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Oenococcus sicerae sp. nov., isolated from French cider
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Two Gram-stain-positive, small ellipsoidal cocci, non-motile, oxidase-and catalase-negative, and facultative anaerobic strains (UCMA15228 T and UCMA17102) were isolated in France, from fermented apple juices (ciders). The 16S rRNA gene sequence was identical between the two isolates and showed 97 % similarity with respect to the closest related species Oenococcus oeni and O. kitaharae. Therefore, the two isolates were classified within the genus Oenococcus. The phylogeny based on the pheS gene sequences also confirmed the position of the new taxon. DNA-DNA hybridizations based on in silico genome-to-genome comparisons (GGDC) and Average Nucleotide Identity (ANI) values, as well as species-specific PCR, validated the novelty of the taxon. Various phenotypic characteristics such as the optimum temperature and pH for growth, the ability to metabolise sugars, the aptitude to perform the malolactic fermentation, and the resistance to ethanol and NaCl, revealed that the two strains are distinguishable from the other members of the Oenococcus genus. The combined genotypic and phenotypic data support the classification of strains UCMA15228 T and UCMA17102 into a novel species of Oenococcus, for which the name O. sicerae sp. nov. is proposed. The type strain is UCMA15228 T (= DSM107163 T = CIRM-BIA2288 T ).

INTRODUCTION

French cider is produced from apple juice, which is usually fermented by indigenous yeasts and bacteria, and is produced mainly in the Normandy and Brittany regions in France [START_REF] Cousin | Microorganisms in fermented apple beverages: current knowledge and future directions[END_REF]. The abundance and diversity of microorganisms during the fermentation processes are widely recognised to contribute to the quality of the final product [START_REF] Cousin | Microorganisms in fermented apple beverages: current knowledge and future directions[END_REF]. French ciders can be bottled for direct consumption or distilled in order to produce spirit (i.e. calvados). Saccharomyces yeasts are principally responsible for the alcoholic fermentation of apple juice, and predominate at the beginning of the cider process [START_REF] Cousin | Microorganisms in fermented apple beverages: current knowledge and future directions[END_REF]. Non-Saccharomyces yeasts and lactic acid bacteria (LAB) are also present. The major LAB isolated from cider are part of the Lactobacillus sp., Pediococcus sp., Oenococcus sp. and Leuconostoc sp. genera [START_REF] Cousin | Microorganisms in fermented apple beverages: current knowledge and future directions[END_REF]. They are particularly involved in the malolactic fermentation (MLF) during the second step of the cider fermentation process, and especially the Oenococcus genus.

The Oenococcus genus currently comprises three species, O. oeni [START_REF] Dicks | Proposal to reclassify Leuconostoc oenos as Oenococcus oeni [corrig.] gen. nov., comb[END_REF], O. kitaharae [START_REF] Endo | Oenococcus kitaharae sp. nov., a non-acidophilic and nonmalolactic-fermenting oenococcus isolated from a composting distilled shochu residue[END_REF] and O. alcoholitolerans [START_REF] Badotti | Oenococcus alcoholitolerans sp. nov., a lactic acid bacteria isolated from cachaça and ethanol fermentation processes[END_REF]. Oenococcus oeni is, by far, the most studied species in the genus, especially for its ability to perform MLF during wine and other alcoholic-food related fermentation processes [START_REF] Bartowsky | Oenococcus oeni and malolactic fermentation -moving into the molecular arena[END_REF][START_REF] Sternes | Consensus pan-genome assembly of the specialised wine bacterium Oenococcus oeni[END_REF]. Only O. kitaharae is not able to perform MLF due to a point mutation resulting in a premature stop codon in the mleA gene encoding the malolactic enzyme [START_REF] Borneman | Functional divergence in the genus Oenococcus as predicted by genome sequencing of the newly-described species, Oenococcus kitaharae[END_REF].

