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In silico analysis of RNA interference components and miRNAs-like RNAs in the seedborne necrotrophic fungus Alternaria brassicicola.

Introduction

In eukariota, from animals to fungi, gene expression is regulated by a large panel of mechanisms.

Amongst them, RNA interference is a conserved regulatory mechanism [START_REF] Nakayashiki | RNA silencing in fungi: Mechanisms and applications[END_REF] that induces gene silencing by binding smallRNAs to mRNA with complementary sequences [START_REF] Zamore | RNAi: Double-Stranded RNA Directs the ATP-Dependent Cleavage of mRNA at 21 to 23 Nucleotide Intervals[END_REF]. RNA interference mechanism involves three main enzymes: RNase III proteins called Dicers (Dcr) that synthesize smallRNAs, Argonaute proteins (Ago) that help the recognition of smallRNAs and the sequence-specific target and RNA-dependent RNA polymerases (Rdrp) that generate double stranded RNAs from aberrant RNAs [START_REF] Torres-Martinez | The RNAi universe in fungi : a varied landscape of small RNAs and biological functions[END_REF]. SmallRNAs are a large group of endogenous non-coding RNAs of about 18 to 30 nt mainly classified as short interfering RNAs (siRNAs), microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) [START_REF] Carreras-Villaseñor | The RNAi machinery regulates growth and development in the filamentous fungus Trichoderma atroviride[END_REF]. A lot of studies are focusing on identifying miRNA-like RNAs by sequencing with bioinformatic approaches in fungi with economical interest, such as the industrial strain Trichoderma reesei [START_REF] Kang | Identification of microRNA-Like RNAs in the Filamentous Fungus Trichoderma reesei by Solexa Sequencing[END_REF] or in pathogenic fungi Metarhizium anisopliae (Zhou et al., 2012) and Sclerotinia sclerotiorum (Zhou et al., 2012). Advances in next-generation sequencing technologies has greatly accelerated the identification of smallRNAs and allowed to access less represented smallRNAs. However, these studies used complete genomes and adapted available bioinformatic tools from plants and animals for which miRNAs are largely studied. In fungi, RNA interference mechanism and smallRNAs were described to be involved in development [START_REF] Carreras-Villaseñor | The RNAi machinery regulates growth and development in the filamentous fungus Trichoderma atroviride[END_REF], antiviral defense [START_REF] Segers | Evidence that RNA silencing functions as an antiviral defense mechanism in fungi[END_REF] and pathogenicity [START_REF] Campo | Small RNA-Based Antiviral Defense in the Phytopathogenic Fungus Colletotrichum higginsianum[END_REF]. Interestingly, recent works demonstrated that smallRNAs are also involved in crosskingdom communication. Indeed, plants can transfer smallRNAs in pathogen fungi to silence virulence genes [START_REF] Cai | Plants send small RNAs in extracellular vesicles to fungal pathogen to silence virulence genes[END_REF][START_REF] Rajwanshi | Role of miRNAs in plant-microbe interaction[END_REF] and inversely some fungi are able to transfer their own smallRNAs to the host plant to silence host immunity genes [START_REF] Weiberg | Fungal Small RNAs Suppress Plant Immunity by Hijacking Host RNA Interference Pathways[END_REF]. Identifying RNAi components and exploring the involvement of smallRNAs in the life cycle of pathogenic fungi could be of great interest notably for the development of innovative disease control alternatives.

The necrotrophic plant pathogen Alternaria brassicicola is the causative agent of the black spot disease in Brassicaceae plants including many economically important crop species as oilseed and cabbage and the plant model Arabidopsis thaliana [START_REF] Lawrence | At death's door: Alternaria pathogenicity mechanisms[END_REF]. This pathogen may be responsible for high yield losses. During its life cycle, this fungus can transmit itself vertically, from leaf to seeds, and horizontally, from plant to plant giving significant advantages for progeny infection and long-distance dissemination [START_REF] Baker | Dynamics of seed transmission of plant pathogens[END_REF][START_REF] Elmer | Seeds as vehicles for pathogen importation[END_REF]. Then the fungus can resist to very low water availability [START_REF] Pochon | Dehydrin-like proteins in the necrotrophic fungus Alternaria brassicicola have a role in plant pathogenesis and stress response[END_REF] and to chemical stresses through the plant production of defense molecules [START_REF] Pedras | The phytoalexins from cultivated and wild crucifers: chemistry and biology[END_REF]. Moreover, as necrotrophic pathogen, A.

