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Brettanomyces bruxellensis is a yeast species found in many fermented matrices. A high level of genetic diversity prevails in this species and was recently connected with tolerance to sulfur dioxide, the main preservative used in wine. We therefore examine other phenotypes that may modulate the ability of the species to spoil wine, in a selection of representative strains. The species shows a fairly high homogeneity with respect to the carbohydrates that can support growth, but more diverse behaviors regarding tolerance to low pH or ethanol. Thought no clear link can be drawn with genotype, some strains appear more tolerant than the others, mainly in the AWRI1499 like genetic group. Volatile phenol production is ubiquitous within the species, independent from yeast growth profile and not affected by the nature of the growth substrate. The specific production n rate of volatile phenol production raises in case of increased aeration. It is little affected by pH decrease until 3.0 or by ethanol concentration increase up to 12% vol, but it decreased in case of increased constraint (pH <3.0, Ethanol ≥14% vol) or combination of constraints. All the strain studied have thus the ability to spoil wine but some outstanding dangerous strains can even spoil the wine with high level of constrainst.

Introduction

Brettanomyces bruxellensis is a yeast species found in many fermented matrices around the world [START_REF] Agnolucci | Brettanomyces bruxellensis yeasts: impact on wine and winemaking[END_REF][START_REF] Schifferdecker | The wine and beer yeast Dekkera bruxellensis[END_REF]. Although it shares many common traits with Saccharomyces cerevisiae, it is often regarded as a spoilage microorganism, especially in wine, where it produces volatile phenols: 4-vinylphenol, 4-vinylguaiacol, 4-ethylphenol and 4-ethylguaiacol (Chatonnet et al., 1992;Rozpedowska et al., 2011;[START_REF] Heresztyn | Metabolism of volatile phenolic compounds from hydroxycinnamic acids by Brettanomyces yeast[END_REF]. These molecules with unpleasant aromatic notes (such as animal, leather, horse, stable or pharmaceutical) are often referred as "brett character", and constitute one of the main defects of red wines [START_REF] Romano | Sensory and analytical reevaluation of "Brett character[END_REF][START_REF] Schumaker | Influence of Brettanomyces ethylphenol on red wine aroma evaluated by consumers in the United States and Portugal[END_REF].

The biosynthesis of these compounds is carried out by transformation of the hydroxycinnamic acids (mainly ferulic acid and para-coumaric acid) naturally present in red grapes musts and wines, between 1.1 to 6.5 mg .L -1 [START_REF] Golberg | Quercetin and p-coumaric acid concentrations in commercial wines[END_REF]. The precursors are always abundant enough for significant volatile phenol formation and wine spoilage in the presence of B. bruxellensis. The formation of volatile phenols first consists in the decarboxylation of the hydroxycinnamic acids by a cinnamate decarboxylase, named PAD, to form hydroxystyrenes (step 1): 4-vinylphenol from pcoumaric acid and 4-vinylguaiacol from ferulic acid [START_REF] Edlin | Purification and characterization of hydroxycinnamate decarboxylase from Brettanomyces anomalus[END_REF]. This reaction is followed by the reduction of the vinyl forms to ethyl phenol and ethyl guaïacol by vinyl phenol reductase (VR) [START_REF] Tchobanov | Partial vinylphenol reductase purification and characterization from Brettanomyces bruxellensis[END_REF][START_REF] Granato | New insights on the features of the vinyl phenol reductase from the wine-spoilage yeast Dekkera/Brettanomyces bruxellensis[END_REF][START_REF] Romano | Cloning the putative gene of vinyl phenol reductase of Dekkera bruxellensis in Saccharomyces cerevisiae[END_REF]. This second reaction step is the one causing the most damages in the wine, because the ethyl forms remain free and volatile and are detected by most of the wine consumers when their concentration exceeds 400µg.L -1 [START_REF] Chatonnet | The influence of Brettanomyces/Dekkera spp yeasts and lactic acid bacteria on ethyl-phenol content of red wines[END_REF]. On the contrary, the vinyl-phenols, when released, can be combined in large part with various wine phenolic compounds in the form of very stable pyroanthocyanins. Once combined, they are no longer volatile and detected (Benito et al., 2009a). Many microbial species encountered in wine can carry out step 1 [START_REF] Chatonnet | The influence of Brettanomyces/Dekkera spp yeasts and lactic acid bacteria on ethyl-phenol content of red wines[END_REF][START_REF] Martorell | Molecular typing of the yeast species Dekkera bruxellensis and Pichia guilliermondii recovered from wine related sources[END_REF][START_REF] De Las Rivas | Molecular screening of wine lactic acid bacteria degrading hydroxycinnamic acids[END_REF][START_REF] Saez | Production of volatile phenols by Pichia manshurica and Pichia membranifaciens isolated from spoiled wines and cellar environment in Patagonia[END_REF]. But, to date, very few species apart from B. bruxellensis are known to carry out the second reaction step, and some even mention that only certain strains of B. bruxellensis would be able to do this [START_REF] Heresztyn | Metabolism of volatile phenolic compounds from hydroxycinnamic acids by Brettanomyces yeast[END_REF][START_REF] Barata | Growth and 4-ethyl-phenol production by the yeast Pichia guilliermondii in grape juices[END_REF].

