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InTRoduCTIon

Members of the genus Frankia [START_REF] Brunchorst | Über Einige Wurzelanschwellungen, Besonders die Jenigen von Alnus, und den Elaeagnaceen[END_REF] are generally described as nitrogen-fixing actinobacteria that can form root nodules with some woody, dicotyledonous, perennial angiosperms taxonomically assigned to 25 genera within eight plant families [START_REF] Benson | Biology of Frankia strains, actinomycete symbionts of actinorhizal plants[END_REF]. This taxon is structured in four clusters (1-4) (cluster 1 strains are infective on members of the genera Alnus, Morella and Casuarina; cluster 2 strains are infective on members of the genera Ceanothus, Coriaria, Datisca and Dryas, cluster 3 strains are infective on members of the genera Colletia, Elaeagnus, Hippophae, Gymnostoma and Myrica and cluster 4 strains are unable to fix nitrogen and/or infect host plants [START_REF] Normand | Molecular phylogeny of the genus Frankia and related genera and emendation of the family Frankiaceae[END_REF]. Since the first report on the isolation of members of the genus Frankia from root nodules in 1978 [START_REF] Callaham | Isolation and cultivation in vitro of the actinomycete causing root nodulation in Comptonia[END_REF], many isolates representing nitrogen-fixing members of the genus have been obtained from several host plants [START_REF] Diem | Isolation of Frankia from nodules of Casuarina equisetifolia[END_REF][START_REF] Caru | Characterization of native Frankia strains isolated from Chilean shrubs (Rhamnaceae)[END_REF]. Characterization of these infective isolates resulted in the description of 15 species, including Frankia alni ACN14a T [START_REF] Nouioui | Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov[END_REF], Frankia torreyi CpI 1 T [START_REF] Nouioui | Frankia torreyi sp. nov., the first actinobacterium of the genus Frankia Brunchorst 1886, 174AL isolated in axenic culture[END_REF],

Frankia casuarinae CcI3 T [START_REF] Nouioui | Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov[END_REF], Frankia canadensis ARgP5 T [START_REF] Normand | Frankia canadensis sp. nov., isolated from root nodules of Alnus incana subspecies rugosa[END_REF], Frankia gtarii Agncl-4 T [START_REF] Nouioui | Novel species of Frankia, Frankia gtarii sp. nov. and Frankia tisai sp. nov., isolated from a root nodule of Alnus glutinosa[END_REF], Frankia tisai Agncl-8 T [START_REF] Nouioui | Novel species of Frankia, Frankia gtarii sp. nov. and Frankia tisai sp. nov., isolated from a root nodule of Alnus glutinosa[END_REF], Frankia umida Ag45/Mut15 T [START_REF] Normand | Frankia umida sp. nov., isolated from root nodules of Alnus glutinosa L[END_REF], Frankia coriariae BMG5.1 T [START_REF] Nouioui | Frankia coriariae sp. nov., an infective and effective microsymbiont isolated from Coriaria japonica[END_REF], Frankia elaeagni BMG5.12 T [START_REF] Nouioui | Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov[END_REF], Frankia discariae BCU110501 T [START_REF] Nouioui | Frankia discariae sp. nov.: an infective and effective microsymbiont isolated from the root nodule of Discaria trinervis[END_REF], Frankia soli NRRL B-16219 T [START_REF] Gtari | Frankia soli sp. nov., an actinobacterium isolated from soil beneath Ceanothus jepsonii[END_REF], Frankia irregularis G2 T [START_REF] Nouioui | Frankia irregularis sp. nov., an actinobacterium unable to nodulate its original host, Casuarina equisetifolia, but effectively nodulates members of the actinorhizal Rhamnales[END_REF], Frankia asymbiotica M16386 T [START_REF] Nouioui | Frankia asymbiotica sp. nov., a non-infective actinobacterium isolated from Morella californica root nodule[END_REF], Frankia saprophytica CN 3 T [START_REF] Nouioui | Frankia saprophytica sp. nov., an atypical, non-infective (Nod-) and non-nitrogen fixing (Fix-) actinobacterium isolated from Coriaria nepalensis root nodules[END_REF] and Frankia colletiae Cc1.17 T [START_REF] Nouioui | Frankia colletiae sp. nov., a nitrogen-fixing actinobacterium isolated from Colletia cruciata[END_REF]. Additional species to describe uncultured Frankia populations in root nodules have been proposed as 'Candidatus Frankia alpina' [START_REF] Pozzi | Proposal of 'Candidatus Frankia alpina', the uncultured symbiont of Alnus alnobetula and A. incana that forms spore-containing nitrogen-fixing root nodules[END_REF], 'Candidatus Frankia nodulisporulans' [START_REF] Herrera-Belaroussi | Candidatus Frankia nodulisporulans sp. nov., an Alnus glutinosa-infective Frankia species unable to grow in pure culture and able to sporulate in-planta[END_REF], 'Candidatus Frankia californiensis' Dg2 [START_REF] Normand | Proposal of 'Candidatus Frankia californiensis', the uncultured symbiont in nitrogen-fixing root nodules of a phylogenetically broad group of hosts endemic to western North America[END_REF], 'Candidatus Frankia datiscae' Dg1 [START_REF] Persson | Candidatus Frankia datiscae Dg1, the actinobacterial microsymbiont of Datisca glomerata, expresses the canonical nod genes nodABC in symbiosis with its host plant[END_REF] and 'Candidatus Frankia meridionalis' Cppng1 [START_REF] Nguyen | Frankia-enriched metagenomes from the earliest diverging symbiotic Frankia cluster: they come in teams[END_REF].