brassicicola secretes an arsenal of host cell wall-degrading enzymes and diverse secondary metabolites, especially toxins, required for plant penetration and nutrient consumption in order to colonize and kill host tissue [START_REF] Cho | The Fus3/Kss1 MAP kinase homolog Amk1 regulates the expression of genes encoding hydrolytic enzymes in Alternaria brassicicola[END_REF][START_REF] Meena | Alternaria toxins: potential virulence factors and genes related to pathogenesis[END_REF]. While pathways involved in the virulence of A. brassicicola have been extensively studied, little is known on regulatory mechanisms. As RNAi and smallRNAs are described as involved in the pathogeny of fungy, to study these two mechanisms could be new ways to increase our knowledge about A. brassicicola virulence. The Abra43 strain was isolated in 1999 from radish seeds during quality controls of French commercial lots. Recently, a new genome sequence of A. brassicicola Abra43 has been reported [START_REF] Belmas | Genome sequence of the necrotrophic plant pathogen Alternaria brassicicola Abra43[END_REF]. Obtained from a 7-day-old colony growing on potato dextrose agar at 24°C, the genome was sequenced using a combination of PacBio and HiSeq4000 technologies.

The draft genome consisted of 29 contigs for a total length of 31,036,461bp with a G+C content of 50.85%. A. brassicicola genome was estimated to code 12,456 proteins [START_REF] Belmas | Genome sequence of the necrotrophic plant pathogen Alternaria brassicicola Abra43[END_REF].

In this study, we first used the new draft genome of A. brassicicola in order to characterize the major components of the RNA interference machinery in the necrotrophic fungus A. brassicicola.

Second, we aimed to identify and characterize A. brassicicola miRNA-like RNAs population from the vegetative state of the fungus.

Materials and methods

Identification of RNAi machinery components

For the identification of RNAi components, Neurospora crassa homologs of Dcr, Ago and Rdrp genes were searched in the published genomes of A. brassicicola strain Abra43 [START_REF] Belmas | Genome sequence of the necrotrophic plant pathogen Alternaria brassicicola Abra43[END_REF] using BLASTP. An E-value of 8e-10 was used as a cutoff in BLASTP searches and the hits were filtered to keep only those with at least 25% identity to the query sequence. Protein domains were screened using Pfam v.33.1 (http://pfam.xfam.org/, [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF] and compared to those of the DCR, Ago and Rdrp proteins from N. crassa. Then, we looked for the Helicase3, Dcr dimer and Ribonuclease3 domains in Dcr putative proteins, the Argo, PAZ and Piwi domains in Ago putative sequences and the RDRP domain in the putative Rdrp proteins and only proteins containing these domains were conserved. To strengthen the identification, Dcr, Ago and Rdrp specific domains were directly searched in the protein database of A. brassicicola using ScanProsite tool (https://prosite.expasy.org/scanprosite/). The amino acid sequences of potential candidates were then aligned with sequences from Ascomycota fungi summarized in table S1 using Muscle [START_REF] Edgar | MUSCLE: multiple sequence alignment with high accuracyand high throughput[END_REF] with default parameters. The alignments were subsequently processed using MEGA v10.1.8 [START_REF] Kumar | MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms[END_REF] for phylogenetic analysis. The LG+F model associated with gamma distributed in 5 categories was used as criteria for the maximum likelihood phylogenetic tree building. The robustness of each tree was estimated by performing 1000 bootstrap replicates.

Strain and mutant generation

The A. brassicicola wild-type strain (Abra43) has previously been described [START_REF] Sellam | In vitro antifungal activity of brassinin, camalexin and two isothiocyanates against the crucifer pathogens Alternaria brassicicola and Alternaria brassicae[END_REF] and was used to generate the various deletion mutants (Table S3). Loss-of-function mutants were generated by homologous integration of replacement constructs generated by double-joint PCR and containing a selectable marker flanked by sequences specific to the targeted genes [START_REF] Yu | Double-Joint PCR: a PCR-based molecular tool for gene manipulations in filamentous fungi[END_REF].

