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This study assessed the impact of must yeast-assimilable nitrogen (YAN) content and lactic acid bacteria (LAB) strains used for malolactic fermentation (MLF) on the formation of substituted esters, as well as the corresponding precursors (substituted acids), to investigate the modulation of fruity expression in red wines. In microvinification experiments, a Merlot must was fermented with an initial YAN content of 111 mg/L, or supplemented up to 165 and 220 mg/L. Two Oenococcus oeni LAB strains were used for MLF. Analytical methods were used to quantify substituted esters, as well as the corresponding acids, including, any enantiomeric forms. YAN supplementation of the must significantly increased concentrations of substituted esters of short-and branched-chain alkyl fatty acids produced during alcoholic fermentation (AF) (up to 67% in samples with the highest nitrogen content) and substituted esters of hydroxycarboxylic acids generated during MLF (up to 58% in samples with the highest nitrogen content). YAN supplementation in the must did not affect substituted acid formation during AF. After MLF, short-and branched-chain alkyl fatty acid levels increased in wines made from musts with the highest nitrogen content (up to 56% in samples with the highest nitrogen content), whereas concentrations of hydroxycarboxylic acids increased (up to 55%) independently of the initial YAN content, highlighting the important role of MLF. (2S)-2hydroxy-4-methylpentanoic acid was only found in wines after malolactic fermentation, suggesting different pathways for each enantiomer and opening up new prospects for the study of bacterial metabolisms. Moreover, sensory profiles revealed a significant increase in black-berry-and jammyfruit aromas during MLF and a strong positive correlation between these aromas and the production of substituted esters following must nitrogen supplementation and MLF. Aromatic reconstitutions revealed that variations in the concentrations of substituted esters after MLF impacted the fruity aroma of red wines.

Introduction

Several studies have demonstrated the particular chemical behavior of substituted esters and their sensory impact on fruity expression in red wines, even when these compounds were present at concentrations below their olfactory thresholds. Numerous synergistic effects between fruity compounds have been described in the past, highlighting the fact that these esters increased the perception of fruity aromas (Cameleyre, Lytra, Tempere, & Barbe, 2015;[START_REF] Lytra | Distribution and organoleptic impact of ethyl 2-hydroxy-4-methylpentanoate enantiomers in wine[END_REF]Lytra, Cameleyre, Tempere, & Barbe, 2015;[START_REF] Lytra | Study of Sensory Interactions among Red Wine Fruity Esters in a Model Solution[END_REF]Pineau, Barbe, van Leeuwen, & Dubourdieu, 2009). In contrast to most ethyl esters produced during alcoholic fermentation (AF), substituted esters also accumulate during aging [START_REF] Antalick | Esters in Wines: New Insight through the Establishment of a Database of French Wines[END_REF][START_REF] Campo | Quantitative gas chromatography-olfactometry and chemical quantitative study of the aroma of four Madeira wines[END_REF][START_REF] Gammacurta | Impact of Yeast Strain on Ester Levels and Fruity Aroma Persistence during Aging of Bordeaux Red Wines[END_REF][START_REF] Lytra | Distribution and Organoleptic Impact of Ethyl 2-Methylbutanoate Enantiomers in Wine[END_REF][START_REF] Pineau | Examples of perceptive interactions involved in specific "Red-" and "Black-berry" aromas in red wines[END_REF].

These findings revealed their contribution to the molecular composition of red wine fruity bouquet, as well as the complexity and intensity of fruity aromas in red wine. Hence, more detailed knowledge of their origin and the parameters that influence their accumulation is essential for managing fruity aromas and understanding their importance. [START_REF] Díaz-Maroto | Formation Pathways of Ethyl Esters of Branched Short-Chain Fatty Acids during Wine Aging[END_REF] and [START_REF] Gracia-Moreno | Quantitative determination of five hydroxy acids, precursors of relevant wine aroma compounds in wine and other alcoholic beverages[END_REF] mentioned this topic and the esterification pathway of certain acids during aging has previously been demonstrated. Variations in the ratio of substituted ethyl esters to their corresponding acids over time were recently investigated, revealing that, in general, acids were continuously esterified throughout 20 years' aging [START_REF] Lytra | Study of Substituted Ester Formation in Red Wine by the Development of a New Method for Quantitative Determination and Enantiomeric Separation of Their Corresponding Acids[END_REF].

Several studies have demonstrated that lactic acid bacteria (LAB) strains may increase concentrations of some esters in wine during malolactic fermentation (MLF), thus influencing its aromatic composition and suggesting that LAB possess an esterase activity [START_REF] Cappello | Linking wine lactic acid bacteria diversity with wine aroma and flavour[END_REF][START_REF] Delaquis | Effect of Two Commercial Malolactic Cultures on the Chemical and Sensory Properties of Chancellor Wines Vinified with Different Yeasts and Fermentation Temperatures[END_REF][START_REF] Izquierdo Cañas | Changes in the aromatic composition of Tempranillo wines during spontaneous malolactic fermentation[END_REF][START_REF] Maicas | Improvement of volatile composition of wines by controlled addition of malolactic bacteria[END_REF][START_REF] Sumby | Microbial modulation of aromatic esters in wine: Current knowledge and future prospects[END_REF][START_REF] Ugliano | Changes in the Concentration of Yeast-Derived Volatile Compounds of Red Wine during Malolactic Fermentation with Four Commercial Starter Cultures of Oenococcus oeni[END_REF] According to Matthews et al. [START_REF] Matthews | A survey of lactic acid bacteria for enzymes of interest to oenology[END_REF], this LAB esterase activity may vary within species and, even more, among different genera (Lactobacillus spp., Pediococcus spp. and O. oeni). The literature reports strain-specific changes in ester concentrations during MLF, resulting in general increases in substituted esters [START_REF] Sumby | Microbial modulation of aromatic esters in wine: Current knowledge and future prospects[END_REF]. Sumby et al. [START_REF] Sumby | Ester synthesis and hydrolysis in an aqueous environment, and strain specific changes during malolactic fermentation in wine with Oenococcus oeni[END_REF] provided evidence that purified Oenococcus oeni esterases both synthesize and hydrolyze esters. The specific impact of different LAB strains on levels of branched hydroxylated esters, such as ethyl 2-hydroxy-3-methylbutanoate and ethyl 2hydroxy-4-methylpentanoate, was recently reported [START_REF] Gammacurta | Influence of lactic acid bacteria strains on ester concentrations in red wines: Specific impact on branched hydroxylated compounds[END_REF].