Two LAB strains, UCMA15228 T and UCMA17102, were isolated from fermenting ciders, produced in Normandy (France). These strains differed from the currently documented Oenococcus species based on the 16S rRNA gene sequences. Oenococcus members are usual inhabitants of fermenting apple juice during cider production, which makes cider a potential source for revealing new biochemical and genomic traits of the genus. The aim of this study was to perform the taxonomic characterisation of these new Oenococcus strains. They were found to form a separate genetic group from the other known Oenococcus species, which is here proposed as Oenococcus sicerae sp. nov., with the type strain UCMA15228 T (= DSM107163 T = CIRM-BIA2288 T ). In our genomic taxonomic approach, we analysed a complete genome sequence of the type strain UCMA15228 T in order to determine genomic and phenotypic features of the new species.

MATERIAL AND METHODS

Bacterial strains and growth conditions

The novel strains, UCMA15228 T and UCMA17102, were isolated from two distinct cider samples during the fermentation process, originating from two separate localities in Normandy (France). The UCMA15228 T strain has been isolated from a cider intended to be bottled whereas the UCMA17102 strain has been isolated from a cider intended to be distilled for spirit production. The isolation media used were modified medium for Leuconostoc oenos (MLO) supplemented with 10 g.L -1 L-malic acid, and Rogosa SL agar (Rogosa SL agar, Conda) for UCMA15228 T and UCMA17102 strains, respectively. The agar plates were supplemented with 7 mg.L -1 cycloheximide and 100 mg.L -1 pimaricin, and incubated at 10°C under anaerobic conditions (Anaerogen, Thermo Scientific) for a month. After isolation, bacteria were routinely cultured on MRS (Difco) at pH 5.5, supplemented with 5 g.L -1 fructose and 0.5 g.L -1 cysteine, and incubated at 30°C with 5 % CO 2 .

Phenotypic characterization

Physiological and biochemical characteristics were assessed by standard methods. Briefly, the nitrate reductase test was performed in Nitrate Broth with inverted Durham tubes, and zinc and Griess reagents (Biomérieux, France). The growth of the two strains was tested with 49 different carbon sources using Api 50 CHL strips (Biomérieux, France) according to the manufacturer's instructions. Isomers of lactic acid formed from D-glucose were determined with Enzytec™ D-/L-Lactic Acid kit (r-biopharm), according to the manufacturer's instructions. Fatty acid and peptidoglycan analyses were carried out by the Identification Service of the DSMZ, Braunschweig, Germany.

Sugar and organic acid contents were determined by HPLC (Waters Alliance HPLC system) at 40°C at 0.6 ml/min on a C18 Carbomix H-NP 5 column with 5mM sulfuric acid asmobile phase.

Sugars and organic acids were monitored with the FID and the PAD (210 nm) detectors at 30°C, respectively. HPLC data were also used to validate the heterofermentative metabolism of UCMA15228 T and UCMA17102 strains.

The optimal pH and temperature ranges for growth were assessed at pH 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5 and 7.0, and at 5, 10, 15, 20, 22.5, 25, 27.5, 30 and 37°C, respectively. Tolerance towards NaCl (1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 % w/v) and ethanol content [START_REF] Bartowsky | Oenococcus oeni and malolactic fermentation -moving into the molecular arena[END_REF][START_REF] Cousin | Microorganisms in fermented apple beverages: current knowledge and future directions[END_REF][START_REF] Endo | Oenococcus kitaharae sp. nov., a non-acidophilic and nonmalolactic-fermenting oenococcus isolated from a composting distilled shochu residue[END_REF][START_REF] Kimura | A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide sequences[END_REF][START_REF] Lagesen | RNAmmer: consistent and rapid annotation of ribosomal RNA genes[END_REF][START_REF] Meier-Kolthoff | Genome sequence-based species delimitation with confidence intervals and improved distance functions[END_REF][START_REF] Nei | Molecular evolution and phylogenetics[END_REF][START_REF] Richter | Shifting the genomic gold standard for the prokaryotic species definition[END_REF] and 18 % v/v) was also checked. All these tests were performed in tubes containing 3 ml of MRS supplemented with 20 % apple juice and 0.05 % cysteine, and inoculated at 1% (v/v) with fresh cultures for 72 h. For testing the temperature range, assayswere performed under both aerobic and anaerobic conditions. For all the other tests, they were performed at 30°C supplemented with 5% CO 2 , with no NaCl and ethanol for testing pH, with no ethanol at pH 5.5 for testing NaCl, and with no NaCl at pH 5.5 for testing ethanol.