The selectable marker corresponded to the Hygromycin-resistant gene from pCB1636 plasmid [START_REF] Sweigard | Identification cloning and characterization of PWL2, a gene for host species specificity in the rice blast fungus[END_REF] and the Nourseothricin-resistant gene from pNR plasmid [START_REF] Malonek | The NADPHcytochrome P450 Reductase gene from Gibberella fujikuroi is essential for gibberellin biosynthesis[END_REF]. For each targeted gene, two sets of primers (Table S1) were designed to amplify 908 bp (DCR1) and 668 bp (DCR2) from the 5′ flanking regions and 870 bp (DCR1) and 800 bp (DCR2) from the 3′ regions. All amplifications were performed with Phusion™ Hot Start High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finland). The final double-joint PCR were carried out using the NF-NR primer pairs to have a fragment including 5' and 3' complementary flanking regions surrounding the selectable marker. Products were purified and used to transform A. brassicicola protoplasts as described by [START_REF] Cho | A high throughput targeted gene disruption method for Alternaria brassicicola functional genomics using linear minimal element (LME) constructs[END_REF]. Hygromycin-resistant transformants were prescreened by PCR with relevant primer combinations to confirm integration of the replacement construct at the targeted locus. Deletion mutants were further purified by two rounds of single-spore isolation and then confirmed by RT-PCR after a retrotranscription using the RevertAid Reverse Transcriptase (ThermoFisher Scientific, Massachusetts, USA) . The double mutant (DCR1DCR2ΔΔ) was obtained using the same method and primers except the DCR1 mutant was used as recipient initial strain. For each genotype, (DCR1Δ.1, DCR1Δ.3, DCR2Δ.6, DCR2Δ.7, DCR1DCR2ΔΔ.2 and DCR1DCR2ΔΔ.4) two mutants were generated during two independent transformation experiments.

Growth conditions

A 10 4 conidia/mL culture in PDB (Difco, Faverges, France) liquid medium was prepared from a 7days PDA culture of A. brassicicola and its mutants. After 18h incubation at 22°C under shaking in the darkness, suspensions were filtered and mycelium were immediately frozen in TRI Reagent solution (Ambion, Foster, USA) and stored at -80°C until used.

Small RNA extraction, sequencing and quantification

Total small RNAs were extracted frozen mycelium using NucleoSpin miRNA kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions followed by Turbo DNA-free Kit (Ambion) treatment. RNA quantity and quality were controlled using the Qubit Fluorometric Quantitation (ThermoFisher Scientific) and the Experion Automated Electrophoresis System (Bio-Rad, California, USA) respectively. RNAs below 45bp size were selected to create sRNA libraries.

Small RNA sequences were generated using Illumina HiSeq 2500 and the Basecalling pipeline HiSeq Control Software 2.2.58, RTA 1.18.64.0 and CASAVA-1.8.2 at the Fasteris Company (Geneva, Switzerland). Each sequencing was carried out in duplicates.

miRNA-like RNAs identification

Small RNA sequencing was cleaned to remove adaptors and low-quality tags. Only unique sequences along with at least 10 associated read counts were conserved in order to avoid contaminants such as reads derived from degradation products. After removing ribosomal RNA (rRNA), transfert RNA (tRNA), small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA) by aligning unique sequences to Rfam v12.0 [START_REF] Gardner | Rfam : updates to the RNA families database[END_REF], the prediction of miRNA was carried out using the miRDeep v2.0.0.8 algorithm with default values [START_REF] An | miRDeep*: an integrated application tool for miRNA identification from RNA sequencing data[END_REF]. The conservation status of miRNA was analyzed by comparison with mature miRNAs and stem-loop recorded in miRbase v22.1 using a cut-off of value of 15, a match score of 5 and a mismatch penalty value of -4.

miRNA-like RNAs target prediction

The prediction of target genes for A. brassicicola miRNAs was carried out using the miRanda v3.3 software with score and energy threshold of 155 and -23 kcal.mol -1 respectively and the psRNATarget software with default values on A. brassicicola and A. thaliana genome as references.