The transformation of quantities of precursors sufficient to reach the olfactory perception threshold (400-600µg.l -1 ) requires the accumulation and the maintenance of a significant population of B. bruxellensis over a sufficient period of time [START_REF] Gerbaux | Influence of Maceration Temperature and Enzymes on the Content of Volatile Phenols in Pinot noir Wines[END_REF][START_REF] Romano | Growth and volatile compound production by Brettanomyces/Dekkera bruxellensis in red wine[END_REF][START_REF] Coulon | Brettanomyces bruxellensis evolution and volatile phenols production in red wines during storage in bottles[END_REF]. In the past fifteen years, many studies have been conducted to better understand this yeast adaptation to the many hostile environments where it manages to become dominant (for review see [START_REF] Suárez | The production of ethylphenols in wine by yeasts of the genera Brettanomyces and Dekkera: A review[END_REF][START_REF] Steensels | Brettanomyces yeasts -From spoilage organisms to valuable contributors to industrial fermentations[END_REF][START_REF] Smith | Brettanomyces bruxellensis, a survivalist prepared for the wine apocalypse and other beverages[END_REF][START_REF] Agnolucci | Brettanomyces bruxellensis yeasts: impact on wine and winemaking[END_REF]). The sequencing of several genomes of this species highlighted a strong genetic variability, and the coexistence of diploid strains with at least two very distant families of triploid strains (Curtin et al. 2012b;[START_REF] Piškur | The genome of wine yeast Dekkera bruxellensis provides a tool to explore its food-related properties[END_REF][START_REF] Borneman | Insights into the Dekkera bruxellensis genomic landscape: Comparative genomics reveals variations in ploidy and nutrient utilisation potential amongst wine isolates[END_REF][START_REF] Curtin | Genomic insights into the evolution of industrial yeast species Brettanomyces bruxellensis[END_REF][START_REF] Crauwels | Assessing genetic diversity among Brettanomyces Yeasts by DNA fingerprinting and whole-Genome Sequencing[END_REF][START_REF] Crauwels | Comparative phenomics and targeted use of genomics reveals variation in carbon and nitrogen assimilation among different Brettanomyces bruxellensis strains[END_REF][START_REF] Fournier | High-Quality de novo genome assembly of the Dekkera bruxellensis yeast using nanopore MinION Ssequencing[END_REF]. Microsatellite sequences analysis of 1488 strains isolated from different regions of the world and from different food and non-food matrices confirmed this diversity and highlighted 6 distinct genetic groups with three major groups: CBS2499-like (diploid), AWRI1499-like and AWRI1608-like (both gathering essentially triploid strains), and 3 groups containing a smaller number of strains L14165-like, L0308-like and CBS5512-like (Avramova et al. 2018a). Wine strains belong to all genetic groups known to date, while beer, tequila bioethanol or kombucha strains belong to a single or to a limited number of genetic groups. The strong genetic diversity encountered in wine strains probably increases the chances of adaptation to all types of wine. Nevertheless, not all strains may present the same wines spoilage potential. Actually, Curtin et al. (2012a) and Avramova et al (2018a, b) showed that genetic diversity supports a high phenotypic diversity with regard to tolerance to the antiseptic more often used in wine: sulfur dioxide. Other studies conducted on a smaller number of strains or groups of strains and less well genetically characterized have shown that, in terms of carbon metabolism, stress tolerance or production of volatile phenols, significant differences could be observed between strains [START_REF] Conterno | Genetic and physiological characterization of Brettanomyces bruxellensis strains Isolated from wines[END_REF][START_REF] Vigentini | Physiological and oenological traits of different Dekkera/Brettanomyces bruxellensis strains under wine-model conditions[END_REF][START_REF] Agnolucci | Genetic diversity and physiological traits of Brettanomyces bruxellensis strains isolated from Tuscan Sangiovese wines[END_REF][START_REF] Oelofse | Molecular identification of Brettanomyces bruxellensis strains isolated from red wines and volatile phenol production[END_REF][START_REF] Campolongo | Prevalence and biodiversity of Brettanomyces bruxellensis in wine from north western Italy[END_REF][START_REF] Di Toro | Intraspecific biodiversity and 'spoilage potential' of Brettanomyces bruxellensis in Apulian wines[END_REF][START_REF] Crauwels | Fermentation assays reveal differences in sugar and (off-) flavor metabolism across different Brettanomyces bruxellensis strains[END_REF][START_REF] Guzzon | Spoilage potential of Brettanomyces bruxellensis strains isolated from Italian wines[END_REF][START_REF] Smith | The carbon consumption pattern of the spoilage yeast Brettanomyces bruxellensis in synthetic wine-like medium[END_REF].