In addition to these infective nitrogen-fixing members of the genus Frankia, a few non-infective or non-nitrogen-fixing strains have been isolated. These isolates were obtained from root nodules from a variety of host plant species, i.e. Coriaria nepalensis (CN4 T , CN6, CN7 and CNm7) [START_REF] Mirza | Isolation and characterization of Frankia strains from Coriaria nepalensis[END_REF], Alnus glutinosa (AgB1.8, AgB1.9 and AgW1.1) [START_REF] Hahn | Variable compatibility of cloned Alnus glutinosa ecotypes against ineffective Frankia strains[END_REF], Elaeagnus umbellata (EuI1c) [START_REF] Lechevalier | Physiology and chemical diversity of Frankia spp. isolated from nodules of Comptonia peregrina (L.) Coult. and Ceanothus americanus L[END_REF], Datisca cannabina (DC12) [START_REF] Mirza | Isolation and characterization of Frankia strains from Coriaria nepalensis[END_REF] and Ceanothus americanus (CaI1) [START_REF] Mirza | Identification of atypical Frankia strains by fatty acid analysis[END_REF]. Many of these isolates are unable to fulfil Koch's postulates since they do not form nodules on their original host plant species [START_REF] Normand | Molecular phylogeny of the genus Frankia and related genera and emendation of the family Frankiaceae[END_REF][START_REF] Gtari | An update on the taxonomy of the genus Frankia Brunchorst, 1886, 174AL[END_REF]. Some strains do form nodules but these are generally extremely small with only hyphae and no vesicles present in infected nodule cells [START_REF] Hahn | Variable compatibility of cloned Alnus glutinosa ecotypes against ineffective Frankia strains[END_REF]. Currently, three species have been described for this group, Frankia inefficax EuI1c T [START_REF] Nouioui | Frankia inefficax sp. nov., an actinobacterial endophyte inducing ineffective, non nitrogen-fixing, root nodules on its actinorhizal host plants[END_REF], Frankia asymbiotica M16386 T [START_REF] Nouioui | Frankia asymbiotica sp. nov., a non-infective actinobacterium isolated from Morella californica root nodule[END_REF] and Frankia saprophytica CN3 T [START_REF] Nouioui | Frankia saprophytica sp. nov., an atypical, non-infective (Nod-) and non-nitrogen fixing (Fix-) actinobacterium isolated from Coriaria nepalensis root nodules[END_REF]. Recent sequence analyses of amplicons of an actinobacteria-specific insertion in the 23S rRNA genes of additional cluster 4 strains have revealed several strains clustering together but distinct from type strains of species of cluster 4 [START_REF] Tekaya | Frankia diversity in host plant root nodules is independent of abundance or relative diversity of Frankia populations in corresponding rhizosphere soils[END_REF]. These strains included CN4 T , CN6, CN7 and CNm7 isolated from Coriaria nepalensis. The genomes of these strains have recently been characterized and found to represent a distinct lineage with an ANI of 81 % or lower with species of the genus Frankia with validly published names [START_REF] Carlos-Shanley | Draft genomes of nonnitrogen-fixing Frankia strains[END_REF], thus well below the threshold of 95 % to delineate species [START_REF] Goris | DNA-DNA hybridization values and their relationship to whole-genome sequence similarities[END_REF]. This study describes the characterization of strain CN4 T as the type strain of a novel species within cluster 4, Frankia nepalensis sp. nov., with strain CN6 providing additional support for this description.