Only target genes predicted by the two softwares were conserved.

Statistical analysis

Statistical analyses were done with the R software package (version 3.2.3). Small RNA abundances were analysed using EdgeR [START_REF] Mccarthy | Differential expression analysis of multifactor RNA-Seq experiments with respect to biological variation[END_REF] and DEseq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. Only sequences with significant values in both softwares were used for further analyses.

Results

Identification of RNAi components

Using the recently published genome of A. brassicicola Abra43 [START_REF] Belmas | Genome sequence of the necrotrophic plant pathogen Alternaria brassicicola Abra43[END_REF], the identification of RNAi machinery components was investigated. Using Dcr, Ago and Rdrp proteins from N. crassa in a blast analysis, 24, 14 and 28 predicted proteins were respectively identified, in the A. brassicicola genome that could be candidates to RNAi machinery components. In order to decrease the number of candidates, we searched for protein domains using Pfam v33.1 database [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF]. The presence of two RNaseIII, one helicase C and one Dcr_dimer domains was necessary for Dcr proteins selection [START_REF] Macrae | Structural basis for double-stranded RNA processing by dicer[END_REF]. The presence of a Piwi domain and a RDRP domain was required for the Ago and Rdrp protein selection, respectively [START_REF] Lyer | Evolutionary connection between the catalytic subunits of DNA-dependent RNA polymerases and eukaryotic RNA-dependent RNA polymerases and the origin of RNA polymerases[END_REF][START_REF] Silvestri | In silico analysis of fungal small RNA accumulation reveals putative plant mRNA targets in the symbiosis between an arbuscularmycorrhizal fungus and its host plant[END_REF] (Figure 1). Then, 2 proteins AbraP02176 and AbraP09650 from A. brassicicola could be candidates for Dcr proteins, 4 proteins AbraP00219, AbraP00596, AbraP02566 and AbraP04899 could be candidates for Ago proteins and finally 3 proteins AbraP01134, AbraP04622 and AbraP08397 could be candidates for Rdrp. Except for Rdrp, these results were confirmed by the search of specific domains in the protein database of A. brassicicola using Prosite scan. Then, using this Prosite analysis, 2 proteins, AbraP02176 and AbraP09650, presented the Dcr specific domains and 4 proteins, AbraP00219, AbraP00596, AbraP02566 and AbraP04899, presented the specific piwi domain of Ago. By contrast, this method did not allow to identify Rdrp protein candidates.

To further characterize the Dcr, Ago and Rdrp proteins in A. brassicicola, phylogenetic analyses were carried out. The analysis of Dcr proteins phylogeny revealed a highly conserved evolution of these protein in the Ascomycota. Then, two Dcr proteins were identified in A. brassicicola:

AbraP02176 and AbraP09650 that were determined as the homologs of Dcr1 and Dcr2, respectively (Figure 2). The same analysis using Ago proteins from Ascomycota and the 4 Ago candidates from A. brassicicola revealed a higher disparity in the phylogeny (complementary figure 1).

AbraP00219, AbraP00596, AbraP02566 and AbraP04899 could not be assigned to a specific Ago due to low bootstrap values. However, we could confirm that A. brassicicola has 4 different Ago. In the same way, we could confirm that the three Rdrp candidates from A. brassicicola were Rdrp proteins, but it was not possible to identify Rdrp1 and Rdrp3 (complementary figure 2). However, AbraP04622 could be predicted as Rdrp2.

According to the protein domain comparison and the phylogenic analysis, AbDCR-deleted mutants were created. The RT-PCR (Complementary figure 4), carried out in order to control the deletion of DCR genes, showed that DCR1 was expressed in the wild-type Abra43 strain and in DCR2 deleted mutant and conversely DCR2 was expressed in the wild-type Abra43 strain and in DCR1 deleted mutant. As expected, no DCR genes were expressed in the double mutant (Complementary figure 4).