In order to examine the links between the genotypes defined by Avramova et al (2018a) and phenotypes other than tolerance to sulfites that may modulate the ability of the species to spoil wine, a large number of representative B. bruxellensis strains (≥ 29) was characterized regarding carbohydrate metabolism, tolerance to low pH or high ethanol content and volatile phenol production. Furthermore a kinetic analysis was performed on several model strains, to determine the parameters affecting volatile phenol specific rate of formation.

Materials and methods

Strains used

The strains studied, the genetic group to which they belong (according to Avramova et al., 2018a), their origin and the phenotype assayed are indicated in Table 1.

Growth conditions

YPD solid medium (Yeast extract 10 g.l -1 , peptone 20 g.l -1 , glucose 20 g.l -1 , agar 20 g.l -1 ) was used for plate counts of cultivable population.

Carbohydrate phenotypes assays were performed in a chemically defined liquid medium (model medium) containing (NH4)2SO4, 2g.l -1 , KH2PO4, 2g.l -1 , a single carbohydrate (10 g.l -1 ), biotin, 30µg.l -1 , thiamine hydrochloride, 1 mg.l -1 (vitamins), MnSO4.2H2O, 4 mg.l -1 ZnSO4.7H2O, 4 mg.l -1 , CuSO4.6H2O, 1 mg.l -1 , KI, 1 mg.l -1 , (NH4)6Mo7O24.4H2O, 1 mg.l -1 , H3BO3, 1 mg.l -1 and CoCl2.6H2O, 0,4 mg.l -1 (oligoelements). Vitamins, oligoelements and carbohydrate solutions were separately prepared in a concentrated form. The pH of each medium component was adjusted to 3.5, unless otherwise stated in the text, by using H3PO4. Then, vitamin and oligoélements preparations were sterilized by filtration, using with 0.22 µm cut-off filters (Millipore). The other elements were sterilized at 121°C, 1 bar, for 20 min, before aseptic assembling of the various components in the final medium. For carbohydrate consumption assays, 10 g.l -1 of either D-glucose, D-galactose, D-fructose, D-mannose, L-arabinose, D-ribose, D-xylose, L-rhamnose, trehalose, sucrose, lactose, cellobiose, maltose, melibiose, D-sorbitol or D-mannitol were added. For tolerance to ethanol or low pH, assays were performed in liquid model medium with the appropriate pH (2.0; 2.5; 3.0; 3.5; 4.0), in the presence of glucose (10 g.l -1 ) as single substrate. Ethanol 96% vol was added to reach the desired concentration (0; 5; 10; 12; 14; 16% vol). Water was added to adjust the volume in tubes with the lowest ethanol concentrations.

Furthermore, three red wines were used: all were blends of different varieties of red grapes and produced in Bordeaux vineyard: wine A (2016 vintage) had a pH of 3.63 and contained 13.49 % vol ethanol; wine B (2016 vintage) had a pH of 3.48 and contained 14.30% vol ethanol and wine X (2015 vintage) had a pH of 3.56 and titrated 14.16 %vol ethanol. All were treated with H2O2 to eliminate the total SO2, and then pasteurized for 30 min at 80°C.

Phenotype determination

For carbohydrate consumption or tolerance to low pH and ethanol assays, small-scale fermentations were performed in duplicate, in sterile 4 mL spectrophotometer cuvettes, "nanofermenters", as described by Avramova et al (2018a). The preculture was grown on chemically defined model medium + glucose, and centrifuged (3000 x g, 3min, 4°C). The supernatant was removed and the pellet washed with NaCl 0.9%, centrifuged a second time and re-suspended in model medium without carbohydrate. This cell suspension was inoculated to ensure an OD600 of 0.1, into the nanofermenter containing chemically defined model medium + the studied carbohydrate.

Volatile phenol production was assayed in model medium containing glucose (10 g.l -1 ), pcoumaric and ferulic acids (20mg.l -1 each). We verified that, at these concentrations, these acids did not modify the growth profile of the strains studied in the chosen medium. Two-hundred millilitres of model medium (with the appropriate pH and ethanol concentration, see specifications in the text) were inoculated, to reach an initial population of 10 6 CFU.ml -1 , with a culture grown on glucose model medium, pH 3.5 without ethanol. The culture was then distributed into 13 mL tubes filled at their maximum, to limit headspace for non-aerated conditions. For all tested media and conditions, a tube was removed from the device at each sampling at 0, 5, 10, 20, 30, 45 and 60 days. The same was done for assays of the parameters modulating volatile phenol production in model medium, with an initial population of 10 4 CFU.mL -1 and in wine, with an initial population of 10 3 CFU.mL -1 . For aerated conditions, a 2-cm high head space was let and tubes were agitated daily.

All the cultures were incubated at 25 °C.

Cell concentration, substrates and products analysis

Cell growth was estimated through the measurement of the cell suspension absorbance (600 nm, OD600). For "nanofermenter" assays, the OD600 was measured regularly (every 2 to 5 days) to follow cell population growth. The culture was followed during at least 15 days in case of very rapid growth and until 60 days in case of absence of growth (the survey was stopped at 30 days for ethanol or low pH tolerance).

