the New Juabeng district of the Eastern region in 1936 (Steven) although the disease was probably present in the nearby Nankese township of Ghana from 1922 [START_REF] Paine | Le "swollen shoot" du cacaoyer au Togo. Inventaire préliminaire et première estimation des pertes causées par la maladie. Café, Cacao[END_REF]. The disease subsequently appeared in all major cacao growing areas in West Africa with CSSD reported in Côte d'Ivoire in 1943 [START_REF] Burle | Notes on some mealybugs (Coccoidae) of economic importance in Ceylon[END_REF][START_REF] Mangenot | Sur les caractères du swollen shoot en Côte d'Ivoire[END_REF]), in Nigeria in 1944(Thresh 1959), in Togo in 1949(Partiot et al., 1978) and in Sierra Leone in 1958 [START_REF] Attafuah | Swollen shoot disease of cocoa in Sierra Leone[END_REF]. In addition, West African Amelonado cacao, planted uniformly throughout West Africa, appeared to be highly susceptible and sensitive to CSSV and has favored the rapid spread of the disease. CSSD has always been described as a disease endemic to West Africa, as it has never been reported in South America, the cacao tree's centre of origin. Additionally, CSSV has not been reported in Sao Tome, nor in Fernando Po (Tinsley, 1971), islands which were the main stepping stones of cacao introduction from the American continent towards West Africa. A viral disease causing similar leaf symptoms was reported in Trinidad [START_REF] Kirkpatrick | Insect pests of cacao and insect vectors of cacao virus diseases[END_REF]Swarwick, 1961), but it is not associated with swellings. Following a government mandated-eradication program, this disease reappeared 14 years ago in the International Cocoa Genebank, Trinidad (ICGT) and two new badnaviruses have been characterized [START_REF] Chingandu | Molecular characterization of previously elusive badnaviruses associated with symptomatic cacao in the New World[END_REF]. The existence of CSSD in Malaysia, Indonesia and Sri Lanka [START_REF] Kenten | A virus of the cocoa swollen shoot group infecting cocoa in North Sumatra[END_REF][START_REF] Peiris | A virus disease of cacao in Ceylon[END_REF]Crop Protection Compendium, 2002) has been mentioned but only as an attenuated form of CSSD. Additionally, in Malaysia, the disease is likely due to the importation of infected clones [START_REF] Liu | Transmission Studies of a Cocoa Virus Disease (Yellow Vein-Banding) in Sabah. In Transmission Studies of a Cocoa Virus Disease (Yellow Vein-Banding) in Sabah[END_REF]. To date, beyond West African cacao, swellings were only reported in Sri Lanka [START_REF] Orellana | The swollen shoot phase of the virus disease of cacao in Ceylon[END_REF].

Symptom variability between many different viral isolates has been noted from the first description of the disease in parallel with distinct designations in the different West African countries. However, isolate description by symptomology alone is inadequate for an understanding of the biology, origin and relationships between these different viruses.

Different types of serological diagnosis have been developed but to date these have insufficient polyvalence and sensitivity to address the high variability of the virus (review in [START_REF] Muller | Cacao swollen shoot virus[END_REF]. PCRbased diagnosis holds more promise for the detection of latent infections [START_REF] Muller | Early detection of cacao swollen shoot virus using the polymerase chain reaction[END_REF] and distinct molecular groups corresponding to different viral species [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF][START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF] though even the use of degenerate primers has not consistently achieved viral fragment amplification from symptomatic leaves [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF][START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF]. Furthermore, PCR diagnosis with degenerate primers cannot resolve the existence of mixed viral infections.

PCR primers have been designed in different parts of the genome, particularly, the first and third part of ORF3 corresponding respectively to the putative movement protein (ORF3A area) and to the reverse transcriptase/ribonuclease H (RT/RNase H) region. The first part of ORF3 (primers ORF3Aputative movement protein) was found to be highly conserved between the first six complete CSSV genomes and was therefore used both as a source of diagnostic primers [START_REF] Muller | Molecular variability analysis of five new complete cacao swollen shoot virus genomic sequences[END_REF] and in variability studies to describe different CSSV molecular groups [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF][START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF]. To date, using the 80% nucleotide identity threshold in the RT/RNase H region (primers Badna 1/4 CSSV) and according to the recommendations of the International (https://talk.ictvonline.org/ictvreports/ictv_online_report/), we have described five different species responsible for CSSD: A (CSSTAV), B (CSSV), D (CSSCDV), G and M. However, for some samples, discrepancies between the two reconstructed phylogenies from ORF3A and RT/RNase H regions were observed indicating either recombination events between the two regions or the presence of mixed infection. There is a need therefore to study the complete genomic sequences corresponding to these isolates to characterise this diversity. Next generation sequencing technologies now offer an opportunity to resolve this dilemma and to complete the detection of cacao viruses without a priori sequence knowledge.