METHodS

Selective isolation and maintenance

The strains CN4 T , CN6, CN7 and CNm7 were isolated from root nodules of Coriaria nepalensis Wall from Murree (Rawalpindi district, Pendjab province in the mountainous north of Pakistan) as described by Mirza et al. [START_REF] Mirza | Isolation and characterization of Frankia strains from Coriaria nepalensis[END_REF]. The strains were grown in basic propionate liquid medium (BAP) [START_REF] Murry | Growth kinetics and nitrogenase induction in Frankia sp. HFPArI 3 grown in batch culture[END_REF] supplemented with NH 4 Cl for 3-4 weeks at 28 °C in the dark without shaking. CN4 T and CN6 were deposited in the German Collection of Microorganisms and Cell Cultures (DSMZ) culture collection and in the Belgian Co-ordinated Collections of Micro-organisms (BCCM) (CN4 T = DSM 114740 T = LMG 32595 T ; CN6=DSM 114740=LMG 32778).

Molecular analysis and phylogeny

Genomic DNA extraction, single-gene and genome sequencing were performed as described previously [START_REF] Carlos-Shanley | Draft genomes of nonnitrogen-fixing Frankia strains[END_REF]. Similarity matrices were determined using almost complete 16S rRNA gene sequences with the maximum likelihood (ML) tree reconstruction approach [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] with 100 bootstraps to assess branch support [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] run on the PhyML platform [START_REF] Guindon | New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0[END_REF]. The type strains of species of the genus Frankia were retrieved from the list of prokaryotic names with standing in nomenclature [START_REF] Parte | List of Prokaryotic names with Standing in Nomenclature (LPSN) moves to the DSMZ[END_REF][START_REF] Meier-Kolthoff | TYGS and LPSN: a database tandem for fast and reliable genome-based classification and nomenclature of prokaryotes[END_REF], and their 16S rRNA gene sequences were obtained from the GenBank database. The type strain of Acidothermus cellulolyticus 11B T was used as an outgroup.

A multi-locus sequence analysis (MLSA) phylogeny [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] was reconstructed as described previously [START_REF] Pozzi | Robust Frankia phylogeny, species delineation and intraspecies diversity based on Multi-Locus Sequence Analysis (MLSA) and Single-Locus Strain Typing (SLST) adapted to a large sample size[END_REF] using the custom model with 100 bootstraps to assess branch support [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] with amino acid (AA) sequences of proteins involved in energy production and ATP biosynthesis (AtpD), chromosomal replication (DnaA), cell division (FtsZ), transcription (RpoB) and glycolysis (Pgk) with sequences of Streptomyces coelicolor strain A3(2) as the outgroup.

Genomic approach

Average nucleotide identity (ANI) comparisons had been performed previously between the genome sequence of the studied strain and all species of the genus Frankia with validly published names as well as 'Candidatus Frankia alpina', 'Candidatus Frankia nodulisporulans', 'Candidatus Frankia californiensis', 'Candidatus Frankia datiscae' and 'Candidatus Frankia meridionalis' [START_REF] Carlos-Shanley | Draft genomes of nonnitrogen-fixing Frankia strains[END_REF].

Digital DNA-DNA hybridization (dDDH) values between the strains and their neighbours in the genus Frankia were determined using the Genome to Genome distance calculator server with the high-scoring segment pair (HSP) length/total length option [START_REF] Meier-Kolthoff | TYGS and LPSN: a database tandem for fast and reliable genome-based classification and nomenclature of prokaryotes[END_REF].

The genome was compared to the genomes of type strains of isolates of members of the genus Frankia on the Mage platform [START_REF] Vallenet | Micro-Scope in 2017: an expanding and evolving integrated resource for community expertise of microbial genomes[END_REF] to identify secondary metabolites clusters through antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) [START_REF] Medema | antiSMASH: rapid identification, annotation and analysis of secondary metabolite biosynthesis gene clusters in bacterial and fungal genome sequences[END_REF] and to identify genes gained or lost between groups of strains.