The effect of nitrogenous nutrient levels in must on volatile compounds formation during AF [START_REF] Äyrápáá | Biosynthetic Formation of Higher Alcohols by Yeast. Dependence on the Nitrogenous Nutrient Level of the Medium[END_REF]) and, more precisely, that of amino acids, has been the subject of several studies [START_REF] Beltran | Influence of the Timing of Nitrogen Additions during Synthetic Grape Must Fermentations on Fermentation Kinetics and Nitrogen Consumption[END_REF][START_REF] Garde-Cerdán | Effect of the addition of different quantities of amino acids to nitrogen-deficient must on the formation of esters, alcohols, and acids during wine alcoholic fermentation[END_REF][START_REF] Hernández-Orte | Effect of the addition of ammonium and amino acids to musts of Airen variety on aromatic composition and sensory properties of the obtained wine[END_REF], 2006;[START_REF] Osborne | Inhibition of malolactic fermentation by Saccharomyces during alcoholic fermentation under low-and high-nitrogen conditions: a study in synthetic media[END_REF], globally revealing that higher amino acid availability for yeast results in higher levels of volatile compounds, including acids and esters. These compounds are derived from amino acid catabolism via a pathway first proposed a century ago by Ehrlich [START_REF] Ehrlich | Über die Bedingungen der Fuselölbildung und über ihren Zusammenhang mit dem Eiweissaufbau der Hefe[END_REF]. Amino acids, the major source of assimilable nitrogen in grape must, are assimilated via the Ehrlich pathway (valine, leucine, isoleucine, etc.). After the initial transamination reaction, the resulting α-keto acid is converted by yeast into higher alcohols or substituted acids via the Ehrlich pathway [START_REF] Jones | Absorption of amino acids from wort by yeasts[END_REF]Erlich, 1907;[START_REF] Sumby | Microbial modulation of aromatic esters in wine: Current knowledge and future prospects[END_REF]. [START_REF] Holmberg | Regulation of isoleucine-valine biosynthesis in Saccharomyces cerevisiae[END_REF] demonstrated the hydroxycarboxylic acids formation by pyruvate metabolism. Recent studies [START_REF] Eder | QTL mapping of volatile compound production in Saccharomyces cerevisiae during alcoholic fermentation[END_REF] highlighted the formation of branched ethyl esters, such as of 2-methylpropanol and 3-methylbutanol, and the formation of several acetate esters by pyruvate metabolism during alcoholic fermentation.

Most LAB nitrogen nutrition studies have focused on the impact of amino acids on LAB growth [START_REF] Bell | Implications of nitrogen nutrition for grapes, fermentation and wine[END_REF][START_REF] Remize | Effect of nitrogen limitation and nature of the feed upon Oenococcus oeni metabolism and extracellular protein production[END_REF][START_REF] Tracey | effect of amino acids on malolactic fermentation by Leuconostoc oenos[END_REF]), but little attention has been paid to its impact on metabolite production in wines. Nevertheless, food industry literature provides evidence of flavor formation from amino acids by lactic acid bacteria and describes the general pathways of amino acid degradation to form potential flavor compounds [START_REF] Van Kranenburg | Flavour formation from amino acids by lactic acid bacteria: predictions from genome sequence analysis[END_REF][START_REF] Afzal | Biosynthesis and role of 3-methylbutanal in cheese by lactic acid bacteria: Major metabolic pathways, enzymes involved, and strategies for control[END_REF].

Our research followed musts with different nitrogen concentrations through the entire winemaking process to investigate the role of MLF on the formation of substituted esters and the corresponding acids, considering any enantiomeric forms, as well as their impact on fruity aroma expression in wine.

Materials and Methods

Experimental Design -Microvinification

10.8 L Merlot must (2014 vintage, kept at -20°C), containing 111 mg/L yeast-assimilable nitrogen (YAN), determined enzymatically by 12809 Biosystems kit and colorimetrically by o-phthaldialdehyde assay (Laboratoire SARCO, France), was divided into three parts. Two were supplemented to reach 165 and 220 mg/L YAN, respectively, using (1/3) ammoniacal nitrogen and (2/3) α-amino nitrogen.

The α-amino nitrogen consisted of a mixture of 18 amino acids: L-tyrosine (1.4 g/L), Ltryptophan (13.7 g/L), L-isoleucine (2.5 g/L), L-aspartic acid (3.4 g/L), L-glutamic acid (9.2 g/L), L-arginine (28.6 g/L), L-leucine (3.7 g/L), L-threonine (5.8 g/L), L-glycine (1.4 g/L), Lglutamine (38.6 g/L), L-alanine (11.1 g/L), L-valine (3.4 g/L), L-methionine (2.4 g/L), Lphenylalanine (2.9 g/L), L-serine (6 g/L), L-histidine (2.5 g/L), L-lysine (1.3 g/L), and Lcysteine (1 g/L) in NaHCO3 (20 g/L), corresponding to 13.75 g/L α-amino nitrogen [START_REF] Bely | Description of Alcoholic Fermentation Kinetics: Its Variability and Significance[END_REF][START_REF] Marullo | Breeding strategies for combining fermentative qualities and reducing off-flavor production in a wine yeast model[END_REF]. Supplementation with 6.4 ml of this solution added 127.2 mg α-amino nitrogen.

For each of these modalities, AF was initiated by inoculating rehydrated dry Saccharomyces cerevisiae yeast, Zymaflore FX10 strain (Laffort Oenologie, Floirac, France), into 0.75 L bottles, incubated at 24 ° C. The microvinification experimental design was inspired by [START_REF] Gammacurta | Influence of lactic acid bacteria strains on ester concentrations in red wines: Specific impact on branched hydroxylated compounds[END_REF]. The quantity of CO2 released during AF was monitored by weighing the bottles 3 times per day. The CO2 production rate (g/L/h) was calculated using a local polynomial regression fitting (Loess function, R program, R Foundation for Statistical Computing, Vienna, Austria.). The implantation of commercial yeast starter cultures in each sample was verified in the middle of AF by PCR-DELTA, as described by [START_REF] Legras | Optimisation of interdelta analysis for Saccharomyces cerevisiae strain characterisation[END_REF], and found to be responsible for AF in every case (data not shown). At the end of AF, when the CO2 production rate dropped below 0.05 g/L/h, the wine was centrifuged and a 100 mL sample was collected (AF sample) and frozen at -20 °C prior to analysis. Samples collected for sensory analysis were sulfited at 30 mg/L and stored at 14 °C before being presented to the panel.