In 1944, twenty years after the discovery of CSSD in Ghana, the West African Cocoa Research Institute (WACRI) was established at Tafo, Ghana (later becoming the Cocoa Research Institute of Ghana-CRIG). Surveys across Ghana for CSSD began at the same time and a collection of viral isolates based on symptom description was established and named the CRIG Museum. This museum currently comprises more than 70 isolates in the form of potted, symptomatic cacao plants var. Amelonado (up to ten plants per isolate), which are maintained by regularly regrafting. This collection represents a valuable inventory of CSSV isolates from a range of past infected sites (albeit a collection that will have experienced sequence evolution in the intervening period).

Since 1999, attempts to describe the viral diversity present in the collection have been made using PCR amplification of specific regions of the CSSV genome followed by Sanger sequencing. This strategy has been hindered by a number of issues including the absence of symptoms for many plants, the lack of young leaves and the existence of mixed infections within the collection. However, plant screening with next generation sequencing technologies (Hiseq Illumina) can potentially address these problems of low titer and mixed viral sequences.

In the present study, 31 samples from the CRIG Museum and 14 samples recently collected from field sites in Côte d'Ivoire and Ghana and corresponding to new species and /or corresponding to samples with sequence inconsistency between the first and third part of ORF3 were analyzed via Illumina sequencing. A sample from Sri Lanka exhibiting similar leaf symptomology to West African CSSDaffected plants was also included in the study.

We were able to reconstruct 21 new complete genome sequences corresponding to species A (CSSTAV), B (CSSV), D (CSSCDV), E, M, N, R, Q along with the viral species responsible for the cacao disease in Sri Lanka. We therefore confirm that cacao swollen shoot disease is caused by a complex of species, all of which should be taken into account for effective control of the disease in the different West African countries.

Material and methods

Sample description, DNA extraction and PCR-sequencing analysis

Multiple samples from the CRIG Museum were collected in 1999,2000,2012,2015, and 2016 (Table 1). Total DNA was extracted from symptomatic dried leaves with the Plant DNeasy kit (Qiagen) according to manufacturer's recommendations. Twenty milligrams of dried leaves was ground in a microcentrifuge tube in the presence of ceramic beads with a MP disrupter. To confirm the presence of CSSV in the samples, CSSV sequences were obtained by direct Sanger sequencing (Eurofins, MWG Operon) of PCR products amplified from the two regions ORF3A and Badna1/4 CSSV according to In 2016, the number of plants harbouring the same isolate was recorded in the CRIG collection. To assess potential variability between replicate plants, two to ten leaves from separate plants were collected from 9 isolates/accessions (Gha26, Gha28, Gha30, Gha36, Gha39, Gha40, Gha53, Gha72 and Gha73).

Thirty one samples from the CRIG Museum collected in 1999, 2012, 2015 or 2016 were selected to be sequenced via Illumina technology. In addition, fourteen field samples from Ghana analysed in [START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF] and from Côte d'Ivoire analysed in [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF], corresponding to groups B, D, E, F, J, K or L have been included in this analysis (Table 2). A sample from Sri Lanka, supplied by the University of Jaffna's Department of Botany, exhibiting similar leaf symptomology to West African CSSD-affected plants was sourced from the Matale district (7°27'25.0"N 80°38'15.7"E) in 2015 and also included in the analysis.

Illumina DNA sequencing and de novo assembly

Extracted DNA underwent rolling circle amplification (RCA, TempliPhi kit, GE Healthcare Life Science) to concentrate/enrich the sample with circular forms and was sent to Fasteris S.A. (Geneva, Switzerland) for library preparation and sequencing using Illumina MiSeq along with Illumina HiSeq rapid run technology which resulted in paired-end reads of 250-bp mean length (Table 3 and4). Paired-end reads were trimmed using the cutadapt script [START_REF] Martin | Cutadapt removes adapter sequences from high-throughput sequencing reads[END_REF] to remove adaptors and filter for quality. The resulting reads were mapped with BWA [START_REF] Li | Fast and accurate long-read alignment with Burrows-Wheeler transform[END_REF] against the Theobroma cacao reference genome [START_REF] Argout | The genome of Theobroma cacao[END_REF] http://cocoa-genome-hub.southgreen.fr/). Unmapped reads were assembled using SPAdes v3.6.2 [START_REF] Bankevich | SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing[END_REF]) with k-mers ranging from 21 to 127 (21,33,43,55,77,99,127), giving the number of contigs described in Table 3 and4. All contigs were used to perform a BLAST analysis against a locally created database containing all available CSSV sequences in order to identify contigs demonstrating clear CSSV origin (Table 3 and4). This CSSV database was continuously updated with the newly obtained sequences during the analysis.