Infectivity test

Infectivity properties of CN4 T were determined using Coriaria nepalensis and Alnus glutinosa seedlings grown axenically for 1 month in 100 ml of nitrogen-free solution. A 14-day-old culture of the strain was collected and washed three times with distilled water, cell filaments were homogenized by repeated passages through a needle (0.6 mm diameter) and homogenates were applied onto the root surfaces of test plant seedlings (n=15) using a sterile needle. Plants were checked periodically for deformation of root hairs and induction of root nodules. Three non-inoculated seedlings were used as controls.

The growth properties of the strain in BAP medium with 5 mM propionate as a carbon source were monitored over a wide range of temperatures (4 °C, 10 °C, 15 °C, 25 °C, 37 °C, 42 and 45 °C) and of pH (5.0, 5.5, 6.0, 7.5, 8.0, 8.5, 10.0) after 4 weeks of incubation at 28 °C.

Physiological characterisation

The ability of the strain to metabolize various carbon and nitrogen sources and to tolerate several inhibitory compounds and antibiotics was evaluated using GENIII microplates and an OMNILOG device (Biolog), as described previously [START_REF] Nouioui | Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov[END_REF]. The resulting data were analysed using the OPM package version 1.3.36 [START_REF] Vaas | opm: an R package for analysing OmniLog ® phenotype microarray data[END_REF]. All phenotypic tests listed above were carried out in duplicate.

Chemotaxonomy

Cells for chemotaxonomic analyses of the strain were collected from a 3-week-old culture (end of exponential phase) grown on BAP medium at 28 °C, washed twice with saline solution (0.8 % NaCl) and then freeze-dried [START_REF] Nouioui | Proposal of a type strain for Frankia alni (Woronin 1866) Von Tubeuf 1895, emended description of Frankia alni, and recognition of Frankia casuarinae sp. nov. and Frankia elaeagni sp. nov[END_REF]. Standard chromatographic procedures were used to determine the diaminopimelic acid content of the peptidoglycan [START_REF] Schleifer | Peptidoglycan types of bacterial cell walls and their taxonomic implications[END_REF], analysis of whole organism sugar composition [START_REF] Lechevalier | Chemical composition as a criterion in the classification of aerobic actinomycetes[END_REF][START_REF] Staneck | Simplified approach to identification of aerobic actinomycetes by thin-layer chromatography[END_REF] and analysis of polar lipids following the protocol of Minnikin et al. [START_REF] Minnikin | An integrated procedure for the extraction of bacterial isoprenoid quinones and polar lipids[END_REF] as modified by Kroppenstedt and Goodfellow [START_REF] Kroppenstedt | The Prokaryotes: A Handbook on the Biology of Bacteria (Archae, Bacteria Firmicutes, Actinomycetes)[END_REF]. Chromatographic analysis and identification of quinones were carried out by HPLC coupled to a diode-array detection (DAD) and high-resolution spectrometer [START_REF] Schumann | Reclassification of Haloactinobacterium glacieicola as Occultella glacieicola gen. nov., comb. nov., of Haloactinobacterium album as Ruania alba comb. nov, with an emended description of the genus Ruania, recognition that the genus names Haloactinobacterium and Ruania are heterotypic synonyms and description of Occultella aeris sp. nov., a halotolerant isolate from surface soil sampled at an ancient copper smelter[END_REF]. Cellular fatty acids were extracted from wet biomass of 4-week-old active cultures, following the standard protocols of the Microbial Identification System (MIDI Inc; version 6.1) [START_REF] Sasser | Identification of bacteria by gas chromatography of cellular fatty acids[END_REF], the peaks were identified using the ACTIN6 database and the data were confirmed by GC-MS as described previously [START_REF] Vieira | Usitatibacter rugosus gen. nov., and Usitatibacter palustris sp. nov., novel members of Usitatibacteraceae fam. nov. within the order Nitrosomonadales isolated from soil[END_REF].

Scanning electron microscopy

The cell ultrastructure of 21 day old colonies of CN4 T was analysed using scanning electron microscopy as described previously [START_REF] Hahn | Variable compatibility of cloned Alnus glutinosa ecotypes against ineffective Frankia strains[END_REF]. 

Continued

RESuLTS And dISCuSSIon

CN4 T , CN6, CN7 and CNm7 grew slowly as thin fluffy reddish veils at the bottom of the tubes under nitrogen-replete conditions. The cultures contained hyphae and sporangia (Fig. 1) as described previously. Growth was minimal and rapidly ceased in nitrogen-free medium and no vesicles were seen, which is consistent with the absence of the nif cluster that is a general feature of cluster 4 strains.