Each wine obtained was aliquoted, inoculated separately with two Oenococcus oeni LAB strains, using commercial dried preparations (LAB1 and LAB2, Laffort OEnologie, Floirac, France), and incubated at 20 °C. Oenococcus oeni, usually used in the wine industry, was thus chosen. This species is the best-adapted in wine [START_REF] Lorentzen | Distribution of Oenococcus oeni populations in natural habitats[END_REF] and produces or degrades numerous secondary metabolites that modify the fruity notes and contribute to the overall complexity of wine aroma [START_REF] Campbell-Sills | Two different Oenococcus oeni lineages are associated to either red or white wines in Burgundy: genomics and metabolomics insights[END_REF].

For the modality without MLF (Negative Control-NC), the wines were sulfited at 30 mg/L (SOLUTION 10 -10% (m/v) neutralized aqueous solution of sulfur dioxide, Laffort OEnologie, Floirac, France) and incubated at 20 °C. MLF was monitored by assaying malic acid levels twice a week until concentrations fell below 0.1 g/L (Acide L-Malique Assay Kit, Megazyme). Implantation of bacterial commercial starter cultures was verified using the VNTR method, described by Claisse et al. [START_REF] Claisse | Multiplex variable number of tandem repeats for Oenococcus oeni and applications[END_REF]. The results confirmed that the inoculated strains were responsible for MLF in each case (data not shown).

On completion of MLF, a 100 mL sample was stored at -20°C for later analysis. Samples collected for sensory analysis were sulfited at 30 mg/L and stored at 14 °C before being presented to the panel.

Experiments were performed in triplicate.

Analytical Methods

Enantiomeric Separation and Quantitation of Substituted Ethyl Esters

Sample preparation and chromatographic conditions were as described by Lytra et al. [START_REF] Lytra | Study of Substituted Ester Formation in Red Wine by the Development of a New Method for Quantitative Determination and Enantiomeric Separation of Their Corresponding Acids[END_REF].

Sample Preparation. A 50 mL sample was spiked with 300 μg/L ethyl 2-hydroxy-2methylpropanoate (not naturally present in wine) as an internal standard and 4 drops of H3PO4

(1/3 in H2O). Five grams of sodium chloride were added to the sample, which was then extracted using 4, 4, and 2 mL dichloromethane, for 10 min each, with magnetic stirring (700 rpm), and the phases were allowed to settle for 5 min before separation in a separating funnel.

The organic phases were combined, dried over sodium sulfate, and concentrated using a

Rotavapor (Laborota 4010 digital Rotary Evaporator, Heidolph, Germany), with a 20 °C bath temperature, to obtain a 250 μL final sample of wine extract.

Chromatographic Conditions. Gas chromatography analyses were carried out on an HP 5890

GC system coupled to an HP 5972 quadrupole mass spectrometer (Hewlett-Packard), equipped with a Gerstel MPS2 autosampler. Injections were in split mode (split ratio: 30:1), using a 2 mm i.d. non-deactivated direct linear transfer (injector temperature, 200 °C; interface temperature, 200 °C). The column used for enantiomeric separation and quantitation of these compounds was a Chiraldex Gamma-TA (50 m × 0.25 mm i.d., film thickness: 0.12 μm, Astec, Whippany, NJ, USA). The oven temperature was programmed at 40 °C for 1 min, then increased at a rate of 1°C min -1 to 100 °C, then at 3 °C min -1 to a final isotherm at 180 °C, and maintained for 5 min. The carrier gas was helium N55 (Air Liquide, France) with a constant flow of 2 mL min -1 . The mass spectrometer was operated in electron impact ionization at 70 eV in selected-ion-monitoring (SIM) mode. The ions monitored, chosen on the basis of the best measured signal-to-noise ratio, are listed in Table S1.

Enantiomeric Separation and Quantitation of Alkyl-Substituted Acids

2-methylpropanoic acid, 3-methylbutanoic acid, (2R)-2-methylbutanoic acid, and (2S)-2methylbutanoic acid were analyzed as described for esters in the preceding paragraph:

Enantiomeric Separation and Quantitation of Substituted Ethyl Esters.

Enantiomeric Separation and Quantitation of Hydroxycarboxylic Acids

Sample preparation, including ester elimination, acid extraction and derivatization was as described by [START_REF] Lytra | Study of Substituted Ester Formation in Red Wine by the Development of a New Method for Quantitative Determination and Enantiomeric Separation of Their Corresponding Acids[END_REF]. The hydroxycarboxylic acids were characterized by derivatization. This method for generating methyl esters of the naturally-occurring acids was based on the protocol proposed by Lytra et al. [START_REF] Lytra | Study of Substituted Ester Formation in Red Wine by the Development of a New Method for Quantitative Determination and Enantiomeric Separation of Their Corresponding Acids[END_REF].

The methyl esters (Table S1) were analyzed by gas chromatography-mass spectrometry on a Chiraldex Gamma-TA column, using the chromatographic conditions described for ethyl ester enantiomeric separation and quantitation. Derivative compound concentrations (expressed in µmol/L) were converted to hydroxycarboxylic acid concentrations (µg/L).

The reagents and chemicals are listed in supplementary data.

Sensory Analyses

General Conditions

Sensory analyses were performed as described by Martin and de Revel [START_REF] Martin | Sensory evaluation: scientific bases and oenological application[END_REF]. Samples were evaluated at controlled room temperature (20 °C), in individual booths, using covered, black, ISO glasses (ISO 3591:1977(ISO 3591: , 1977) ) containing about 50 mL liquid, coded with three-digit random numbers. Sessions lasted approximately 5 minutes.