Phylogenetic and fingerprinting analyses

DNA amplification of the 16S rRNA gene was performed directly on colonies in 30 µL containing 1X Phusion High Fidelity (Phusion High-Fidelity PCR Master Mix, Thermo Fisher, United States) and 0.25 µM of both primers 16S_F (5'-AGAGTTTGATYMTGGCTC-3') and 16S_R (5'-GGNTACCTTGTTACGACTT-3'). PCR was carried out as follows: an initial denaturation step at 98°C for 10 min, 35 cycles composed of a denaturation step at 98°C for 10 s, an annealing step at 54°C for 20 s and an amplification step at 72°C for 45 s, and final extension at 72°C for 5 min. The pheS gene was also amplified using primers Oeno_PheS_F (5'-TGGGTGGTAACACGATAA-3', targeting the upstream area of the pheS gene) and Oeno_PheS_R (5'-CCMARACCAAARGCAAAACC-3', slightly modified from [START_REF] Naser | Application of multilocus sequence analysis (MLSA) for rapid identification of Enterococcus species based on rpoA and pheS genes[END_REF]). The PCR conditions were the same as described above except for an annealing temperature of 57°C and an amplification step reduced to 30 s. PCR product purification and Sanger sequencing were carried out at GATC Biotech (Germany). The closest recognized relatives of the isolates were determined by performing BLAST and Sequence Match (RDP) searches, and the sequences of closely related species were retrieved from the DDBJ database. Multiple alignments and manual cleaning (deletion of the extra beginning and ending sequences to homogenize the alignment) of the sequences and maximum likelihood (ML) phylogenetic trees were carried out with MEGA7 [START_REF] Kumar | MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets[END_REF] with the appropriate substitution model for the ML option selected [START_REF] Hall | Building phylogenetic trees from molecular data with MEGA[END_REF] and 1,000 bootstrap replications. The 16S rRNA and pheS gene sequences of the closest LAB type strains used for the phylogenetic analysis were extracted from the genomes when available (using RNAmmer [START_REF] Lagesen | RNAmmer: consistent and rapid annotation of ribosomal RNA genes[END_REF] for 16S rRNA gene sequences)

or obtained from the Genbank database.

Species-specific PCR primers Osic_16S_F (5′-TCTTCGGAGTGACGCCTAACT-3′) and

Osic_16S_R (5′-GACCGACATGTGTCAGAC-3′) for the novel species were designed based on the 16S rRNA gene sequences. The specificity of the primers was confirmed by PCR using genomic DNA from Oenococcus sp. strains (Table S1). Universal primers targeting the 23S rRNA gene of all bacteria (500-bp PCR product) were also used as an internal PCR control (Cousin et al., submitted). PCR amplification was performed using 15 µl of a mixture containing 1× DreamTaq

Green PCR Master Mix (Thermo Fisher Scientific), 250 nM of each primer and 5 ng of template DNA. The PCR cycling program consisted of one cycle of 95°C for 3 min; 35 cycles of 95°C for 15 s, 50°C for 15 s and 72°C for 15 s; and a final extension step at 72°C for 5 min.

In addition, genotypic differentiation was assessed by multiplex randomly amplified polymorphic DNA (RAPD) using the Coc and On2 primers as previously described [START_REF] Reguant | Typification of Oenococcus oeni strains by multiplex RAPD-PCR and study of population dynamics during malolactic fermentation[END_REF], with an annealing temperature of 29°C as previously described [START_REF] Zapparoli | Differentiation of Lactobacillus sanfranciscensis strains by randomly amplified polymorphic DNA and pulsed-field gel electrophoresis[END_REF].

Genome sequencing

Genomic DNA was extracted from 10 mL stationary phase cultures using the PowerFood microbial DNA kit (Mobio) with slight modifications from the manufacturer's instructions for the lysis step.

Briefly, the bacterial pellet was resuspended in 450 µl PF1 solution and transferred into a sterile 2ml microtube containing 0.1 mm diameter zirconium beads. Mechanical lysis was performed using a MM200 mixer mill (Retsch) for 5 min at 25 Hz. The amount and quality of isolated genomic DNA was verified using a NanoDrop spectrophotometer, Quant-it PicoGreen dsDNA assay kit and gel electrophoresis.