Cultivable cell concentration determination was carried out by colony counts on solid YPD medium using serial dilutions plating, and at least two dilutions per sample were performed. Results were expressed as CFU.mL -1 based on weighted mean calculations (AFNOR, 1998).

At the end of carbohydrate phenotype assays in liquid medium (nanofermenter tests), the culture medium was centrifuged (10 000 x g, 4°C, 5 min). Then, carbohydrate concentrations in the sample supernatants were measured by anion exchange chromatography (Aminex HPX87H column, Bio-Rad) using a Waters (Milford, USA) system consisting of a pump (Waters 600), an injector (Waters 717) and a refractometer (Waters 2414). The eluent (H2SO4 5mM) had a constant flow rate of 0.5 mL.min -1 at 60°C. In case of very slow growth or absence of growth, we examined carefully the substrate concentration decrease. The phenotype test was considered positive only in case of significant carbohydrate concentration decrease (>1 g.l -1 ). Otherwise, it was considered negative.

Volatile phenols concentrations were quantified in the culture media and wines by GC-MS coupled with solid-phase micro-extraction (SPME) on polyacrylate fibers by the method described by [START_REF] Romano | Growth and volatile compound production by Brettanomyces/Dekkera bruxellensis in red wine[END_REF]. Deuterated 4-ethylphenol (100 μg.l -1 ) was added as an internal standard.

Growth kinetics analysis and statistical analysis

For each growth curve, three parameters were calculated: maximal OD was the maximal OD reached at 600 nm. The lag phase (in days) was the time between inoculation and the beginning of cell growth (5% maximal OD increase): it was set to the complete duration of the experiment in case of absence of growth. The maximal growth rate (µmax in days -1 ) was also calculated by derivation of the curve OD = f(time).

Volatile phenol specific production rate (ng.CFU -1 .day -1 ) was calculated by dividing the phenol concentration increase observed by the integral of the growth curve over the same short period (3-10 days). For example, if the initial population is 10 6 CFU.mL -1 and 10 5 CFU.mL -1 on day 5, and the ethyl phenol concentration increases from 0 to 3000 µg.L -1 (3000 ng.mL -1 ) during these 5 days, the specific production rate is 3000/(5*((10 6 +10 5 )/2)) = 1.2.10 -3 ng.CFU -1 .day -1 .

A non-parametric Kruskal-Wallis test was used at α=5% to identify the means that were significantly different. Principal Component Analysis (PCA) was performed using the ade4 package of the R program [START_REF] Dray | The ade4 package: implementing the duality diagram for ecologists[END_REF].

Results and discussion

A selection of 49 strains representative of the genetic diversity and the six genetic groups described by Avramova et al (2018a) was studied (Table 1). Their relative position on the species dendrogram is shown in Supplemental data 1. We mainly selected wine strains from all over the world (31/49), but also some strains from beer, cider, kombucha, tequila and bioethanol for comparison.

Carbohydrates consumed by B. bruxellensis strains

As shown in Table 2, all the strains studied were able to grow on glucose and sucrose and a very large majority (> 80% of studied strains) was able to use D-mannose, D-fructose, D-galactose and the disaccharides trehalose or cellobiose as the sole carbon source in nanofermenter tests. With these "common" substrates, they multiplied at a very similar growth rate, whatever the substrate considered (Table 2). The same applied to the parameter ODmax and lag phase. A large majority of strains also grew in the presence of D-ribose, but with a significantly lower growth rate and very low substrate conversion rates (not shown). D-sorbitol was used by 4 strains (2 wine and 2 tequila strains), L-arabinose by two wine strains, with, in both cases, very low substrate conversion rates and slow growth. Only one wine strain used D-mannitol and a strain isolated from bioethanol used lactose. Finally, none developed on D-xylose, L-rhamnose or melibiose.

To summarize, the 49 strains metabolized 8.4±1.3 substrates out of the 16 studied, with extremes at 4 and 11 substrates but very few strains were able to use "singular" substrate (i.e. D-sorbitol, Larabinose, D-mannitol or lactose). The ecological advantage these marginal abilities confer to the strains in their isolation matrices (wine, bioethanol or Tequila) remains unclear, especially since all strains isolated from these niches do not share this ability. In addition, few strains appeared unable to grow on at least one of the "common" substrates. These were distributed in all genetic groups.

Nevertheless, the most "degenerate" strains (i.e. metabolizing a very small number of substrates) were wine strains of the CBS2499-like group. In other words, the CBS2499-like genetic group is the one in which the greatest number of strains was found to be unable of metabolizing the "common" sugars (Figure 1A). Similarly, wine strains appeared to be the most degenerate compared to strains from other fermented matrices (Figure 1B). However, no significant difference appeared between the different groups examined in Figure 1A and 1B. However, with the same subset of 49 strains, Avramova et al (2018) obtained strong genotype / phenotype links regarding tolerance to sulphur dioxide.