Nodulation (nod) genes were searched for in the genomes but only distant homologues of nodB and nodC (all below 50 % AA identity with the canonical nodABC) were identified. No nodules were formed on A. glutinosa, although root hairs were deformed.

No nodules were formed on Coriaria nepalensis [START_REF] Mirza | Isolation and characterization of Frankia strains from Coriaria nepalensis[END_REF]. Root hair deformation on Alnus glutinosa was expected given that CN 3 T and EuI1c T also deformed root hairs of members of the genus Alnus [START_REF] Cissoko | Actinorhizal signaling molecules: Frankia root hair deforming factor shares properties with NIN inducing factor[END_REF]. This is indicative of the ability to enter symbiosis depending on more determinants than the ability to deform root hairs.

The phenotype of CN4 T confirms that non symbiotic stowaway strains of members of the genus Frankia strains are a general occurrence in several hosts, such as embers of the genera Casuarina [START_REF] Diem | Isolation of Frankia from nodules of Casuarina equisetifolia[END_REF], Alnus [START_REF] Hahn | Variable compatibility of cloned Alnus glutinosa ecotypes against ineffective Frankia strains[END_REF], Datisca [START_REF] Hameed | Confirmation of an isolate from Datisca cannabina as atypical Frankia strain using PCR amplified 16S rRNA sequence analysis[END_REF] and Coriaria [START_REF] Mirza | Isolation and characterization of Frankia strains from Coriaria nepalensis[END_REF]. This phenomenon has not been reproduced under controlled conditions and may be linked to surface cracks being more abundant in field nodules than in the laboratory.

Chemotaxonomic features of CN4 T are consistent with those of members of the genus Frankia (Tables 1 andS1, available in the online version of this article). The strain had meso-DAP in its peptidoglycan and whole-cell sugars rich in glucose, galactose, mannose, rhamnose and ribose. A fatty acid profile mainly consisted of iso-C 16 : 0 and C 17 : 1 ω8c. The strain had MK-9(H 4 ) and MK-9(H 6 ) as menaquinones (>5 %) and diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphoglycolipid (PGL), glycolipids (GL 1-2 ) and unknown lipids (L) as polar lipids.

The genome sizes and DNA G+C contents of strains CN4 T , CN6, CN7 and CNm7, at 10.8 Mb and 72.7 %, respectively, are close to those of other cluster 4 strains, at the upper limit of the range (Table 2). The four strains were similar to one another with dDDH values of 98.6-99.6 %, while that value was between 25.5 and 27.8 % with the close phylogenetic neighbours F. inefficax (a) Phylogenetic tree of all described species of the genus Frankia based on the 16S rRNA gene using ML [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] and bootstrapping [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] to assess robustness of branches (shown when above 90 %). (b) Phylogenetic tree of all described species of the genus Frankia based on the MLSA approach (with AA of genes atpD, dnaA, ftsZ, pgk and rpoB) as described previously [START_REF] Pozzi | Robust Frankia phylogeny, species delineation and intraspecies diversity based on Multi-Locus Sequence Analysis (MLSA) and Single-Locus Strain Typing (SLST) adapted to a large sample size[END_REF] using ML [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] with the custom model and bootstrapping [START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] to assess robustness of branches (shown when above 90 %). The bar in (a) indicates 0.2 % and in (b) 0.1 % substitutions per site, respectively.

Table 3. List of regions of CN4 encoding secondary metabolites identified by AntiSMASH. Seven cluster were dropped because they contained essentially proteins of unknown function. The region types are type 1 polyketide synthase (T1PKS), type 2 polyketide synthase (T2PKS), type 3 polyketide synthase (T3PKS), non ribosomal peptide synthase (NRPS), heterocyst glycolipid synthase-ketide synthase (hglE-KS), linear azol(in)e-containing peptide (LAP), ribosomally synthesized and post-translationally modified peptide recognition element product (RRE). -, No gene is present in the genome at a 50 % level of similarity in AA sequence; +, one gene is present; ++, a majority of similar genes are present and form a synton; MIBiG, Minimum Information about a Biosynthetic Gene cluster (https://mibig.secondarymetabolites.org/) EuI1c T , F. asymbiotica M16386 T and F. saprophytica CN 3 T (Table 2). These dDDH values indicate that CN4 T and the three other strains (CN6, CN7 and CNm7) are distinct from described species with validly published names, which is consistent with the ANI values of more than 99.78 % for the four strains and 83.7 % and below for the previously described type strains of species with validly published names [START_REF] Carlos-Shanley | Draft genomes of nonnitrogen-fixing Frankia strains[END_REF].