Overview of the small RNA sequencing results

Two small RNA libraries were constructed from fungal wild-type and Dcr-deleted mutants and sequenced. After removal of adapters and low-quality sequences, we obtained an average of 18'012'460 ± 1'973'950 reads per condition with an average quality score (Q30) of 94.4 ± 0.3 % which represented 14'611'200 ± 1'484'632 unique reads. Most of sequenced reads had between 17 to 30 bp size long representing 95.3 % of unique reads. Within the small RNA libraries, coding RNAs, transfert RNAs and ribosomal RNAs, represented respectively 7 %, 5 % and 38 % of unique reads while non-transcribed small RNAs (nt-sRNAs) represented 50 % of unique reads (Figure 3A). Small RNAs size being evaluated between 18 and 25 bp, the following analysis was executed on this size range. DESeq2 statistical analysis on small RNAs between 18 and 25 bp size long and identified as nt-sRNAs showed that a total of 2566 unique sequences were differentially represented according to DCR1, DCR2 and double DCR deletion mutants (Figure 3B). In details, 36, 381 and 827 nt-sRNA sequences were under-represented in DCR1, DCR2 and double DCR deleted mutants, respectively. On the other hand, 618, 66 and 638 nt-sRNA sequences were over-represented in DCR1, DCR2 and double DCR deleted mutants, respectively.

The evaluation of small RNAs length distribution according to the deletion gave an interesting result. Indeed, 18 and 19 bp size long small RNAs were more abundant in the DCR2 and double DCR deleted mutants while higher size small RNAs, from 20 to 25 bp size long, were overrepresented in wild-type and in DCR1 deleted mutant (Figure 4A). The 5'-terminus nucleotide of small RNA was not influenced by dicer deletion (Figure 4B). Indeed, in the wild-type strain as in the simple and double mutants, the 5'-terminus nucleotide of small RNAs presented a light preference for the uridine with a mean proportion of 31.8 ± 1.4 % of small RNAs whereas guanine, adenine and cytosine at the 5' end represented respectively 24.8 ± 0.3 %, 23.7 ± 0.5 % and 19.7 ± 0.7 % of small RNAs (Figure 4B).

Identification and characteristics of miRNAs in A. brassicicola

The miRDeep2 algorithm allows the in silico identification of known and novel miRNAs by predicting RNA-hairpin precursors and calculating the energy of the secondary structure. The miRDeep2 software identified 17 novel putative miRNAs (Table 1) in the small RNAs population sequenced from A. brassicicola with a size between 18 and 21 bp length. Of these 17 miRNAs, 7 highly probable miRNAs (AbmiRNA) presented a high sequencing coverage and 10 miRNA candidates (AbmiRNA-C) had a low sequencing coverage. Precursors of AbmiRNAs (Figure 5) and AbmiRNA-C can form the characteristic secondary structure in hairpin.

Of the 17 putative AbmiRNAs only 6 were influenced by the separate or simultaneous Dcr deletion (Table 1). Interestingly, miRNAs influenced by DCR1 deletion were over-represented while those influenced by DCR2 were under-represented (Table1). Indeed, AbmiRNA-02 and AbmiRNA-04 were respectively over-represented by a log2 fold-change of 4.3 and 2.4 in the DCR1 deleted mutant and by 3.7 and 1.8 respectively in the double mutant (Table 1). On the contrary, AbmiRNA-01, AbmiRNA-C5 and AbmiRNA-C8 were under-represented by a log2 fold-change of -4.9, -3.7 and -6.5 respectively in DCR2 deleted mutant and by -6.2, -5.7 and -6.6 respectively in the double mutant (Table 1). AbmiRNA-C7 was an exception because it was only under-represented by a log2 fold-change of -4.6 in the double mutant. Finally, AbmiRNA-03, AbmiRNA-05, AbmiRNA-06, AbmiRNA-07, AbmiRNA-C1, AbmiRNA-C2, AbmiRNA-C3, AbmiRNA-C4, AbmiRNA-C6, AbmiRNA-C9 and AbmiRNA-C10 seemed to be synthesized in a Dcr-independent pathway.

As no algorithm is currently available for the study of fungal miRNAs, target predictions were carried out using miRanda (written for the prediction of miRNAs binding site in animals) and psRNATarget (written for prediction in plants). Only the common targets predicted by these two softwares were retained.