The libraries were prepared with two different protocols depending on the DNA concentration of the sample after RCA: the Nano protocol was used from starting material greater than 100ng (samples HUX8 to HUX61, HUX104, HUX106 to HUX108, Tables 3 and4) and the Nextera XT protocol is used from starting material less than 100ng (samples HUX68 to HUX88 and HUX105 ). The sequencing cover of the libraries obtained by the Nano protocol was double that of the sequencing cover of libraries obtained by the Nextera XT protocol.

As shown in Tables 3 and4, the percentage of reads mapped to T. cacao varies from 28.6% (sample Gha52-15) to 66.6% (sample CI632-10). The number of contigs obtained with the SPAdes assembly varies from 36986 (corresponding to the samples with the lowest number of reads) to 137411 and from 0 to 3782 of these contigs have positive results in the BLAST analysis against a CSSV database. The Vector NTI Suite software (Vector NTI Advance® 11.5.2, Invitrogen, Life technology) was used to manually analyse the contigs, to assemble the smaller contigs, analyse ORFs with coding capacity for proteins larger than 10kDa, detect specific badnaviral motifs (tRNA Met , RT and RNase H) and to confirm their badnaviral origin. The full genome sequences have been deposited at DDBJ/EMBL/GenBank under the accession MF642716-MF642736.

Genome annotation

PCR and Sanger sequencing of contig junctions

When circularizing the viral contigs of each approximately complete sequence, ORFs situated on the junction between the end and the beginning of the linear contigs were sometimes interrupted. The sequences in these regions were obtained by designing a further set of PCR primers positioned on either side of the junction to amplify a product covering the relevant area (Supplemental Table 1). PCR products were sequenced by Sanger Technology.

Phylogenetic studies

Seaview version 4.0 software was used to analyze the DNA sequences and these were aligned using the MUSCLE multiple alignment algorithm [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracy and high throughput[END_REF] and treated by Gblocks [START_REF] Castresana | Selection of conserved blocks from multiple alignments for their use in phylogenetics analysis[END_REF]. Phylogenetic relationships between CSSV sequences were estimated with PhyML (maximum likelihood method, [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] with SH-aLRT (approximate likelihood ratio test, [START_REF] Anisimova | Survey of branch support methods demonstrates accuracy, power, and robustness of fast likelihood-based approximation schemes[END_REF] branch supports and phylogenetic trees were visualized with the Darwin 5 program [START_REF] Perrier | DARwin software[END_REF].

Results

Analysis of the composition of the CRIG collection by direct PCR-sequencing or Illumina sequencing

From a total of 151 samples collected from 1999 to 2016 and nominally corresponding to 72 isolates, 130 were positive for CSSV (Sanger or Illumina sequencing) and corresponded to 71 different isolates. Only one out of the 72 sampled isolates (Gha74 collected in 2016) was negative for CSSV following PCR screen or Illumina sequencing (Table 1). Twenty plant samples were negative but found to be positive in other replicate plants corresponding to the same isolate.

For some samples, different sequences were observed for the same sample amplified twice in succession. For instance, samples Gha10-00 and Gha30-2-16 exhibited different sequences in the ORF3A section, and samples Gha2-00, Gha2-16, Gha29-16, Gha69-16 exhibited differences in the RT/RNase H region. Where a second sequence was obtained it was named using the format GhaXbis-XX. Some isolates (Gha8-00, Gha18-00, Gha35-15 and Gha49-15) also exhibited a mix of two sequences within a single sample as observed through Sanger sequencing of cloned PCR products.

For isolates Gha30 and Gha53, sequences were found to differ, depending on the replicate plant sampled in 2016. Gha30-1-16 and Gha30-2-16 contain sequences of group B and E+H respectively. Gha53-2 and Gha53-4 contain sequences of group P+R and B respectively (Table 1). For 22 isolates/accessions out of 72 (Gha2, Gha6, Gha13, Gha15, Gha16, Gha18, Gha22, Gha25, Gha26, Gha28, Gha29, Gha30, Gha34, Gha36, Gha40, Gha45, Gha49, Gha52, Gha53, Gha54, Gha64 and Gha68), sequences were found to differ depending on the year of collection. and2A. In these phylogenies, the 14 field samples from Ghana and Côte d'Ivoire [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF][START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF] have been included for comparison. As with some field samples, for some samples from the CRIG Museum, sequences are only available for the RT/RNase H or the ORF3A region. For many other samples (27 samples from CRIG Museum and 6 field samples), sequences obtained from ORF3A and RT/RNase H region involve distortions between the two reconstructed phylogenies indicating recombination between the two regions or presence of mixed infection.