The genome of strain UCMA15228 T was completely sequenced using a PacBio RSII single- 

Bacterial cell morphology

The bacterial cells were rinsed with physiological water, and fixed with 1% glutaraldehyde in 

Accession numbers

The GenBank/EMBL/DDBJ sequence accession numbers are as follows: MH384882 and MH384883 for the 16S rRNA gene sequences of strains UCMA15228 T and UCMA17102, respectively; MH392191 and MH392192 for the pheS gene sequences of strains UCMA15228 T and UCMA17102, respectively; and CP029684 for the complete genome of strain UCMA15228 T .

RESULTS AND DISCUSSION

Phylogenetic analysis

The 16S rRNA gene sequence analysis revealed that the designated type strain UCMA15228 T formed a tight monophyletic branch affiliated to the genus Oenococcus, in a robust sub-cluster separated from its closest neighbours (Fig. 1 andS1). UCMA15228 T strain showed 16S rRNA gene sequence identities of 97.4 % and 97.0 % with O. kitaharae NRIC0645 T and O. oeni NCDO1674 T , respectively (Table S2). The 16S rRNA sequence identity of UCMA15228 T strain with its two closest phylogenetic neighbours was close to 97%, the conservative threshold established for a bacterial species delineation [START_REF] Stackebrandt | Taxonomic note: a place for DNA-DNA reassociation and 16S rRNA sequence analysis in the present species definition in bacteriology[END_REF][START_REF] Vandamme | Polyphasic taxonomy, a consensus approach to bacterial systematics[END_REF]. The other phylogenetic analysis, based on the pheS gene sequence, confirmed this new branch (Fig. 2 andS2). Strain UCMA15228 T shared 74.2 % and 76.5 % identity of the pheS gene sequence with O. kitaharae NRIC0645 T and O. oeni NCDO1674 T , respectively (Table S2). These identity scores are comparable to those described for O. alcoholitolerans, the last designated species of Oenococcus sp. [START_REF] Badotti | Oenococcus alcoholitolerans sp. nov., a lactic acid bacteria isolated from cachaça and ethanol fermentation processes[END_REF]. The 16S rRNA gene sequences of the two strains, UCMA15228 T and UCMA17102 shared 100 % identity. Nonetheless, two SNPs were found between the pheS gene sequences of the two strains (Table S2), which also displayed different RAPD (Fig. S3) patterns, suggesting a non-clonal origin of the strains (Fig. S3).

This assertion is confirmed by the fact that the two strains have been isolated from different cider samples, at two distinct producers in Normandy about 50 km apart with no known history of interactions.

Species-specific PCR for Oenococcus sicerae sp. nov.

A species-specific primer pair (Osic_16S_F/R) was designed from r16S sequence multiple alignments of Oenococcus spp. Genomic DNA of several oenococci were used as templates for PCR amplification using universal and species-specific primer pairs (Table S1). The universal primers, used as an internal PCR control, gave a 500 bp positive signal for all the tested bacteria (Fig. S4), as expected. A single species-specific band of 134 bp was observed for O. sicerae sp.

nov. (Fig. S4), with no cross-reaction against the other species of Oenococcus spp. (Fig. S4 and Table S1). This result confirms the divergence of these new members of the genus Oenococcus.

This PCR method may constitute an efficient tool for their rapid identification in future works.

General taxonomic genome features of Oenococcus sicerae sp. nov. UCMA15228 T

The complete genome sequence of strain UCMA15228 T was obtained using the PacBio RSII. A library, with inserts of 10 kb, was sequenced, and 110,082 polymerase reads were generated.

Sequence processing and de novo assembly were performed using 205,930 postfiltered subreads with an average read length of 9,560.8 bp, resulting in a unique contig. The complete genome sequence of UCMA15228 T consisted of 1,684,519 bp with an average coverage of 880× and a G+C mol% of 40.35. It contains 1,663 coding genes and 53 predicted RNA genes.

We compared the genome characteristics and sequence of strain UCMA15228 T to other related species (Tables 1 andS3). The orthoANI and original values between O. sicerae sp. nov.