For 16 miRNAs, at least one target binding site was identified in the A. brassicicola genome (Table 2). Whereas AbmiRNA-C3 had no predicted target, AbmiRNA-05 had the largest number of putative targets with 8 predicted sites (Table 2). The majority of these miRNA targets included cytochrome P450, ion or sugar transporters, enzymes of the carbohydrate metabolism, ribosome constituent proteins and proteins involved in oxidation and desiccation resistance mechanisms (Table 2). Ten AbmiRNAs had predicted targets that could be involved in responses to either osmotic, oxidative or desiccation stresses. For example, deletion of S. cerevisiae homologs of AbraP01593 predicted as putative potassium transporter and of AbraP08633 predicted as carboxypeptidase B precursor induced decrease of desiccation resistance [START_REF] Borovikova | Potassium uptake system Trk2 is crucial for yeast cell viability during anhydrobiosis[END_REF][START_REF] Ratnakumar | Phenomic and transcriptomic analyses reveal that autophagy plays a major role in desiccation tolerance in Saccharomyces cerevisiae[END_REF].

Using the same strategy with Arabidopsis thaliana genome, a large number of putative target sites were predicted. Ten miRNAs had target sites in A. thaliana. Interestingly, a same miRNA, as AbmiRNA-01, AbmiRNA-04, AbmiRNA-06, AbmiRNA-07, AbmiRNA-C1, AbmiRNA-C2, AbmiRNA-C3, AbmiRNA-C5 and AbmiRNA-C8 presented binding site on several splice variants of the same gene (Table 2). In particular, 3 miRNAs (AbmiRNA-04, AbmiRNA-06 and AbmiRNA-C1) had targets of interest. AbmiRNA-04 targeted 5 splice variants of AT1G79580 coding for NAC domain transcriptional regulator superfamily protein (Table 2). NAC proteins are one of the largest classes of plant-specific transcriptional regulators and are important in both abiotic and biotic stress responses as well as in plant development regulation [START_REF] Christianson | ATAF NAC transcription factors: Regulators of plant stress signaling[END_REF][START_REF] Mondal | Association of Alternaria barssicicola induced NAC transcription factors with desiccation and wound responses in Indian mustard[END_REF]. AbmiRNA-06 had 5 splice variants of AT1G01920 as targets, identified as a SET domaincontaining protein (Table 2). This protein is involved in histone lysine methylation, an epigenetic regulatory mechanism [START_REF] Herz | SET for life: biochemical activities and biological functions of SET domain-containing proteins[END_REF][START_REF] Ng | Plant SET domain-containing proteins: Structure, function and regulation[END_REF]. AbmiRNA-C1 targeted 3 splice variants of AT1G58400, identified as disease resistance protein presenting the CC-NBS-LRR pattern (Table 2). This protein family recognized specific pathogen-derived products and initiated a resistance response [START_REF] Belkhadir | Plant disease resistance protein signaling: NBS-LRR proteins and their partners[END_REF][START_REF] Moffet | Interaction between domains of a plant NBS-LRR protein in disease resistance-related cell death[END_REF].

Discussion

RNA interference is a cross-kingdom post-transcriptional regulation implicated in numerous pathways and influencing phenotypes or responses to environmental stimuli [START_REF] Calkins | Development of an RNA interference (RNAi) gene knockdown protocol in the anaerobic gut fungus Pecoramyces ruminantium strain C1A[END_REF].