Partial and complete sequences were obtained by Illumina from 31 samples collected in 2012, 2015 or 2016 (Table 1). As expected, Illumina technology was able to detect more efficiently all the sequence groups present in one sample. Among the 151 samples analysed from the CRIG collection from 1999 to 2016, six of them (Gha58-16, Gha61-15, Gha67-12, Gha68-12, Gha69-12, Gha73-1-16) did not yield Sanger sequences but were analysed by Illumina technology. However, we observed three inconsistencies between sequencing approaches for samples Gha4-15, Gha66-12 and Gha2-16, with Illumina technology not able to detect the same sequences as those obtained by Sanger sequencing.

Of the 130 positive samples from the CRIG Museum, 80 samples contain sequences belonging to group B (and B-C species), 40 contain sequences belonging to group R, 16 to group G, 12 to group Q, 11 to group S, eight to group N, six to group A, five to group P, four to group E, four to group K, three to group M, one to group H and one to group T.

Forty seven samples had mixed infections (belonging to up to four groups) and these mixtures are more specifically associated with species R, Q and S. Of the 40 plants containing R species, only 12 plants had single infections with R species while on 12 plants containing Q species, only two plants had single infection. Species S, for which only partial sequences have been obtained, always occurred as part of a mixed infection. In contrast, only 16 plants out of a total 80 containing B species exhibited mixed infection. Other species are possibly present in the "mono infected "plants but were not detected.

New complete CSSV genomes reconstructed de novo by Illumina analysis

Twenty complete sequences were reconstructed de novo from cacao samples collected in the CRIG Museum and from the field samples collected in Côte d'Ivoire and Ghana. Numbering of the sequence follows badnavirus convention and refers to the plus-strand beginning at the 5'end of the minus strand replication priming site, the tRNA Met binding site [START_REF] Harper | Cloning and sequence analysis of banana streak virus[END_REF]. For GWR3-14, CI632-10 and GCR329-14, the junctions were sequenced by Sanger because ORF3 was interrupted in the de novo reconstructed draft sequence. The lengths of the complete genomes reconstructed de novo range from 6985bp (Gha53-15 isolate) to 7412bp (CI632-10 isolate) and are presented in Table 5. Open reading frames capable of encoding proteins larger than 10kDa with their locations on the plus-strand of the genome of CSSV isolates are described in 9 acids instead of 138 to 156) and the slightly smaller ORF2 of Gha39-15 (98 amino acids instead of 120 to 149).

These new complete genomes meant we were able to obtain sequences for the RT/RNase H region of isolates from groups E, J, K and L which differed from those previously obtained via Sanger sequencing of that region using Badna 1/4 CSSV primers. Phylogenies constructed with the newly obtained RT/RNAse H sequences of E, J, K and L isolates removed the discrepancies in the phylogeny of the ORF3A region. Indeed those new RT/RNase H sequences belong to the same viral genomes as the ORF3A sequences obtained by Sanger previously in contrary to RT/RNase sequences obtained by Sanger methodology corresponding to another co-infecting viral sequence. We were also able to obtain sequences from the ORF3A region of isolates of the R and Q groups identified with the RT/RNase H phylogeny which have not been amplified with current ORF3A primers. To determine the relationships between the newly sequenced CSSV isolates, three phylogenetic trees were constructed from alignment of complete nucleotide sequences and the partial nucleotide sequences of the first part of ORF3 (ORF3A, movement protein) and the RT/RNase H region (Fig. 1B, 2B and 3).

Sequences from the RT/RNase H regions of isolates belonging to groups R, Q and N were identical regardless of the sequencing technology employed. This was also the case for sequences from ORF3A regions of isolates belonging to A, B, D, E, J, K, L, M and N groups.

Six complete genomes assembled from the NGS data belong to group R, four to group Q, one to group M, one to group N, one to group L, two to group E, one to group K, one to group J, one to group B (CI569-10), one to group D (CIDivo-15) and one to group A (Gha25-15). Two samples, Gha34-15 and GWR198, allowed the de novo assembly of two additional complete CSSV genomes belonging to two groups different from each other (differentiated by the letter corresponding to the sequence group). Sequences belonging to groups R and Q are clearly distant from the other CSSV groups on all the different phylogenies (Fig. 1, 2 and 3) and seem to constitute a distinct new clade of CSSV sequences.