The fact that most strains studied, whatever their isolation matrix or genetic group, were able to grow on D-glucose, D-fructose, D-mannose, D-galactose, cellobiose, trehalose, sucrose, maltose and D-ribose, suggests that being able to use a high variety of carbohydrate is essential for this yeast species whatever its ecological niche and this has been conserved through evolution. This is consistent with the fact that B. bruxellensis often grow as a second colonizer in partially fermented media (Steensels et al. 2016). [START_REF] Crauwels | Fermentation assays reveal differences in sugar and (off-) flavor metabolism across different Brettanomyces bruxellensis strains[END_REF] suggest that the gene associated with carbohydrate metabolism were very numerous and that several isoenzymes can be present to ensure the same essential reaction (maltase activity), which makes genotype to phenotype correlations complex. Genome sequencing and meticulous comparisons will be necessary to identify the events which have led to phenotype gain or loss (point or large mutations, gene loss, horizontal gene transfer, gene duplication and divergence).

Furthermore, the most "degenerate" strains still displayed enough carbohydrate biodegradative ability to be able to develop in all wines. These results are consistent with those previously reported [START_REF] Aguilar-Uscanga | Nutritional requirements of Brettanomyces bruxellensis: growth and physiology in batch and chemostat cultures[END_REF][START_REF] Conterno | Genetic and physiological characterization of Brettanomyces bruxellensis strains Isolated from wines[END_REF][START_REF] Crauwels | Comparative phenomics and targeted use of genomics reveals variation in carbon and nitrogen assimilation among different Brettanomyces bruxellensis strains[END_REF][START_REF] Crauwels | Fermentation assays reveal differences in sugar and (off-) flavor metabolism across different Brettanomyces bruxellensis strains[END_REF][START_REF] Smith | The carbon consumption pattern of the spoilage yeast Brettanomyces bruxellensis in synthetic wine-like medium[END_REF]. It is sometimes said that B. bruxellensis shares the same niche as O. oeni, which allows it to sometimes develop at the end of alcoholic fermentation in wines. It shares the same predilection for glucose, trehalose, cellobiose, mannose. But it consumes more frequently sucrose, maltose, galactose and especially fructose, which could give it a significant advantage. On the other hand O.

oeni seems much more adapted to the use of pentoses [START_REF] Hocine | Development of a reliable and easy method for screening Oenococcus carbohydrate consumption profile[END_REF][START_REF] Cibrario | Carbohydrate metabolism in Oenococcus oeni: a genomic insight[END_REF]).

Thus, the carbohydrate degradative abilities do not seem to make specific strains more dangerous for winemakers.

Volatile phenol production

We then looked at the strains ability to convert hydroxycinnamic acids into volatile phenols in model medium supplemented with ferulic acid and p-coumaric acid (20mg.L -1 each). High inoculation rates (about 10 6 CFU.mL -1 ) were used, in order to visualize even the weakest activities. The count of cultivable cells indicated that the strains showed distinct growth patterns. Some very well survive and even multiplied (green growth profile, Figure 2A), while others first declined before resuming growth (yellow profile, Figure 2A) and finally, a last group lost in cultivability throughout the experiment (red profile, Figure 2A).

The volatile phenol concentrations obtained after 10 and 60 days are shown on Figure 2B andC (products derived from p-coumaric acid). Similar results were obtained with ferulic acid derivatives (not shown). It appeared clearly that the 34 strains studied were able to convert hydroxycinnamic acids regardless of their genetic group or growth profile. This suggests that volatile phenol is essential for the species, whatever their ecological niche. [START_REF] Dweck | Olfactory proxy detection of dietary antioxidants in drosophila[END_REF] and [START_REF] Becher | Chemical signaling and insect attraction is a conserved trait in yeasts[END_REF] suggested that the ecological advantage linked to volatile phenol production mainly consist in promoting yeast dissemination by insects. This ubiquitous metabolism was previously reported for Italian wine strains [START_REF] Conterno | Genetic and physiological characterization of Brettanomyces bruxellensis strains Isolated from wines[END_REF][START_REF] Guzzon | Spoilage potential of Brettanomyces bruxellensis strains isolated from Italian wines[END_REF] and is in agreement with the presence of PAD and VR genes in the diploid core genome of all the strains analyzed by [START_REF] Romano | Cloning the putative gene of vinyl phenol reductase of Dekkera bruxellensis in Saccharomyces cerevisiae[END_REF].

A lot of strains achieved the conversion of nearly 100% of the precursors in 60 days (expected theoretical concentration of 4-ethyl-phenol = 14 800 μg.l -1 ). Others produced much smaller amounts.

All the less efficient strains presented a highly altered growth profile (red growth profile). Moreover, these strains with an altered growth profile often produced a lot of vinyl phenols: for example, 4vinyl-phenol represented 58% of the products on day 10 with strain L0611 (yellow growth profile), and 87% with strain L0463 (red profile), while, with most of the strains with green growth profile, 4vinyl-phenol represented less than 25% of the products.