Sensory Panel

The panel consisted of 14 judges, 6 male and 8 female, aged 29.4 ± 8.3 (mean±SD). All panelists were research laboratory staff at ISVV, Bordeaux University, selected for their experience in assessing fruity aromas in red wines. They attended training sessions regularly, using aroma reference standards, as described by Campo et al. [START_REF] Campo | Comparison of conventional descriptive analysis and a citation frequency-based descriptive method for odor profiling: An application to Burgundy Pinot noir wines[END_REF]. Fresh berry-fruit standards were presented: blueberry, blackberry, blackcurrant, strawberry, cherry, and raspberry. Commercial jams, made from the same fruits, were presented directly as jammy-fruit standards. For each sample, the subject rated the intensity of the descriptors on a 100 mm scale printed on paper, labeled "no odor perceived" on the left and "very intense" on the right. Each sample was presented twice in each session. For this descriptive approach, samples from experiments run in triplicate were blended.

2.3.3

Statistical Data Analysis

Statistical data from chemical and sensory evaluations were analyzed using the Kruskal-Wallis statistical non-parametric test followed by the Conover-Iman post-hoc test (XLSTAT software), with a statistically significant level of 5% (p<0.05).

Discriminant Factorial Analysis (DFA) was used to visualize the ester and acid concentrations and discriminate, a priori, among the groups representing different modalities (YAN content in must and MLF).

Principal Component Analysis (PCA) was used to visualize the degree of correlation between the intensity of aromatic descriptors and concentrations of chemical compounds.

Spearman's correlation test was used to evaluate the relationship between the intensity of aromatic descriptors and concentrations of substituted esters. The statistically significant level was 5 % (XLSTAT software, p<0.05).

Results and Discussion

Impact of must YAN content and malolactic fermentation on substituted ester and acid formation

Firstly, the impact of YAN levels (111, 165 and 220 mg/L) on substituted ester and acid concentrations was studied by comparing levels in pre-and post-MLF samples (AF, NC, MLF1, MLF2; Tables 1 and2), Different Latin letters within each row indicate significant differences between wines made from must with different nitrogen compositions for each modality (AF, NC, MLF))

Secondly, the impact of MLF on substituted ester and acid concentrations was studied by comparing levels in samples with each initial must YAN content (111, 165 and 220 mg/L), in each modality (AF, NC, MLF1, and MLF2), before and after MLF (Tables 3 and4). Different

Latin letters within each row indicate significant differences between samples before and after MLF for each wine made from must with different YAN levels.

Impact of must YAN content and malolactic fermentation on substituted ester formation

A discriminant function analysis (DFA) correlation circle was generated to visualize esters likely to discriminate among the groups for the modalities tested (YAN level and fermentation stages) (Figure 1). This graph shows that the samples are clearly discriminated on the factor axes, obtained from the initial variables. The first axis (F1) best discriminates (58.3%) among the pre-and post-MLF samples, while the second axis (F2) discriminates (21%) among the samples according to their initial YAN composition. Almost all esters, except ethyl (3S)-3hydroxybutanoate, were positively projected on the F1 axis, grouping post-MLF samples, thus indicating the significant impact of MLF on fruity substituted esters. In addition, almost all esters, except ethyl (2R)-2-hydroxy-3-methylbutanoate, were positively projected on the F2 axis, grouping post-MLF samples with the highest initial YAN content.

At the end of AF, concentrations of short-and branched-chain alkyl fatty acid esters increased significantly with higher initial YAN concentrations (Tables 1 and5). This result is not surprising, as these compounds are derived from precursor amino acid catabolism via the Ehrlich pathway [START_REF] Ehrlich | Über die Bedingungen der Fuselölbildung und über ihren Zusammenhang mit dem Eiweissaufbau der Hefe[END_REF]. However, our findings contrast with those reported by Vilanova et al. [START_REF] Vilanova | Assimilable nitrogen utilisation and production of volatile and non-volatile compounds in chemically defined medium by Saccharomyces cerevisiae wine yeasts[END_REF], where increased nitrogen supplementation with ammonium in a synthetic medium, different from the model used in our study, resulted in a gradual decrease in the production of short-and branched-chain alkyl fatty acid and their esters. These results indicate the importance of the nitrogen source, as well as the matrix studied. Other studies found that a number of factors affected the volatile aroma profile of the wine: the nitrogen source (amino acids or ammonium), the timing of its addition to the must, and the matrix studied, as well as the variable capacity of different yeast strains to use the nitrogen source [START_REF] Styger | Wine flavor and aroma[END_REF].

At the end of MLF, this tendency only persisted in LAB2 samples (Tables 1 and5). Ugliano and Moio [START_REF] Ugliano | Changes in the Concentration of Yeast-Derived Volatile Compounds of Red Wine during Malolactic Fermentation with Four Commercial Starter Cultures of Oenococcus oeni[END_REF], as well as Malherbe et al. [START_REF] Malherbe | Comparative metabolic profiling to investigate the contribution of O. oeni MLF starter cultures to red wine composition[END_REF], demonstrated that variations in concentrations of substituted esters depended on the bacterial strain used for MLF. Campbell-Sills [START_REF] Campbell-Sills | Two different Oenococcus oeni lineages are associated to either red or white wines in Burgundy: genomics and metabolomics insights[END_REF] reported that two LAB strains had a different impact on the volatile composition, depending on their genetic group. Other studies revealed that purified Oenococcus oeni esterases had a preference for short-chain synthetic substrates and were capable of esterase activity, whereas other esterases had a putative dual hydrolysis and synthesis activity on natural substrates [START_REF] Sumby | Ester synthesis and hydrolysis in an aqueous environment, and strain specific changes during malolactic fermentation in wine with Oenococcus oeni[END_REF]. The fact that concentrations of short-and branched-chain alkyl fatty acid esters had increased significantly in LAB2 samples at the end of MLF was consistent with the findings of Costello et al. [START_REF] Costello | Variations in the effect of malolactic fermentation on the chemical and sensory properties of Cabernet Sauvignon wine: interactive influences of Oenococcus oeni strain and wine matrix composition[END_REF], who demonstrated that the extent and diversity of the impact of MLF on wine chemical and sensory properties were directly influenced by the choice of bacterial strains, as well as the wine matrix. Darsonval et al. [START_REF] Darsonval | Genetically engineered Oenococcus oeni strains to highlight the impact of estA2 and estA7 esterase genes on wine ester profile[END_REF]) also reported that Oenococcus oeni esterase gene expression during winemaking was likely to impact the levels of certain esters that contribute to the aromatic profile of the wine. Furthermore, alcohol acyltransferase activity was recently identified in Oenococcus oeni and Lactobacillus plantarum as a mechanism for increasing ester concentrations (linear ethyl esters, such as ethyl hexanoate) and subsequently impacting the fruity aromas of red wine [START_REF] Costello | Synthesis of fruity ethyl esters by acyl coenzyme A: alcohol acyltransferase and reverse esterase activities in Oenococcus oeni and Lactobacillus plantarum[END_REF].