Complete sequence of a cacao virus from Sri Lanka

A complete sequence has been also reconstructed de novo from the sample collected in Sri Lanka. In Table 5, the size (7215bp), number (4) and arrangement of the different ORFs are described and are not different from CSSV isolates. The complete sequence has been included in the phylogenetic study of complete CSSV sequences and appears in another clade along with cacao yellow vein-banding virus (CYVBV) infecting cacao in Trinidad and recently sequenced [START_REF] Chingandu | Molecular characterization of previously elusive badnaviruses associated with symptomatic cacao in the New World[END_REF] (Fig. 3). cacao mild mosaic virus (CaMMV) another complete sequence of a cacao virus infecting cacao in Trinidad [START_REF] Chingandu | Molecular characterization of previously elusive badnaviruses associated with symptomatic cacao in the New World[END_REF] appears in the same clade as CSSV but very far from all CSSV sequences. Cacao bacilliform SriLanka virus (CBSLV) shares from 55.8% to 60.9% nucleotide sequence identity in the RT/RNase H region with other groups of CSSV sequences (Table 6).

Complex of species responsible for cacao swollen shoot disease

With respect to species responsible for cacao swollen shoot disease, Table 6 shows that by considering the 20% divergence threshold in the RT/RNase H region indicated by ICTV for the creation of new badnaviral species, we could define 10 distinct species: A, B (including subgroups B and C), D, E (including subgroups E, F, G, J, K and L) M, N, Q, R, S and T (Fig. 2B). Species A [START_REF] Hagen | Nucleotide sequence and genomic organization of cacao swollen shoot virus[END_REF] and species D corresponds to the newly described Cacao swollen shoot CD virus species (CSSCDV reference isolate CI152-09, JN606110, [START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF]. We propose to name cacao swollen shoot CE virus (CSSCEV), cacao swollen shoot Ghana M virus (CSSGMV), cacao swollen shoot Ghana N virus (CSSGNV), cacao swollen shoot Ghana Q virus (CSSGQV) and cacao swollen shoot Ghana R virus (CSSGRV), the new species E, M, N, Q, and R respectively for which we have the complete genomes. However, S and T species do not have complete sequences available as yet and we were not able to obtain the RT/RNase H sequence for the group P amplified from five different samples from the CRIG Museum by ORF3A primers and are not able to state yet if this group constitutes a new species.

Comparison of CSSV groups representations in the cacao farms and in the CRIG Museum

The calculation of the proportion of species present in the CRIG Museum considered mixed infection as the sum of different single infections. The total number of single infections in the collection corresponds to 191, the sum of infections by each species.

When considering only the region ORF3A, no mixed infection was detected in the field samples. However, all of these samples belonging to groups E, J, K and L when amplified with Badna1/4 CSSV primers exhibited sequences belonging to group S. Calculation of the proportion of isolates from the different groups present in the cacao farms therefore took into account only the sequences of the region ORF3A (115 sequences in total representative from the 830 samples collected in the six cacao growing regions).

As shown in Fig. 4, we observed that the B group is predominant in the CRIG collection (80 samples contain this group out of the 130 samples positive for CSSV) compared to the cacao farms (Supplemental Table 2 with group assignment of characterized CSSV samples from [START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF]. Additionally, the actual CSSV diversity in the cacao farms of the six cacao growing regions (8 groups + S group) is lower than the one observed in the CRIG Museum (13 groups). Additionally some groups were only present in the CRIG collection (G, N, P, Q and R) with others (C, L, K and J) exclusively present in the cacao farms and while E is present in both sets it is relatively underrepresented in the CRIG Museum.

Discussion

CSSV diversity in West Africa and in the CRIG Museum

Samples were collected several times between 1999 and 2016 at the CRIG Museum and most of the isolates were studied by direct Sanger sequencing. The fact that this collection contains all the main groups of CSSV isolates so far discovered in the cacao farms in West Africa signifies what a valuable resource this is for cacao researchers.

Successful detection of CSSV in samples was dependent on the year of collection and was probably influenced by the age of the leaves (Table 1). One out of the 72 isolates was negative and, for 22 isolates, depending on the sampling date or on the replicate plant collected in 2016, we did not detect the same CSSV group (Table 1). In the collection, each viral accession is maintained as multiple potted plants (two to ten) in a caged enclosure. While at least 50 m from other mealybug host plants, 11 the collection perimeter is not insect-proof and it is possible that small, wind-blown juvenile mealybugs could have occasionally alighted on the plants leading to inter-plant CSSV isolate transmission. Differences observed between sampling results could also be explained, by the possible mislabeling of some plants (when older plants are grafted on new seedlings), or by contamination due to accidental entry of mealybugs moving from one plant to another, or also by the presence of mixed infection and fluctuating concentrations of the two types of sequence. Virus might also disappear and then the plant could become re-infected.