CN4

A ML tree based on 16S RNA gene sequences positioned CN4 T with F. inefficax EuI1c T , F. asymbiotica M16386 T and F. saprophytica CN 3 T in a coherent cluster 4 (Fig. 2a). The MLSA tree also yielded a coherent cluster 4 with an excellent support (Fig. 2b).

A search for genes present (at 50 % AA level) in the four strains and absent in the three described species of cluster 4 (F. inefficax EuI1c T , F. saprophytica CN3 T and F. asymbiotica M16386 T ) detected 2737 genes, among which were a carbon-monoxide dehydrogenase operon, three lantibiotic operons, a clustered regularly interspaced short palindromic repeats (CRISPR operon, several cytochrome P450 and some genes potentially coding for pigmented secondary metabolites, such as actinorhodin and erythromycin. Conversely, there were 421 genes present in F. inefficax EuI1c T , F. saprophytica CN3 T and F. asymbiotica M16386 T but absent in the four strains CN4 T , CN6, CN7 and CNm7 comprising histidine kinases, glycosyltransferases and branched AA transporters (Table S2).

A search for secondary metabolites using antiSMASH revealed 35 clusters, 33 of which were conserved completely in CN6 and CN7 (Table 3). Only 12 clusters have a majority of genes conserved in all three reference species of cluster 4 (F. inefficax EuI1c T , F. saprophytica CN3 T and F. asymbiotica M16386 T ). The frankiamicin cluster [START_REF] Ogasawara | Expanding our understanding of sequence-function relationships of type II polyketide biosynthetic gene clusters: bioinformaticsguided identification of frankiamicin A from Frankia sp. EAN1pec[END_REF] that codes for a benzo-naphthacene spore red pigment described previously [START_REF] Gerber | Novel benzo[a]naphthacene quinones from an actinomycete, Frankia G-2 (ORS 020604)[END_REF] is present in the genomes of all members of the genus Frankia, both pigmented and nonpigmented (except in one non-isolated strain AiOr) [START_REF] Pozzi | Proposal of 'Candidatus Frankia alpina', the uncultured symbiont of Alnus alnobetula and A. incana that forms spore-containing nitrogen-fixing root nodules[END_REF]. The ability to form the pigment is probably linked to regulation, not to the presence of the structural genes.

dESCRIPTIon of Frankia nepalensis SP. nov

Frankia nepalensis ( ne. pa. len'is. N.L. fem. adj. nepalensis pertaining to the Asian country, Nepal, from which the host plant Coriaria nepalensis was named.

Non nitrogen-fixing, Gram-stain-positive, aerobic, heterotrophic and chemoorganotrophic actinobacterium with cell structures typical of members of the genus Frankia: branched hyphae and multilocular sporangia in terminally or intercalary position on the hyphae, no vesicles. Colonies are bright red pigmented. Optimal growth observed after 4 weeks of incubation at 28 °C and at pH 6.3 in a BAP medium. Grows in the presence of 1 % NaCl and below at pH values ranging from 5.0 to 6.8. Metabolizes acetic acid, acetoacetic acid, dextrin, d-fructose 6-phosphate, glucuronamide, α-ketobutyric acid, propionic acid, l-malic acid, methyl pyruvate and α-ketoglutaric acid. Whole-cell hydrolysate contains meso-diaminopimelic acid, ribose, mannose, glucose, galactose and rhamnose. The polar lipids consist of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylinositol and unidentified glycolipids and lipids. The predominant (>15 %) menaquinones are MK-9(H 4 ) and MK-9(H 6 ). The fatty acid profile predominantly consists of iso-C 16 : 0 and C 17 : 1 ω8c. Non-infective on its original host, although it deforms the root hairs of members of the non-host genus Alnus.

The type strain, CN4 T (=DSM 114740 T = LMG 32595 T ) was isolated from a Coriaria nepalensis growing in Murree, Pakistan. The genome size of the type strain CN4 T is 10.8 Mb with a DNA G+C content of 72.7 %. The GenBank/EMBL/DDBJ accession number for the draft genome sequence is GCF_016786305.1 and that for the 16S rRNA gene sequence is OQ820197.