Esters from hydroxycarboxylic acids produced during AF are not, apparently, impacted by the must YAN level (Tables 1 and5). This is not very surprising as the Ehrlich reaction does not explain the formation of esters from hydroxycarboxylic amino acids but only branchedamino acids (without a hydroxyl group). In contrast, concentrations increased significantly after MLF, especially at the highest levels (Tables 3 and5). The results for AF were in agreement with those of Hernandez-Orte et al. [START_REF] Hernández-Orte | Addition of amino acids to grape juice of the Merlot variety: Effect on amino acid uptake and aroma generation during alcoholic fermentation[END_REF], who observed no difference in ethyl-3-hydroxybutanoate formation at this stage when different quantities of amino acids were added to Merlot musts. On the contrary, Garde-Cerdan and Ancın-Azpilicueta, (Garde-Cerdán & Ancín-Azpilicueta, 2008) reported that the formation of this compound was inversely proportional to amino acid supplementation in Mazuelo must. Our results concerning the increase in hydroxycarboxylic esters during MLF (Tables 3 and5) were in agreement with those reported by Gammacurta et al. [START_REF] Gammacurta | Influence of lactic acid bacteria strains on ester concentrations in red wines: Specific impact on branched hydroxylated compounds[END_REF], who demonstrated that they were important markers of LAB esterase activity.

Impact of must YAN content and malolactic fermentation on substituted acid formation

A discriminant function analysis (DFA) correlation circle was generated to visualize the acid content that contributes, a priori, to discriminating among the groups for the different modalities tested (YAN levels and fermentation stages) (Figure 2). This graph confirms a clear discrimination (76.5%) between the pre-and post-MLF samples on the first axis (F1).

All acids are positively projected on the F1 axis for post-MLF samples, thus indicating the significant impact of MLF on fruity aroma precursors.

At the end of AF, short-and branched-chain alkyl fatty acid levels were not affected by the initial YAN content in must, unlike their corresponding esters (Tables 2 and5). In samples analyzed pre-and post-MLF, a higher YAN content in the must resulted in some higher shortand branched-chain alkyl fatty acid levels after MLF (Tables 2 and5). Similar results were previously reported for 2-methylbutanoic acid by Antalick et al. [START_REF] Antalick | Characterization of Fruity Aroma Modifications in Red Wines during Malolactic Fermentation[END_REF]. Hydroxycarboxylic acid levels at the end of AF were not affected by the initial must YAN content (Tables 2 and5). As in the case of the corresponding esters, this is not very surprising, as the Ehrlich reaction cannot account for the formation of this acid from the corresponding amino acids (without a hydroxyl group). Pyruvate was found to be implicated to hydroxycarboxylic acids formation [START_REF] Holmberg | Regulation of isoleucine-valine biosynthesis in Saccharomyces cerevisiae[END_REF]. Their concentrations increased significantly after MLF, with a higher YAN content for certain acids (Tables 2,4, and 5). The (2S)-2-hydroxy-4-methylpentanoic acid enantiomer was only found in wines analyzed after MLF, suggesting that it may be formed via LAB metabolic activity, highlighting the importance of MLF in substituted acid formation (Tables 2, Table 4). Lytra et al. [START_REF] Lytra | Study of Substituted Ester Formation in Red Wine by the Development of a New Method for Quantitative Determination and Enantiomeric Separation of Their Corresponding Acids[END_REF] reported an increase in concentrations of (2S)-2-hydroxy-4methylpentanoic acid over time, suggesting the existence of additional alcoholic fermentation formation pathways for the S-enantiomer and other metabolisms that may affect concentrations of some substituted esters and/or acids. To our knowledge, (2S)-2-hydroxy-4methylpentanoic acid formation during MLF is reported for the first time in wine microvinification. Previous studies demonstrated the production of leucic acid (2-hydroxy-4methylpentanoic acid) by the bacteria metabolism when a synthetic medium was supplemented with L-leucine and cultured with Clostridium butyricum [START_REF] Butel | Formation of 2-hydroxy-4-methylpentanoic acid from l-leucine by Clostridium butyricum[END_REF] or

Eubacterium brachy [START_REF] Hamid | The metabolism of phenylalanine and leucine by a cell suspension of Eubacterium brachy and the effects of metronidazole on metabolism[END_REF] 

Changes in amino acid content during malolactic fermentation

The visualization of branched-compound formation from amino acids due to consumption by lactic acid bacteria during MLF was not conclusive in our study: amino acid levels were only slightly higher after MLF than just after AF.

Indeed, amino acids may be released by wine peptides or proteins as a result of the action of lactic acid bacteria extracellular peptidases or proteases or through yeast and/or bacterial autolysis phenomena (Crouigneau, Feuillat, & Guilloux-Benatier, 2000;[START_REF] Hernández-Orte | Biogenic amine determination in wine fermented in oak barrels: Factors affecting formation[END_REF][START_REF] López | Malolactic fermentation of Tempranillo wine: contribution of the lactic acid bacteria inoculation to sensory quality and chemical composition[END_REF][START_REF] Pozo-Bayón | Wine Volatile and Amino Acid Composition after Malolactic Fermentation: Effect of Oenococcus oeni and Lactobacillus plantarum Starter Cultures[END_REF]. Our data, together with bibliographic references, indicated that substituted acid synthesis from amino acids by lactic acid bacteria is and its elucidation will require further investigation. 353

Olfactory impact of malolactic fermentation on fruity aroma perception

Significant differences in intensity between pre-and post-MLF samples were recorded on a 100 mm scale for red-and black-berry fruit, as well as fresh-and jammy-fruit nuances (Figure 3A).

Red-berry fruit intensity was lower for post-compared to pre-MLF wines, irrespective of the YAN content in the must. The same trend was observed for fresh-berry fruit intensity, except for the must with a YAN content of 165 mg/L, where no difference was observed.