The liberation of vinyl intermediates suggests that step2 is the limiting step of the biotransformation, particularly in case of altered cultivability. This could be related to the fragility of vinyl phenol reductase [START_REF] Granato | New insights on the features of the vinyl phenol reductase from the wine-spoilage yeast Dekkera/Brettanomyces bruxellensis[END_REF] which may be inactive in viable but not cultivable cells (VbNC) [START_REF] Agnolucci | Sulphur dioxide affects culturability and volatile phenol production by Brettanomyces/Dekkera bruxellensis[END_REF][START_REF] Serpaggi | Characterization of the "viable but nonculturable" (VBNC) state in the wine spoilage yeast Brettanomyces[END_REF][START_REF] Laforgue | Hydroxycinnamic acid decarboxylase activity of Brettanomyces bruxellensis involved in volatile phenol production: relationship with cell viability[END_REF]. The presence of high proportions of VbNC in cultures with altered growth profiles may thus explains the high proportion of vinyl forms in these tests.

These growth patterns may be linked to the age of the preculture and the inoculation rate.

Additional experiments carried out with strains L0611 and L0424 showed that, for a given strain, the specific rate of ethyl phenol formation in the same chemically defined medium was independent of the growth pattern (this point is further described in section 3.5). As a result, in order to compare the strains despite their different growth profiles, we calculated the specific volatile phenol production rate in ng.CFU -1 .day -1 during the first 10 days of experimentation. The results are shown in Figure 3.

In most cases, the specific rate of guaïacol derivatives production was very similar to the specific rate of phenol derivatives formation and both varied from 1.10 -4 to 39.10 -4 ng.CFU -1 .day -1 . The strains displaying yellow or red profile were not significantly different from the others regarding the reaction rates examined. The different rates observed could be explained, at least in part, by the polymorphism reported for associated enzymes and genes [START_REF] Sturm | Relation between coumarate decarboxylase and vinylphenol reductase activity with regard to the production of volatile phenols by native Dekkera bruxellensis strains under 'wine-like' conditions[END_REF][START_REF] Crauwels | Fermentation assays reveal differences in sugar and (off-) flavor metabolism across different Brettanomyces bruxellensis strains[END_REF][START_REF] Romano | Cloning the putative gene of vinyl phenol reductase of Dekkera bruxellensis in Saccharomyces cerevisiae[END_REF]. However, a Kruskal-Wallis analysis indicated that the genetic groups were not significantly different regarding the specific rate of conversion.

Our results mean that all the strains are dangerous for the winemaker provided that they display enough time to convert enough precursors to reach the olfactory concentration threshold.

Furthermore, the differences in specific conversion rate suggest that some strains may be more rapid and thus dangerous than the other.

Tolerance to low pH and high ethanol concentration

The tolerance of 29 strains to low pH or high levels of ethanol was then examined in liquid model medium. A first category of B. bruxellensis strains was considered sensitive. An example of the trend observed with strain L0469 is shown on Figure 4A. Strains in this category grew better at pH 4 than at pH 3.5, but they did not grow in media with pH <3, or with ethanol concentration >5%vol. In addition, the plating, on day 10, 20 or 30, of liquid media from cuvettes where no growth was observed, indicated that, beyond the inhibitory effect on growth, the constraints tested lead to a loss of cultivability in all cases. Sensitive strains (8/29) belonged to all the genetic groups studied.

Conversely, two strains (LB1509p and L0424), which we called tolerant, showed significant and early growth in most of the conditions studied (example of trend on Figure 4B). They grew better in the presence of 5 to 10% ethanol than without, and preferred pH 3.5 to pH 4.0. Increasing concentrations of ethanol up to 12% or decreasing the pH down to 2 resulted in a moderate and progressive decrease of the growth rate and maximum OD obtained in 30 days. Only extreme ethanol conditions (14 and 16% vol) strongly slowed down their growth. These two strains were isolated from wine and belong to the AWRI1499-like genetic group. There were also a lot of intermediate strains (19/29), associated with all genetic groups, and generally, tolerance to low pH was associated with tolerance to higher ethanol contents.

The comparison of pH and ethanol concentration leading to each strain optimal growth (highest ODmax, shorter lag phase or higher μmax) did not reveal a genetic group significantly different. For each strain, we also looked for the lowest pH and the highest ethanol concentration still enabling growth in 30 days (Figure 5). Some wine strains appeared more adapted to low pH than beer or tequila strains, but the high dispersion of the tolerance to low pH observed in wine group made the difference between the groups non-significant(Figure 5A). Furthermore, wine strains did not differ significantly from strains of other origin regarding ethanol tolerance (Figure 5C). Wine strains were then compared according to their genetic group (Figure 5B andD). However none of the group examined appeared significantly different from the others.

Regarding tolerance to ethanol or low pH, B. bruxellensis species is thus relatively heterogeneous.