UCMA15228 T and O. oeni NCDO1674 T were of 73.72 % and 73.35 %, respectively (Table 1), which is far below the proposed threshold of 95-96% for species delineation [START_REF] Lee | OrthoANI: An improved algorithm and software for calculating average nucleotide identity[END_REF][START_REF] Richter | Shifting the genomic gold standard for the prokaryotic species definition[END_REF]. The GGDC value (isDDH) between these strains obtained by the recommended formula 2 (identities/HSP length) was of 17.7 % [15.6-20.0 %], which is also clearly below the boundary of 70 % for species circumscriptions [START_REF] Wayne | Report of the ad hoc committee on reconciliation of approaches to bacterial systematics[END_REF]. The calculated probability that isDDH is >70 % was of 0 %. An isDDH value of 22.6 % was obtained with formula 1 (HSP length/total length) and of 20.8 % with formula 3 (identities/total length), supporting the affiliation of strain UCMA15228 T to a single species. The OrthoANI, original ANI and isDDH values between strain UCMA15228 T and the other Oenococcus sp. strains varied from 70.08 to 73.72 %, 69.62 to 73.35 %, and 17.5 to 19.5 % respectively (Table 1), which is clearly lower than the generally accepted cut-off threshold values of 95-96% and 70%

for delineation of bacterial species, confirming the authenticity of the novel species.

Phenotypic and chemotaxonomic characteristics of O. sicerae sp. nov.

Strains are heterofermentative, produce lactic acid, carbon dioxide and ethanol or acetic acid from D-glucose. D-and L-lactic acid are produced in the ratio 9:1. Nitrate is not reduced. The major cellular fatty acids (>10 % of the total fatty acids) of UCMA15228 T strain were C 16 : 0 (39.52%), C 18 : 1ω9c (40.21%) and C 19 : 0 cyclo ω10c (12.46%). The overall fatty acid profile of UCMA15228 T strain is presented in Table S4. The total hydrolysate (100 °C, 4N HCl, 16 h) of UCMA15228 T strain contained the amino acids alanine, serine, glutamic acid and lysine, while the analysis of partial hydrolysates (100 °C, 4N HCl, 45 min) revealed the presence of the peptidoglycan type A3α (L-Lys -L-Ser -L-Ala), corresponding to type A11.13 ( www.peptidoglycan-types.info). Growth profiles and phenotypic features of the novel species and its phylogenetically related species are listed in Table 2. In addition, the decarboxylation of Lmalate into L-lactate (malolactic fermentation) was investigated by using HPLC. Both O. sicerae strains were able to convert L-malate into L-lactate when inoculated in apple juice at pH 4 (Fig. S5). The genes responsible for this malolactic conversion have been found in the genome of UCMA15228 T and are organised in an operon similar to that of O. oeni [START_REF] Bartowsky | Oenococcus oeni and malolactic fermentation -moving into the molecular arena[END_REF]. This operon is composed of three genes involved in the malolactic reaction: mleA, encoding the malolactic enzyme (responsible for the conversion of malic acid into lactic acid), mleP, encoding the malate permease (responsible for the transport of malate into the cell) and mleR, encoding the LysR-type regulatory protein for these two downstream genes.

SEM morphology of the new species O. sicerae

Strains UCMA15228 T and UCMA17102 cells were ellipsoidal cocci, in couples, chains or piles (Figs. 3 andS6). In comparison, O. oeni NCDO1674 T appeared almost exclusively in pairs in our study. The "pile" phenotype of O. sicerae was also visible at a macroscopic scale where cellular mass were observable in broth cultures, especially for strain UCMA17102.

Based on the phenotypic, genomic and phylogenetic data obtained in this study we propose the new species Oenococcus sicerae for which the type strain UCMA15228 T (= DSM107163 T , = CIRM-BIA2288 T ) is designated.

The formal proposal of the species Oenococcus sicerae is given in Table 3 with the taxonumber TA00560. 

Characteristics

Oenococcus oeni [START_REF] Dicks | Proposal to reclassify Leuconostoc oenos as Oenococcus oeni [corrig.] gen. nov., comb[END_REF] O. kitaharae [START_REF] Endo | Oenococcus kitaharae sp. nov., a non-acidophilic and nonmalolactic-fermenting oenococcus isolated from a composting distilled shochu residue[END_REF] O. alcoholitolerans [START_REF] Badotti | Oenococcus alcoholitolerans sp. nov., a lactic acid bacteria isolated from cachaça and ethanol fermentation processes[END_REF] O. sicerae sp. nov.