On the contrary, the black-berry and jammy fruit descriptors were more intense for post-MLF wines, independently of the initial YAN level. These data indicate the importance of MLF in modulating the fruity aromas of red wines.

Principal component analysis (PCA) accounted for 77.62% of total variance (F1: 58.35% and F2: 19.28%), revealing a correlation between the intensity of fruity descriptors and ester concentrations in the samples analyzed (Figure 4).

The F1 axis explained 58.35% of total variance and was positively correlated with black-berry and jammy-fruit descriptor intensity. Furthermore, the loading plots for all esters were projected on the positive side of the first axis, indicating that these compounds were wellcorrelated with black-berry and jammy-fruit descriptors, while red-and black-berry, as well as fresh-fruit descriptors were loaded on the negative side of the F1 axis. Furthermore, all post-MLF samples, except one (111-MLF2), were also located at the positive side of the F1 axis, with the highest levels of esters, as well as black-berry and jammy-fruit descriptors.

These results were confirmed using the Spearman correlation test: black-berry fruit intensity was strongly correlated with levels of ethyl (2S)-2-methylbutanoate (positive correlation, Spearman correlation coefficient: 0.867, p=0.005), ethyl (2R)-2-hydroxy-3-methylbutanoate (positive correlation, Spearman correlation coefficient: 0.717, p=0.037), ethyl (2R)-2hydroxy-4-methylpentanoate (positive correlation, Spearman correlation coefficient: 0.917, p=0.001), and ethyl (3R)-3-hydroxybutanoate (positive correlation, Spearman correlation coefficient: 0.850, p=0.006), suggesting that these compounds contributed to enhancing black-berry fruit notes.

The Spearman confirmed a strong correlation between jammy-fruit intensity and levels of ethyl (2S)-2-methylbutanoate (positive correlation, Spearman correlation coefficient: 0.767, p=0.021), ethyl (2R)-2-hydroxy-4-methylpentanoate (positive correlation, Spearman correlation coefficient: 0.917, p=0.001), and ethyl (3R)-3-hydroxybutanoate (positive correlation, Spearman correlation coefficient: 0.817, p=0.011), suggesting that these compounds contributed to jammy-fruit notes. Considering the principal component analysis (PCA) and Spearman correlation test results, these olfactory modifications may be attributable to the significant increase in these compounds after MLF.

On a 100 mm scale of intensity, significant differences in red-and black-berry fruit, as well as fresh-and jammy-fruit nuances, were found between pre-and post-MLF, as well as pre-MLF samples supplemented with pure commercial esters to reach the concentrations found after MLF with LAB1 and LAB2 (aromatic reconstitutions) (Figure 3B). Sensory profiles of aromatic reconstitutions demonstrated that variations in ester concentrations in wines at levels found after MLF accounted for the greater intensity of black-berry and jammy-fruit notes in post-MLF samples. More precisely, adding esters at the concentrations found in wine after MLF with LAB1 and LAB2 resulted in the same olfactory modifications in black-berry and jammy-fruit notes reported in post-MLF wine (Figure 3B), clearly confirming the impact of substituted esters on the intensity of specific fruity notes in wines after MLF.

These findings revealed the contribution of substituted esters, at concentrations modulated by the LAB metabolism, to black-berry and jammy-fruit notes. One objective of future research is to assess the overall "aromatic potential" of these esters involved in red wine fruity aroma enhancement by quantitation of the corresponding acids. Furthermore, further research into the conditions governing the formation of these compounds during winemaking steps, particularly fermentations with yeast and bacterial diversity [START_REF] Berbegal | A metagenomic-based approach for the characterization of bacterial diversity associated with spontaneous malolactic fermentations in wine[END_REF]Tempère, Marchal, Barbe, Bely, Masneuf-Pomarede, Marullo, & Albertin, 2018;[START_REF] Campbell-Sills | Two different Oenococcus oeni lineages are associated to either red or white wines in Burgundy: genomics and metabolomics insights[END_REF][START_REF] Gobert | Non-Saccharomyces yeasts nitrogen source preferences: impact on sequential fermentation and wine volatile compounds profile[END_REF], as well as potential biosynthesis of amino acids, will contribute to our understanding of the impact of microorganism/amino acid interactions on wine complexity and quality.

Conclusions

This original research focused on the impact of two key enological parameters, must yeastassimilable nitrogen content and malolactic fermentation, on the formation of substituted acids and their corresponding esters during the winemaking process, as well as their impact on fruity aroma expression in wine.

Adding yeast-assimilable nitrogen to a deficient must had a significant impact on the production of substituted esters, as well as short-and branched-chain alkyl fatty acids, during malolactic fermentation. Nevertheless, hydroxycarboxylic acid levels increased independently of yeast-assimilable nitrogen content, highlighting the importance of malolactic fermentation.

To our knowledge, this was the first time (2S)-2-hydroxy-4-methylpentanoic acid formation was reported in wine during MLF in microvinification experiments.

In addition, sensory profiles revealed that malolactic fermentation led to a significant increase in black-berry and jammy-fruit notes. Aromatic reconstitutions, revealed the role of substituted esters as natural fruity-note enhancers.

This study confirmed the impact of malolactic fermentation in developing an olfactory sensory space in red Bordeaux wines, as defined by Pineau [START_REF] Pineau | Contribution à l'étude de l'arôme fruité spécifique des vins rouges de Vitis vinifera L. Cv. Merlot noir et Cabernet-Sauvignon[END_REF], corresponding to an aromatic typicity marked by black-berry and jammy-fruit notes.

This study also opens up new investigative perspectives on ester formation pathways, especially those related to hydroxycarboxylic acids, focusing on the new origins revealed in these experiments. In view of the importance of the matrix, the impact of nitrogen compounds in grapes, together with the lactic acid bacteria metabolism, on fruity aroma compounds should also be investigated using other grape varieties. 