The diversity of CSSV observed in the CRIG Museum compared to cacao farms in Ghana is interesting from a historical point of view, because this range can be seen as a picture of the diversity of the CSSV population at the time the Museum was established. The possibility of more recent external infections that have occurred after the establishment of the CRIG Museum should not be ruled out, but only with groups detected in the locality of CRIG. The groups G, N, P, Q and R currently only detected in the CRIG Museum may have been present previously in cacao farms but were absent or only present at a frequency that avoided detection in the farms sampled in the study of [START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF]. Conversely, the groups of isolates C, J, K and L appear to correspond to recently emerged groups in the cacao farms. Group C has been detected in Togo since 1993 [START_REF] Hagen | Infection of Theobroma cacao using cloned DNA of cacao swollen shoot virus and particle bombardment[END_REF] but could have emerged either in Togo or in Ghana, since the establishment of the CRIG Museum. Group E, is underrepresented in the CRIG Museum but present in a high proportion in field samples (29% of the total isolates characterized) and appears to correspond to a group of isolates that has recently spread to cacao plots especially in the Western and Brong Ahafo regions of Ghana [START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF].

Considering these results, there would now be value in new CSSV prospections and further expansion of the collection to include all isolates detected recently in field samples. Cacao breeders need access to the full range of virus diversity to be found in the cacao field samples in order to develop genuinely disease resistant varieties for future replanting.

Mixed infection in the CRIG Museum

The presence of many mixed infections in the CRIG Museum compared to the situation in the cacao farms (where the only mixed infection detected was with the S species), may be explained by the fact that the plants have been infected for a long time and are surrounded by many other plants infected with different isolates with the potential for accidental cross contamination to occur via mealybug vectors. Ideally the Museum plants would be maintained within an insect-proof enclosure but this would require a barrier mesh size of ≤100 µm to exclude the smallest mealybug juveniles and has not proved to be practical in this region. The occurrence of mixed infection with sequences of different groups or species suggests the absence of cross protection between two isolates belonging to different groups (Folimova, 2013), though this would require further quantitative assessment of respective viral isolate titers.

For many sample sequences impacted by distortions between the two reconstructed phylogenies in ORF3A and RT/RNase H regions, a mixed infection was confirmed by two distant species, one amplified by one primer pair, the other amplified by the second. The possibility of a recombination event between two divergent viral isolates has therefore not been confirmed for any new isolate sequenced in this study. Additionally, recombination analysis on complete viral genome alignment 12 has been conducted using RDP4 software [START_REF] Martin | RDP2: recombination detection and analysis from sequence alignments[END_REF] but without any conclusive results (data not shown).

Pathogenicity of species responsible for cacao swollen shoot disease

While the present study did not look for the presence of virions, all the full badnaviral genomes detected were derived from cacao leaf tissues exhibiting CSSD symptoms of the type shown by cacao infected with the CSSV isolate Agou 1 which was shown to contain viral particles with badnavirus morphology [START_REF] Jacquot | In situ localization of cacao swollen shoot virus in agroinfected Theobroma cacao[END_REF]. The occurrence of distinct badnavirus sequences in West Africa cacao reported here supports the suggestion that CSSD arose from multiple instances of mealybug vectored infection of cacao from indigenous malvaceous species [START_REF] Posnette | Virus diseases of cacao in West Africa. V. Alternative host plants[END_REF] and it would be informative in future to examine such putative alternative hosts for badnaviral virions.

The complexity of the molecular diversity of viral species found in symptomatic cacao leaves means that there is a need to study the range of aggressiveness of the different species or subgroups. In future the symptomatology/aggressiveness associated with single strain infections arising from representative species should be explored as should the impact on hosts from mixed infections of these genomes. The species S, for example, never observed in single infection but present in the CRIG Museum and in the field samples in both Ghana and now Côte d'Ivoire needs to be studied more closely.

The two new species R and Q are peculiar because their sequences are quite distant from the other CSSV species and only detected in the CRIG Museum with many of them occurring in mixed infections. The complete sequences obtained will now facilitate the design of new primers specific for these species and support their detection in field samples. Since samples containing Q, R and S cannot be associated with typical symptomatology of CSSV even when in single infection in the CRIG Museum (11 samples for R, two samples for Q) and are not found in the field as single infections, there is a need to verify the particular pathogenicity of Q, R and S species.

Diagnostic of the complex of CSSV species

The results presented in this study allowed us to estimate the full diversity of the pathogens responsible for cacao swollen shoot disease and to evaluate the likely number of distinct species responsible for the disease in West Africa. Coincidentally, as with banana streak disease, cacao swollen shoot disease also appears to be a badnaviral disease caused by a complex of 10 different viral species [START_REF] Iskra-Caruana | A possible scenario for the evolution of banana streak virus in banana[END_REF]. This situation complicates the development of pathogen detection and diagnostic tools should now be improved to take into account all the highlighted diversity. With regard to DNA-based pathogen screening, it is unlikely that a single PCR assay can be developed to detect all the species responsible for the disease simultaneously. To be sufficiently sensitive for indexing purposes, QPCR could be established using a range of PCR primers able to detect all suspected CSSV species, though in the short term this is likely to be a laboratory rather than field tool.