Fig. 1 .

 1 Fig. 1. Morphological features of CN4 T in pure culture and aspects of an inoculated Alnus glutinosa root. Scanning electron microscopy (SEM) image of a pure culture of strain CN4 T showing in (a) branched hyphae and a young multilocular sporangia and in (b) a slightly older sporangium. Bars, 1 µm. A CN4 t colony grown for 21days on BAP agar plates, about 1 mm across (c). Culture veil of CN4 t at the bottom of a 50 ml BAP+ tube grown for 3 months (d). Pigment crystal among hyphae in a 3 months old culture, bar,100 µm (e). A. glutinosa root hairs 24 h after inoculation with CN4 T , with deformed root hairs at the top and undeformed root hairs at bottom. Bar, 200 µm.

Fig. 2 .

 2 Fig.2. (a) Phylogenetic tree of all described species of the genus Frankia based on the 16S rRNA gene using ML[START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] and bootstrapping[START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] to assess robustness of branches (shown when above 90 %). (b) Phylogenetic tree of all described species of the genus Frankia based on the MLSA approach (with AA of genes atpD, dnaA, ftsZ, pgk and rpoB) as described previously[START_REF] Pozzi | Robust Frankia phylogeny, species delineation and intraspecies diversity based on Multi-Locus Sequence Analysis (MLSA) and Single-Locus Strain Typing (SLST) adapted to a large sample size[END_REF] using ML[START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] with the custom model and bootstrapping[START_REF] Felsenstein | Confidence limits on phylogenies: an approach using the bootstrap[END_REF] to assess robustness of branches (shown when above 90 %). The bar in (a) indicates 0.2 % and in (b) 0.1 % substitutions per site, respectively.

Table 1 .

 1 Phenotypic and genomic features of Frankia CN4 T and of other described species. +, Positive; -, negative; nd, not determined; Rib, ribose, Man, mannose; Glc, glucose; Gal, galactose; Rha, rhamnose; Fuc, fucose

	Species	F. nepalensis	F. asymbiotica	F. inefficax	F. saprophytica
	Cluster	4	4	4	4
	Strain	DSM 114740 T (CN4 T )	DSM 100626 T (M16386 T )	DSM 45817 T (EuI1c T )	DSM 105290 T (CN 3 T )
	Characteristics				
	Colony colour	Red	White	White	Greyish white
	Carbon source				
	Acetoacetic acid	+	-	-	+
	Bromosuccinic acid	-	-	+	+
	Cellobiose	-	+	-	+
	Citric acid	-	-	+	+
	Dextrin	+	-	+	-
	d-Fructose 6-phosphate	+	-	+	+
	β-Gentiobiose	-	-	-	+
	d-Glucose 6-phosphate	-	-	-	+
	Glucuronamide	+	-	+	+
	α-Hydroxybutyric acid	-	+	-	-
	β-Hydroxybutyric acid	-	+	-	-
	p-Hydroxyphenylacetic acid	-	-	-	-
	α-Ketobutyric acid	+	+	-	+
	l-Lactic acid	-	-	-	-
	l-Malic acid	+	-	-	+
	d-Malic acid	-	-	+	+
	Methyl pyruvate	+	+	-	+
	α-Ketoglutaric acid	+	-	+	+
	Growth in the presence of				
	Acetic acid	+	+	-	+
	Fusidic acid	-	-	-	+
	Guanidine HCl	-	-	+	-
	Nalidixic acid	-	-	+	+
	Niaproof 4	-	-	+	nd
	Sodium bromate	-	-	+	+
	1 % Sodium lactate	-	-	+	+
	Tetrazolium violet	-	-	+	+
	Vancomycin	-	-	+	nd
	Major fatty acids (>15 %)	iso-C 16 : 0 , C 17 : 1 ω8c	iso-C 16 : 0 , C 17 : 1 ω8c	iso-C 16 : 0 , C 17 : 1 ω8c, C 17 : 0 , C 15 : 0	iso-C 16 : 0 , C 17 : 1 ω8c, C 15 : 0
	Predominant menaquinones (>15 %)	MK-9(H 4 ), MK-9(H 6 )	MK-9(H 4 ), MK-9(H 6 )	MK9(H 6 ), MK9(H 4 )	MK-9(H 6 )
	Phospholipids	DPG, PG, PI, PGL, L, GL1-2	PI, DPG, PG, PL	PI, DPG,GPL1-2, PG	PI, PG, DPG
	Sugars	Rib, Man, Glc, Gal, Rha	Rib, Man, Glc, Gal, Rha	Rib, Fuc, Man, Glc, Gal, Rha	Rib, Man, Glc, Gal, Rha
	Host plant origin	Coriaria nepalensis	Morella californica	Elaeagnus umbellata	Coriaria nepalensis
	Host plant range	-	-	Elaeagnaceae, Myricaceae	-
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	Species	F. nepalensis	F. asymbiotica	F. inefficax	F. saprophytica
	Geographical origin	Pakistan	USA (California)	USA (Massachusetts)	Pakistan
	References	This study	[12]	[12]	[8]