× ↗ × × ↗ 2-methylpropanoic acid Ethyl 3-methylbutanoate ↗ ↗ × × × × ↗ × × ↗ 3-methylbutanoic acid Ethyl (2S)-2- methylbutanoate ↗ ↗ × ↗ ↗ × × × × ↗ (2S)-2- methylbutanoic acid Ethyl (3R)-3- hydroxybutanoate × ↗ × ↗ ↗ × ↗ ↗ × ↗ (3R)-3- hydroxybutanoic acid Ethyl (3S)-3- hydroxybutanoate × × × × × n.d n.d n.d n.d n.d (3S)-3- hydroxybutanoic acid Ethyl (2R)-2-hydroxy-3- methylbutanoate × ↗ × ↗ ↗ × ↗ ↗ ↗ × (2R)-2-hydroxy-3- methylbutanoic acid Ethyl (2R)-2-hydroxy-4- methylpentanoate × ↗ × ↗ ↗ × × × × × (2R)-2-hydroxy-4- methylpentanoic acid Ethyl (2S)-2-hydroxy-4- methylpentanoate × × × × × × ↗ ↗ ↗ ↗ ( 

  Descriptive testing methods. The panel evaluated the sensory profiles of the wines, focusing on the intensity of red-berry-, black-berry-, fresh-, and jammy-fruit aromas(ISO 13299:2016(ISO 13299: , 2016)). Firstly, three samples were presented for each YAN level in the must (111, 165 and 220 mg/L): wine after AF and after MLF with commercial strains LAB1 and LAB2. Secondly, five samples were presented for each YAN level in the must (111, 165 and 220 mg/L): wine without MLF (NC), after MLF with LAB1 and LAB2, and two aromatic reconstitutions. These aromatic reconstitutions consisted of the wine without MLF (NC) supplemented with pure commercial esters to reach the concentrations found after MLF with LAB1 and LAB2.

  2S)-2-hydroxy-4methylpentanoic acid n.d: not detected, ↗: increase in concentration, ×: no impact
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 12 Figure 1: Discriminant function analysis (DFA) correlation circle of ester concentrations (a) with the corresponding projection map of wines (b). Confidence ellipse corresponds to the wine classification by nitrogen must composition and fermentation stages (AF, MLF, NC). AF: alcoholic fermentation, NC: negative control, MLF1 and MLF2: malolactic fermentation with two lactic acid bacteria, strains 111, 165 and 220: YAN levels in must (mg/L). 3MEC4C2: Ethyl 3-methylbutanoate, S-2MEC4C2: Ethyl (2S)-2-methylbutanoate, R-3OHC4C2: Ethyl (3R)-3-hydroxybutanoate, S-3OHC4C2: Ethyl (3S)-3-hydroxybutanoate, R-2OH3MEC4C2: Ethyl (2R)-2-hydroxy-3-methylbutanoate, R-2OH4MEC5C2: Ethyl (2R)-2-hydroxy-4-methylpentanoate.

Figure 3 :

 3 Figure 3: Intensities of aromatic descriptors. AF: alcoholic fermentation, NC: negative control, AR: aromatic reconstitution, MLF1 and MLF2: malolactic fermentation with two lactic acid bacteria strains, 111, 165 and 220: YAN levels in must (mg/L). Different letters within each bar indicate significant differences between groups (XLSTAT software, Kruskal-Wallis Test: Conover-Iman / Bilateral test, p<0.05). Error bars indicate standard error deviation.

Figure 4 :

 4 Figure 4: PCA (principal component analysis) of aromatic descriptor intensities and chemical compound concentrations.RF: red-berry fruit, BF: black-berry fruit, FF: fresh fruit, JF: jammy fruit. 3MEC4C2: Ethyl 3-methylbutanoate, S-2MEC4C2: Ethyl (2S)-2-methylbutanoate, R-3OHC4C2: Ethyl (3R)-3-hydroxybutanoate, S-3OHC4C2: Ethyl (3S)-3-hydroxybutanoate, R-2OH3MEC4C2: Ethyl (2R)-2hydroxy-3-methylbutanoate, R-2OH4MEC5C2: Ethyl (2R)-2-hydroxy-4-methylpentanoate. AF: alcoholic fermentation, MLF1 and MLF2: malolactic fermentation with two lactic acid bacteria strains, 111, 165 and 220: YAN levels in must (mg/L)

Table 1 :

 1 Impact of YAN composition in must on substituted ester concentrations in samples before and after MLF. Mean intensity of substituted ester concentrations

					Different modalities: nitrogen levels and MLF					
			AF			NC			MLF1			MLF2	
		111	165	220	111	165	220	111	165	220	111	165	220
		mg/L assimilable nitrogen	mg/L assimilable nitrogen	mg/L assimilable nitrogen	mg/L assimilable nitrogen
	Substituted ethyl esters					Average concentrations (µg/L)				
	Ethyl 2-methylpropanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl 3-methylbutanoate	62±12a	78±8ab	191±9b	65±25a	94±14ab	179±38b	128±44a	99±24a	152±32a	78±18a	90±8ab	178±10b
	Ethyl (2R)-2-methylbutanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl (2S)-2-methylbutanoate	2.7 ± 1.4a	3.4±1.3a	4.9±0.4b	2.9±0.6a	2.9±0.7a	5.4±1.7b	5.2±2.6a	4.6±1.1a	5.8±0.2a	4.2±0.4a	8.1±1.1ab	8.7±0.3b
	Ethyl (3R)-3-hydroxybutanoate	33±10a	35±5a	36±6a	33±7a	49±15a	44±6a	48±11a	69±5b	68±18b	47±12a	73±8b	69±16b
	Ethyl (3S)-3-hydroxybutanoate	265±90a	258±69a	255±65a	345±171a	324±99a	249±38a	239±30a	254±60a	360±55a	268±41a	226±10a	283±44a
	Ethyl (2R)-2-hydroxy-3-methylbutanoate	5.3±1.4a	4.5±0.3a	3.4±1.8a	7.0±3.6a	4.4±0.5a	6.3±0.8a	16.6±5.8a	6.0±0.9a	9.1±2.7a	6.5±0.4a	7.7±0.5b	12.1±1.1c
	Ethyl (2S)-2-hydroxy-3-methylbutanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl (2R)-2-hydroxy-4-methylpentanoate	62±15a	63±21a	74±21a	65±10a	65±11a	70±10a	72±19a	113±17ab	137±39b	65±16a	109±13ab	154±37b
	Ethyl (2S)-2-hydroxy-4-methylpentanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	AF: alcoholic fermentation, NC: negative control, MLF1 and MLF2: malolactic fermentation with two strains of lactic acid bacteria, 111, 165 and 220: YAN levels in must
	(mg/L), ± standard deviation over the average concentration, n.d: not detected, values with different letters within each row are significantly different (Kruskal-Wallis Test	
	(Conover-Iman / Bilateral test), p<0.05).										