As well as clarifying the diversity of West African CSSV isolates the NGS approach employed here also allowed for the first genome sequencing of a virus affecting cacao in Sri Lanka. The first report of viral symptoms on Sri Lankan cacao trees dates from 1953 [START_REF] Peiris | A virus disease of cacao in Ceylon[END_REF]) and described vein clearing patterns suggestive of a badnavirus disease. While there was no apparent reduction in vigour among 13 the affected plants, stem swellings were subsequently reported [START_REF] Orellana | The swollen shoot phase of the virus disease of cacao in Ceylon[END_REF] as were sporadic rounded pod symptoms and trials demonstrated that, as with CSSV, the disease was transmissible by multiple species of mealybugs [START_REF] Burle | Notes on some mealybugs (Coccoidae) of economic importance in Ceylon[END_REF]. The isolate sequenced in our study also derives from a cacao orchard in the Central Province of Sri Lanka, within 20 km of the site of the 1953 disease report. While the recently affected trees are still not thought to be experiencing reduced vigour, genome information that facilitates the detection of this pathogen is of particular value since it appears to share more symptoms with the pathogenic West African forms than any other cacao badnavirus so far found outside that continent.

The new sequences generated in this work will help refine current molecular detection approaches for CSSV and support the development of novel field based screening methodologies for CSSV. To for Togo), a sampling number along with a region code or a number corresponding to the clone number in brackets, and the year of sampling (1993 to 2016 coded as 93 to 16).When two sequences are obtained for the same isolate with the two technologies, NGS is mentioned for the sequences obtained by Illumina technology and sequence is highlighted in grey. When sequences belonging to different groups are obtained for the same isolate, the letter corresponding to the group is affixed to the name of the isolate. ).When two sequences are obtained for the same isolate with the two technologies, NGS or Sanger are indicated with the sequence and the sequence obtained with NGS is highlighted in grey. When sequences belonging to different groups are obtained for the same isolate, the letter corresponding to the group is affixed to the name of the isolate. 
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Figure 1 .

 1 Figure 1. Maximum likelihood phylogenetic tree of CSSV sequences based on alignment of the 5' end of open reading frame 3 (ORF3). A. sequences obtained only by the Sanger technology. B. Sequences obtained by the Sanger and the Illumina technology. Numbers on the branches represent the SH-aLRT (approximate likelihood ratio test) branch supports over 0.7. The names of the CSSV groups A, B, C, D, E, F, G, H, J, K, L, M, N and P are indicated. The Citrus yellow mosaic virus sequence (CiYMV) (AF347695) is used as the outgroup. The names of sequences include the abbreviation of the country (CI for Côte d'Ivoire, G or Gha for Ghana, To for Togo), a sampling number along with a region code or a number corresponding to the clone number in brackets, and the year of sampling (1993 to 2016 coded as 93 to 16).When two sequences are obtained for the same isolate with the two technologies, NGS is mentioned for the sequences obtained by Illumina technology and sequence is highlighted in grey. When sequences belonging to different groups are obtained for the same isolate, the letter corresponding to the group is affixed to the name of the isolate.

Figure 2 .

 2 Figure 2. Maximum likelihood phylogenetic tree of CSSV sequences based on alignment of the RT/RNase H region of open reading frame 3 (ORF3). A. sequences obtained only by the Sanger technology. B. Sequences obtained by the Sanger and the Illumina technology. Numbers on the branches represent the SH-aLRT (approximate likelihood ratio test) branch supports over 0.7. The names of the CSSV groups A, B, C, D, E, F, G, H, J, K, L, M, N and P are indicated. The Citrus yellow mosaic virus sequence (CiYMV) (AF347695) is used as the outgroup. The names of sequences include the abbreviation of the country (CI for Côte d'Ivoire, G or Gha for Ghana, To for Togo), a sampling number along with a region code or a number corresponding to the clone number in brackets, and the year of sampling (1993 to 2016 coded as 93 to 16).When two sequences are obtained for the same isolate with the two technologies, NGS or Sanger are indicated with the sequence and the sequence obtained with NGS is highlighted in grey. When sequences belonging to different groups are obtained for the same isolate, the letter corresponding to the group is affixed to the name of the isolate.

Figure 3 .