UCMA15228 T UCMA17102

Growth 

T

  molecule real-time (SMRT) sequencing with a 10 kb library at Genoscreen (Lille, France). De novo assembly of sequencing reads was performed through the HGAP (hierarchical genome assembly process) protocol version 2.0 in SMRT Analysis version 2.3.0 (Pacific Biosciences, USA). The genome was annotated by using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline (PGAAP) version 4.5.The average nucleotide identity (ANI) and DNA G + C content values were estimated with orthologous average nucleotide identity (OrthoANI) and original ANI[START_REF] Lee | OrthoANI: An improved algorithm and software for calculating average nucleotide identity[END_REF], digital DNA-DNA hybridization (DDH) values were estimated using in silico genome-to-genome comparison Genome-To-Genome Distance Calculator (GGDC) V.2.1 using the recommended BLAST+ alignment and formula 2 (identities/HSP length)[START_REF] Meier-Kolthoff | Genome sequence-based species delimitation with confidence intervals and improved distance functions[END_REF]. These values were calculated for UCMA15228 T against O. oeni PSU-1, and against the type strains O. oeni NCDO1674 T , O. kitaharae NRIC0645 T and O. alcoholitolerans UFRJ-M7.2.18 T .

  phosphate buffer (0.1 M, pH 7.0) for 5 days at 4°C. During this fixation, the cells were sedimented on Thermanox® coverslip coated with poly-L-lysine. The cells were rinsed in phosphate buffer (0.1 M, pH 7.0) again. The cells were then dehydrated through successive baths of ethanol (70 to 100%), and critical point dried (CPD 030 LEICA Microsystem). The cells were sputtered with platinum and observed with the scanning electron microscope JEOL 6400F. Images were processed with the public-domain image processing and analysing program Fiji. The measures of bacterial cell size were performed on 20 images of 20 cells each.
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 1 Fig. 1. Phylogenetic tree showing the position of the Oenococcus sicerae sp. nov. strains based on
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 2 Fig. 2. Phylogenetic tree showing the position of the Oenococcus sicerae sp. nov. strains based on

Fig. 3 .

 3 Fig. 3. Photograph taken by SEM of O. sicerae sp. nov. UCMA15228 T cultured in MRS
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Table 1 .

 1 Ortho Average Nucleotide Identity (OrthoANI), original ANI and GGDC values (%) between Oenococcus sicerae sp. nov. and the

	other Oenococcus species				
	Species		O. sicerae sp. nov	O. oeni	O. oeni	O. kitaharae	O. alcoholitolerans
		Strain	UCMA15228 T	NCDO1674 T	PSU-1	NRIC0645 T	UFRJ-M7.2.18 T
	O. sicerae sp. nov. UCMA15228 T	100			
			73.72 a			
	O. oeni	NCDO1674 T	73.35 b	100		
			17.7 c			
			73.56	99.66		
	O. oeni	PSU-1	73.34	99.63	100	
			17.8	97.9		
			72.62	72.15	71.88	
	O. kitaharae	NRIC0645 T	71.99	71.61	71.51	100
			17.5	17.6	17.6	
			70.08	69.79	69.99	70.08
	O. alcoholitolerans UFRJ-M7.2.18 T	69.62	69.59	69.81	69.73	100
			19.5	20.6	21.9	20.3
	a OrthoANI values; b Original ANI values; c GGDC values.			

Table 2 .

 2 Differential phenotypic characteristics of the O. sicerae sp. nov. strains and the other Oenococcus species 330

Table 3 .

 3 Description of Oenococcus sicerae sp. nov. according to Digital Protologue TA00560 assigned by the www.imedea.uib.es/dprotologue website.
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a + Acid production, -no acid production, +/-strain dependent, ND not determined. b Data obtained in this study. * D-glucose was negative for 331 strain UCMA17102 with API50CHL test but D-glucose was shown to be used by this strain by HPLC analysis. 332