RNAi components comprising Dcr proteins, Argonaute proteins and RNA-dependent RNA polymerases have been identified in various fungi belonging to Ascomycota, Basidiomycota and Zygomycota [START_REF] Nakayashiki | RNA silencing in fungi: Mechanisms and applications[END_REF] and presented similarity with plant and animal components. Here, based on a blast and phylogeny analysis, 2 DCR genes (AbDCR1 and AbDCR2), 4 AGO genes and 3 RDRP genes were identified in the genome of the necrotrophic fungus Alternaria brassicicola. This result is in accordance with other data reported in fungi that typically possess 1-3 Dcr, 1-4 Ago and 1-4 Rdrp [START_REF] Chang | RNA Interference Pathways in Fungi: Mechanisms and Functions[END_REF], although some fungi, like the arbuscular mycorhizal fungi Rhizophagus irregularis, possess a single Dcr protein but as much as 40 Ago-like and 21 putative Rdrp [START_REF] Silvestri | In silico analysis of fungal small RNA accumulation reveals putative plant mRNA targets in the symbiosis between an arbuscularmycorrhizal fungus and its host plant[END_REF]. These putative proteins could be residues of ancestral duplications of DCR, AGO and RDRP genes. The presence of A. brassicicola genes coding for RNAi components supposed that miRNAs are synthesized in fungal cells [START_REF] Chen | Exploring microRNA-like small RNAs in the filamentous fungus Fusarium oxysporum[END_REF][START_REF] Kang | Identification of microRNA-Like RNAs in the Filamentous Fungus Trichoderma reesei by Solexa Sequencing[END_REF]Zhou et al., 2012). In the present study, we identified 17 miRNAs candidates in A. brassicicola representing 0.15 % of the whole sequencing reads. This result is consistent with the number of miRNA identified in other fungi. In Penicillum chrysogenum, Trichoderma reesei and Sclerotinia sclerotiorum, 42, 34 and 13 different miRNAs were respectively identified [START_REF] Dahlmann | Dicer-dependent biogenesis of small RNAs and evidence for microRNA-like RNAs in the penicillin producing fungus Penicillium chrysogenum[END_REF][START_REF] Kang | Identification of microRNA-Like RNAs in the Filamentous Fungus Trichoderma reesei by Solexa Sequencing[END_REF]Zhou et al., 2012). These numbers of fungal miRNAs represented a somewhat low number compared to the 893 miRNAs identified in Brassica napus [START_REF] Shen | Identification and characterization of microRNAs in oilseed rape (Brassica napus) responsive to infection with the pathogenic fungus Verticillium longisporum using Brassica AA (Brassica rapa) and CC (Brassica oleracea) as reference genomes[END_REF] or the 326 sequences in A. thaliana gathered in the miRBase (http://www.mirbase.org). We could then supposed that the accumulation level of miRNAs in fungi is dramatically low and among these miRNAs only the most abundant were identified in previous study [START_REF] Kang | Identification of microRNA-Like RNAs in the Filamentous Fungus Trichoderma reesei by Solexa Sequencing[END_REF]Zhou et al., 2012).

Here among the 17 identified miRNAs, 2 were over-represented in DCR1 deleted mutant and double mutant (AbmiRNA-02 and AbmiRNA-04) and 3 were underrepresented in DCR2 deleted mutant and double mutant (AbmiRNA-01, AbmiRNA-C5 and AbmiRNA-C8). These results suggest that at least two distinct processes could contribute to the AbmiRNA synthesis, a Dcr dependent and a Dcr independent pathway. [START_REF] Lee | Diverse pathways generate microRNA-like RNAs and Dicerindependent small interfering RNAs in Fungi[END_REF] revealed the presence of pre-milRNA and mature miRNA in the DCR-deleted mutant of the fungal model N. crassa indicating the existence of Dcr independent miRNA synthesis pathway. Moreover, authors demonstrated also that the Qde-2 protein, an Ago-like protein, and a Mrpl3 homolog of S. cerevisiae, a putative RNase III domain-containing protein, were required to produce both pre-milRNAs and miRNA in the Dcr independent pathway. In A. brassicicola genome, AbraP00219 was found to be a QDE-2 homolog with 34% of similarity. QDE-2 is another name of AGO2 in N. crassa. Both Qde-2 and AbraP00219 presented 5 protein domains: Argo N, Argo L1, PAZ, Argo L2 and piwi (Figure 1). In the same way, A. brassicicola is supposed to possess a MRPL3 homolog coded by the AbraP11760 gene. The Pfam domain identification of these 2 proteins gave a putative RNase III domain and a Double stranded RNA-binding domain (Complementary figure 3). Then, proteins required for the miRNA synthesis in a Dcr independent pathway are potentially present in A. brassicicola. As other fungi presented evidence of the presence of Dcr independent miRNA synthesis pathway [START_REF] Dahlmann | Dicer-dependent biogenesis of small RNAs and evidence for microRNA-like RNAs in the penicillin producing fungus Penicillium chrysogenum[END_REF][START_REF] Trieu | A non-canonical RNA silencing pathway promotes mRNA degradation in basal fungi[END_REF], it would be interesting to investigate the function of Qde2 and Mrpl3 homologs in A. brassicicola.