 3 Figure 3. Maximum likelihood phylogenetic tree of CSSV sequences based on alignment of the complete viral genomes. Sequences in green correspond to viral species associated with CSSD, sequences in red correspond to other cocoa badnaviruses. Numbers on the branches represent the SH-aLRT (approximate likelihood ratio test) branch supports over 0.7. Genbank accession numbers of the additional badnaviral complete sequences used for comparative analysis are AJ002234 (Banana streak OL virus-BSOLV), AY805074 (BSMYV), AY750155 (BSVNV), AY493509 (BSGFV), HQ659760 (BSIMV), HQ593111 (BSCAV), HQ593107 (BSUAV), HQ593108 (BSUIV), HQ593109 (BSULV), HQ593110 (BSUMV), DQ092436 (BSAcYUV), EU034539 (Bougainvillae chlorotic vein banding virus, BCVBV), L14546 (CSSV-ToAgou1-93), JN606110 (CSSCDV-CI152-09), AJ781003 (CSSTAV-ToWOB12-02), KX276641 (cacao mild mosaic virus-CaMMV-), KX276640 (cacao yellow vein-banding virus-CYVBV), X52938 (Commelina yellow mottle virus -ComYMV-), AF347695 (Citrus yellow mosaic virus -CiYMV-), EU708317 (CiYMV IndiaAP), JN006806 (CiYMV-ROL), EU853709 (cycad leaf necrosis virus -CLNV-), X94576-581 (Dioscorea bacilliform AL virus -DBALV-), DQ822073 (Dioscorea A C C E P T E D M A N U S C R I P T
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 4 Figure 4. Comparison of the molecular diversity of CSSV isolates between the CRIG Museum sampled from 1999 to 2016) and the cocoa farms in Ghana (sampled in 2013 and 2014)
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	U S C R I P T
	N
	A
	M
	C C E P T E D
	A

. The sizes, numbers and arrangements of the different ORFs show similarity among the different CSSV genomes with two exceptions: the ORF1 of Gha37-15 which is slightly longer than that of other CSSV isolates (161 amino Comment citer ce document : Muller, E., Ravel, S., Agret, C., Abrokwah, F., Dzahini-Obiatey, H., Galyuon, I., Kouakou, K., Jeyaseelan, E., Allainguillaume, J., Wetten, A. (2018). Next generation sequencing elucidates cacao badnavirus diversity and reveals the existence of more than ten viral species. Virus Research, 244 (15), 235-251. , DOI : 10.1016/j.virusres.2017.11.019

Table 2 .

 2 Group assignment and Illumina sequencing results for the field samples analysed from cocoa farms in Ghana and Côte d'Ivoire[START_REF] Abrokwah | Geographical distribution of cacao swollen shoot virus molecular variability in Ghana[END_REF][START_REF] Kouakou | Geographical distribution of Cacao swollen shoot virus (CSSV) molecular variability in Côte d'Ivoire[END_REF].

	Isolate Name	Country (Region)	Year of sampling N Group assignment ORF3A F/R U S C R I P Group assignment BADNA 1/4	Group assignment NGS analysis	viral sequence (group) size of the de novo reconstructed
	CI Divo-15	Côte d'Ivoire (Lôh-Djiboua)		2015 A	D	X	D	7205pb (D)
	CI232-09 CI243-09	Côte d'Ivoire (Haut Sassandra) Côte d'Ivoire (Haut Sassandra)	2009 2009 M	D -	S S	D D	1663bp ( D) 1952bp (D)
	CI303-09 CI444-10 CI569-10 CI617-10 CI631-10 CI632-10 GCR329-14 GWR198-13 GWR145-13 C C E P T E D Côte d'Ivoire (Haut Sassandra) Côte d'Ivoire (Marahoué) Côte d'Ivoire (Guémon) Côte d'Ivoire (Mé) Côte d'Ivoire (Sud Comoé) Côte d'Ivoire (Sud Comoé) Ghana (Central Region) Ghana (Western Region) Ghana (Western Region)	2009 2010 2010 2010 2010 2010 2014 2013 2013	B B B F E E L J E	B B B --E S S S	B B B +S F E E L + S J+ E E+S	3544bp (B), 1054bp partial 7005bp (B) 1837bp (F) 5486bp (E) partial 7412bp (E) 6994bp (L) 7167bp (J), 7131bp (E) 5766bp (E) partial
	GWR3-14 GWR246-13 A	Ghana (Western Region) Ghana (Western Region)		2014 2013	K E	S S	K +S E+S	7119bp (K) 6971bp (E) partial
	X not done, -PCR negative					
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Table 5 .

 5 Protein-coding regions located on the plus-strand of the genome of CSSV isolates. Highlighted gray lines are previously sequenced complete genomes. Genbank accession numbers are provided after the isolate names.
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