Table 2 .

 2 DDH, DNA G+C content, DNA G+C difference with CN4 T and genome size of Frankia nepalensis CN4 T and other strains of species of the genus Frankia. DDH with CN4 are highlighted when below 70 % indicative of strains representing different species. MLSA distances are in substitutions per site. DNA G+C values above 1% that indicate the two genomes belong to different species are highlighted.

	Cluster	Species	Strain	Accession number	DDH	DNA G+C	Genome size	DNA G+C	MLSA
						difference		content (%)	
	4	F. nepalensis	CN4 T	GCF_016786305.1	-	-	10 763 376	72.68	-
	4	F. nepalensis	CN6	GCF_016792085.1	99.5	0	10 758 867	72.69	0
	4	F. nepalensis	CN7	GCF_016786325.1	99.6	0	10 763 580	72.68	0
	4	F. nepalensis	CNm7	GCF_016786385.1	98.6	0.04	10 780 670	72.72	0
	4	F. asymbiotica	M16386 T	MOMC00000000	27.3	0.71	9 435 764	71.93	0.038
	4	F. inefficax	EuI1c T	CP002299	25.5	0.37	8 815 781	72.3	0.038
	4	F. saprophytica	CN 3 T	AGJN00000000	27.8	0.88	9 978 592	71.8	0.040
	1	F. alni	ACN14a T	NC_008278	22.8	0.15	7 497 934	72.8	0.075
	1	'Candidatus F. alpina'	AiOr T	PRJEB30935	23	1.11	5 571 616	71.6	0.079
	1	F. canadensis	ARgP5 T	OESX01000001	23	0.29	7 730 285	72.4	0.079
	1	F. gtarii	Agncl-4 T	JAMPTM000000000	22.9	1.2	7 464 988	71.48	0.079
	1	'Candidatus F.	AgTrS T	PRJEB30934	22.4	1.07	4 882 652	71.6	0.081
		nodulisporulans'							
	1	F. tisai	Agncl-8 T	JANEZT000000000	23.2	1.14	7 156 737	71.54	0.078
	1	F. torreyi	CpI1 T	JYFN00000000	22.9	0.25	7 624 758	72.4	0.076
	1	F. umida	Ag45/Mut15 T	JALKFT000000000	22.3	1.32	6 443 382	71.37	0.085
	1	F. casuarinae	CcI3 T	CP000249	22.9	2.6	5 433 628	70.1	0.075
	2	F. coriariae	BMG5.1 T	JWIO00000000	22.8	2.44	5 795 263	71	0.087
	2	'Candidatus F. datiscae'	Dg1 T	NC_015656	22.8	2.65	5 323 186	70.04	0.089
	2	'Candidatus F. californiensis'	Dg2 T	FLUV00000000	23.5	4.69	5 929 312	67.9	0.087
	2	'Candidatus F. meridionalis'	Cppng T	NZ_CADDZT010000001	21.8	5.6	5 051 205	67.09	0.083
	3	F. colletiae	Cc1.17 T	MBLM00000000	23.2	1.24	8 380 425	71.44	0.080
	3	F. discariae	BCU110501 T	ARDT00000000	22.9	0.29	7 891 711	72.3	0.075
	3	F. elaeagni	BMG5.12 T	ARFH00000000	23	1.01	7 589 313	71.7	0.080
	3	F. irregularis	G2 T	FAOZ00000000	23.2	1.73	9 537 992	70.9	0.076
	3	F. soli	Cj T	MAXA00000000	23.2	0.95	8 061 539	71.1	0.077
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