However the strains studied, whatever their origin or their genetic group, are able to develop at the pH of the wine, i.e. between pH 3.0 and 3.8 and in the presence of ethanol. These results are consistent with previous studies [START_REF] Dias | Factors affecting the production of 4-ethylphenol by the yeast Dekkera bruxellensis in enological conditions[END_REF][START_REF] Conterno | Genetic and physiological characterization of Brettanomyces bruxellensis strains Isolated from wines[END_REF][START_REF] Agnolucci | Genetic diversity and physiological traits of Brettanomyces bruxellensis strains isolated from Tuscan Sangiovese wines[END_REF][START_REF] Campolongo | Prevalence and biodiversity of Brettanomyces bruxellensis in wine from north western Italy[END_REF]) and suggest that beer, tequila or kombucha strain could develop at least in permissive wine. Several studies report that stress resistance in model medium is often lower than that observed in wines (Barata et al., 2008b;[START_REF] Guzzon | Spoilage potential of Brettanomyces bruxellensis strains isolated from Italian wines[END_REF]). Nevertheless, even in synthetic medium, some wine strains continued to grow at pH 2.0 or 14% ethanol, when most strains were inhibited. These highly tolerant strains belong to the AWRI1499-like genetic group. Despite the fact that not all strains in the group AWRI1499-like performed as well, the existence of some strains highly tolerant to abiotic factors (low pH, high ethanol content and sulfites), could explain the rapid emergence and strong dominance of this triploid genetic group in some wine regions [START_REF] Curtin | Genetic diversity of Dekkera bruxellensis yeasts isolated from Australia wineries[END_REF](Curtin et al. , 2012a;;Avramova et al., 2018a).

Global analysis

A principal component analysis was performed to compare the behavior of 29 strains regarding carbohydrate consumption, phenol production and tolerance to pH and ethanol. The results are shown in Figure 6. The two main axes explain respectively 39 and 30% of the variance. Tolerance to high ethanol content appeared clearly related to tolerance to low pH (Figure 6 A, correlation circle). Indeed, the strains growing at the lowest pH also grew at high ethanol concentration. More surprisingly, ethyl phenol formation rate and the use of a low number of carbohydrates appeared correlated. A detailed examination of the data revealed that low ethyl phenol formation rate and the use of a low number of carbohydrates were often shared by the same strains (the "degenerate" strains mentioned above). This may have led to the correlations observed in the PCA. However, the opposite was not true: the strains able to use a high number of carbohydrates were not the more rapid for ethyl phenol production.

As shown in Figure 6C, wine strains were the most scattered ones on the graph and the group of wine strains covered all the other groups. Beer, bioethanol, tequila or kombucha groups of strains were more homogeneous. However we should bear in mind that the wine strains examined were much more numerous.

We then looked at whether a genetic group stood out from the others (Figure 6B). The genetic groups AWRI1608-like and AWRI1499-like, both gathering triploid strains, were the most heterogeneous with respect to all the phenotypes studied. The strains most tolerant to ethanol all belonged to the AWRI1499-like group and the most efficient in terms of sugar metabolism and volatile phenol production were strains of the AWRI1608-like group. The other groups and, in particular, the CBS2499-like group to which many wine strains are attached, were more homogeneous and strains in these groups displayed medium to low tolerances and efficiencies.

Parameters modulating ethyl phenol production in 3 representative strains

On 3 strains representative of the major genetic groups found in wine (strain CBS2499, strain AWRI 1608 and strain L0424 which is AWRI1499-like), we examined volatile phenol production in model medium containing either: glucose, fructose, trehalose or mixture of sugars. These carbohydrates were chosen because they are the most abundant in Bordeaux wines (Cibrario et al., in preparation). Initial cell concentration was set to 10 4 CFU.mL -1 . We also modulated the aeration conditions and added ethanol to measure the impact of these elements on the specific rate of production of volatile phenols. Actually, oxygen availability can increase during specific winemaking operations such as racking and transfer to new barrels.

Growth (or at least survival) and carbohydrate consumption were observed in all the conditions studied. This corresponded to the green profile previously described (Figure 4A). Figure 7 shows the volatile phenol specific production rates obtained with strain L0424 (representative of the AWRI1499like genetic group). Vinyl phenol represented less than 20% of the volatile phenol produced in all the assays. Moreover, the ethyl phenol formation rate was of the same order of magnitude in control conditions during this test as during the culture displaying a red profile described on figures 2 and 3 (0.001 ng.CFU -1 .day -1 for strain L0424). The nature of the carbon substrate did not significantly modify the specific rate of the global reaction (linked to PAD activity, step 1 of the reaction), nor the specific rate of ethyl-phenol formation (linked to VR activity, step 2).

In contrast, increased aeration/agitation multiplied the rates (of step 1 and step 2) by 10. Alcohol had no effect at 12% concentrations, but with 14%, the kinetics of volatile phenol formation was 10 times slower. However, we noticed that the ethyl + vinyl production rate was slightly less affected by the abiotic parameters studied than the ethyl phenol formation rate. Comparable results were obtained with strains AWRI1608 and CBS2499 (not shown).