Using target prediction softwares, it appeared that A. brassicicola miRNAs could regulate some genes involved in several metabolic pathways of fungi and of the host plant (Table 2). Interestingly, we could hypothetise that A. brassicicola could be able to manipulate host metabolism and immune response either in a direct or indirect manner. Indeed, AbmiRNA-04 and AbmiRNA-C1 targeted respectively NAC domain transcriptional regulator superfamily protein and Disease resistance protein (CC-NBS-LRR class) family, two proteins involved in plant biotic stress resistance.

Different studies demonstrated this phenomenon in fungal pathogen. For example, Botrytis cinerea, the causative agent of gray mold disease for more than 200 plant species, can deliver small RNAs in the host plant to hijack the RNAi machinery inducing the absence of plant response to B. cinerea infection [START_REF] Baulcombe | Small RNA-the secret of noble rot[END_REF][START_REF] Wang | Dicer-like Proteins Regulate the Growth, Conidiation, and Pathogenicity of Colletotrichum gloeosporioides from Hevea brasiliensis[END_REF][START_REF] Weiberg | Fungal Small RNAs Suppress Plant Immunity by Hijacking Host RNA Interference Pathways[END_REF]. Then by targeting directly the plant immune system, A. brassicicola could have an advantage to easily colonize the host plant. A. brassicicola may also hijack the plant metabolism targeting the regulatory mechanisms. AbmiRNA-06 targeted 5 splice variants of AT1G01920 coding for a SET domain-containing protein often found in chromatin-associated complexes [START_REF] Freitag | Histone methylation by SET domain proteins in fungi[END_REF]. These SET proteins are involved in methylation of different lysines in histones 3 and 4 regulating chromatin conformation and associated gene expression [START_REF] Herz | SET for life: biochemical activities and biological functions of SET domain-containing proteins[END_REF]. [START_REF] Berr | Arabidopsis Histone Methyltransferase SET DOMAIN GROUP8 Mediates Induction of the Jasmonate/Ethylene Pathway Genes in Plant Defense Response to Necrotrophic Fungi[END_REF] demonstrated the implication of SET domain histone methyltransferase in the induction of the Jasmonate/Ethylene pathway in the response of necrotrophic fungi infection. Then, by hijacking plant regulatory mechanisms, A. brassicicola can suppress or activate different metabolic pathway to favor the infection processes.

In conclusion, this study allowed to identify the main components of the RNAi mechanism in A.

brassicicola. This pathogenic fungus possesses the whole machinery for the synthesis of miRNAs, i.e. 2 Dcr, 4 Ago and 3 Rdrp proteins. In addition, 17 miRNAs putatively involved in the cellular mechanisms of the fungus were identified in this paper. Some of these miRNAs targeted proteins involved in oxidation and dessication resistance mechanisms. They could be a regulatory pathway involved in the A. brassicicola virulence. Interestingly, some miRNAs could also target the cellular mechanisms of the host plants in order to favor the infection. 

Table1

Click here to access/download;Table(s);Table1.pdf

Figure 1 :

 1 Figure captions :

Figure 2 :

 2 Figure 2: Phylogenetic tree of putative Dcr proteins from Alternaria brassicicola and Dcr
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 3 Figure 3: smallRNAs sequencing analysis in A. brassicicola Abra43 isolate. (A) Repartition of
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 4 Figure 4: Small RNA characteristics in the pathogenic fungus A. brassicicola. (A) Repartition
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 5 Figure 5: Predicted secondary structures of putative A. brassicicola miRNAs. Red letters
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 1 Predicted miRNAs, characteristics and expression ratio in mutant compared to Abra43. Stars represent the statistical significance: * < 0.05, ** < 0.01 and *** < 0.001.
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