The nature of the carbohydrate used to support growth has thus no direct influence on the volatile phenols production rate. This, associated with studies reporting production in the absence of sugar or limitation in sugars [START_REF] Dias | Factors affecting the production of 4-ethylphenol by the yeast Dekkera bruxellensis in enological conditions[END_REF], Barata et al., 2008a;[START_REF] Coulon | Brettanomyces bruxellensis evolution and volatile phenols production in red wines during storage in bottles[END_REF], suggests that volatile phenol synthesis is independent from sugar consumption. On the other hand, increasing oxygen availability is detrimental, as this stimulates growth, but also directly volatile phenol formation, putatively by helping the regeneration of the cofactors produced during the reduction step (step2). The highest alcohol concentrations assayed also modulates the reaction rate.

Additionnal experiments were carried out with the wine strains L0424 (AWRI1499-like) and L0611 (CBS2499 like) in model medium supplemented with glucose and p-coumaric acid and in wine, under different conditions of aeration, pH and ethanol content. The ethyl phenol specific production rates are shown in Figure 8. It appeared that, with strain L0424, only the highest constraints (pH≤2.5 and ethanol ≥14% or combination of low pH and high ethanol content) had a negative effect on the specific production rate. The results obtained were very similar with strain L0611, in all cases where this strain reached or maintained sufficient cultivable population. In the other cases (pH 2.5, ethanol 14%), no production of either ethyl or vinyl phenol could be observed over the 60 days of experiment.

The wines A, B and X differed regarding their ability to promote B. bruxellensis growth: wine A was the most permissive one, followed by wine X and wine B was the most difficult one. This may be explained, at least partly, by pH and ethanol content. However, after a lag phase, strain L0424 managed to grow and reach the same final population in the 3 wines (around 5.10 6 CFU.mL -1 ). Strain L0611 did not grow in wine B and the cultivable population remained around 10 3 CFU.mL -1 , but it grew in wines A and X. However, the final populations were ten times lower than those measured with strain L0424 (around 5.10 5 CFU.mL -1 ). The final volatile phenol concentrations were also lower with strain L0611.

Figure 8 shows that the combination of constraints (alcohol, pH + others) in wine significantly affected the volatile phenol specific production rates of strain L0424 and L0611. With comparable cultivable population of strain L0424, it would take 6 times longer to alter wines B and X than wine A and 200 times longer to alter the wine X than the control medium. Even if, in model media, the abiotic constraint encountered in wine had no effect on volatile phenols production rate, when they kept into reasonable values (pH≥3.0, ethanol ≤12 %vol), more extreme pH or ethanol conditions or their combinations significantly slowed down the volatile phenol production. However, these stressful conditions did do not block volatile phenol synthesis in the most tolerant strains.

Conclusion

B. bruxellensis is a detrimental species due to its ability to adapt to and to alter wine at all stages of its elaboration. It is also a non-conventional species from the genetic point of view, particularly because of the existence of distant groups of polyploid individuals including triploid strain groups.

Recent studies highlighted that sulfur dioxide sensitivity was associated with the genetic diversity (Curtin et al. 2012a;Avramova et al. 2018a, b). Tolerance to low pH or high ethanol content is also highly variable in the species but no clear link could be drawn between these phenotypes and the genetic groups examined. Furthermore, regarding the ability to use a high number of carbohydrate or the ability to produce volatile phenol, the species appears to be very homogeneous, as if these traits were essential for "brett way of life", whatever the fermented matrix considered. As a result, all the B. bruxellensis strains examined probably have the ability to grow and produce volatile phenol in the wines with a low level of constraint, provided they are given the time to do this (when wines are let to age). Furthermore, in these wines, we show that some outstanding strains are more rapid and thus display higher spoilage potential. Moreover, these peculiar strains seem to have the ability to spoil even the wines displaying extreme abiotic constraints, whenever they are given time to do it.

Limiting their access to oxygen is essential and decreasing their cultivable population should be performed by alternative treatment as these outstanding dangerous strains are tolerant to sulfites [START_REF] Longin | Efficiency of population-dependent sulfite against Brettanomyces bruxellensis in red wine[END_REF]Avramova et al, 2018b). Ethyl phenol specific production rate. Aerated and control assay media did not contain ethanol.

Control and 12 or 14% ethanol assays were not agitated to limit oxygen incorporation.

From dark grey to light gray: aerated, control, 12% ethanol, 14% ethanol. 
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Table 1 .

 1 Origin and genetic group of the strains studied for each phenotyping test. 593

	Strain	Collection/ laboratory	Matrix of isolation	Country of origin	Genetic group (a)	Carbo-hydrate	Phenotype (b) pH and ethanol	Volatile phenols
	CBS 3025	CBS	Beer	U. Kingdom				

Mean number of carbohydrates (over 16 tested) supporting growth of the studied strains in the indicated group . A.

  Strains are grouped by genetic group, according to Table 1. B. Strains are grouped according to their isolation matrix .

Acknoledgements

. This work received financial support from the Conseil Interprofessionel des Vins de Bordeaux (CIVB, Grant number: 2014/2015 40792), from Région Aquitaine (Grant number: 2014:-1R20203-00002990) and from France Agrimer (Grant number: 7120154146).

(2) The median lag phase is indicated and the extremes are shown between brackets. For instance, on glucose most of the strains displayed a lag phase of one day and only one strain displayed a lag phase of 32 days.