Table 2 :

 2 Impact of YAN composition in must on substituted acid concentrations in samples before and after MLF. Mean intensity of substituted acid concentrations.

					Different modalities: nitrogen levels and MLF					
			AF			NC			MLF1			MLF2	
		111	165	220	111	165	220	111	165	220	111	165	220
		mg/L assimilable nitrogen	mg/L assimilable nitrogen	mg/L assimilable nitrogen	mg/L assimilable nitrogen
	Substituted acids						Average concentrations (µg/L)				
	2-methylpropanoic acid	3565±351a 3868±845a 2335±282a 5287±2479a 4233±1289a 3240±71a 3852±725a 3796±656a	4444±1829a 3175±389a 4273±1317ab 5257±1043b
	3-methylbutanoic acid	1044±220a 1003±37a 710±154a	976±91a	1109±157a 1063±173a 1097±236a 1122±103a	1248±217a	948±27a	985±120ab	1413±242b
	(2R)-2-methylbutanoic acid	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	(2S)-2-methylbutanoic acid 602±120a 657±253a	351±79a	553±43a	626±209a	531±80a	558±35a	689±229a	725±222a	770±415a	520±60a	791±195a
	(3R)-3-hydroxybutanoic acid	638±143a 392±185a	417±79a	467±205a	692±336a	520±26a	867±40a	645±304a	563±335a	682±228a	791±66ab	933±43b
	(3S)-3-hydroxybutanoic acid	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	(2R)-2-hydroxy-3-methylbutanoic acid	1999±816a 1184±163a 1852±38a	1774±496a	1125±138a 1397±283a 863±164a 1199±380ab	2079±326b 2402±526a 2195±957a	1444±454a
	(2S)-2-hydroxy-3-methylbutanoic acid	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	(2R)-2-hydroxy-4-methylpentanoic acid	1318±570a 655±234a 616±223a	1308±303a	863±223a	642±114a 1089±172a	986±602a	650±161a	1673±727a 1177±527a	714±231a
	(2S)-2-hydroxy-4-methylpentanoic acid	0±0	0±0	0±0	0±0	0±0	0±0	42±8a	67±14ab	64±16b	57±2a	55±5a	51±8a
	AF: alcoholic fermentation, NC: negative control, MLF1 and MLF2: malolactic fermentation with two strains of lactic acid bacteria, 111, 165 and 220: YAN levels in must	
	(mg/L), ± standard deviation over the average concentration, n.d: not detected, values with different letters within each row are significantly different (Kruskal-Wallis Test	
	(Conover-Iman / Bilateral test), p<0.05).										

Table 3 :

 3 Impact of MLF on substituted ester concentrations in wines made from musts with different nitrogen compositions. Mean intensity of substituted ester concentrations.

				Different modalities: must nitrogen content and MLF					
			111				165				220		
			mg/L assimilable nitrogen			mg/L assimilable nitrogen			mg/L assimilable nitrogen	
		AF	NC	MLF1	MLF2	AF	NC	MLF1	MLF2	AF	NC	MLF1	MLF2
	Substituted ethyl esters					Average concentrations (µg/L)				
	Ethyl 2-methylpropanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl 3-methylbutanoate	62±12a	65±25a	128±44a	78±18a	78±8a	94±14a	99±24a	90±8a	191±9a	179±38a	152±32a	178±10a
	Ethyl (2R)-2-methylbutanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl (2S)-2-methylbutanoate	2.7 ± 1.4a	2.9±0.6a	5.2±2.6a	4.2±0.4a	3.4±1.3a	2.9±0.7a	4.6±1.1ab	8.1±1.1b	4.9±0.4a	5.4±1.7a	5.8±0.2ab	8.7±0.3b
	Ethyl (3R)-3-hydroxybutanoate	33±10a	33±7a	48±11a	47±12a	35±5a	49±15ab	69±5b	73±8b	36±6a	44±6ab	68±18b	69±16b
	Ethyl (3S)-3-hydroxybutanoate	265±90a	345±171a	239±30a	268±41a	258±69a	324±99a	254±60a	226±10a	255±65a	249±38a	360±55a	283±44a
	Ethyl (2R)-2-hydroxy-3-methylbutanoate	5.3±1.4a	7.0±3.6a	16.6±5.8a	6.5±0.4a	4.5±0.3a	4.4±0.5a	6.0±0.9ab	7.7±0.5b	3.4±1.8a	6.3±0.8ab	9.1±2.7bc	12.1±1.1c
	Ethyl (2S)-2-hydroxy-3-methylbutanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	Ethyl (2R)-2-hydroxy-4-methylpentanoate	62±15a	65±10a	72±19a	65±16a	63±21a	65±11ab	113±17b	109±13bc	74±21a	70±10a	137±39bc	154±37c
	Ethyl (2S)-2-hydroxy-4-methylpentanoate	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d	n.d
	AF: alcoholic fermentation, NC: negative control, MLF1 and MLF2: malolactic fermentation with two strains of lactic acid bacteria, 111, 165 and 220: YAN levels in must	
	(mg/L), ± standard deviation over the average concentration, n.d: not detected, values with different letters within each row are significantly different (Kruskal-Wallis Test	
	(Conover-Iman / Bilateral test), p<0.05).											

Table 4 :

 4 Impact of MLF on substituted acid concentrations in wines made from musts with different nitrogen compositions. Mean intensity of

	674											
	675	substituted acid concentrations.										
	676											
					Different modalities: nitrogen levels and MLF				
			111				165				220	
		mg/L assimilable nitrogen			mg/L assimilable nitrogen			mg/L assimilable nitrogen
		AF	NC	MLF1	MLF2	AF	NC	MLF1	MLF2	AF	NC	MLF1	MLF2
	Substituted acids										

Table 5 :

 5 Global Impact of must YAN content and MLF on substituted acid and ester formation

	Impact of

(mg/L), ± standard deviation over the average concentration, n.d: not detected, values with different letters within each row are significantly different (Kruskal-Wallis Test

(Conover-Iman / Bilateral test), p<0.05).

Average concentrations (µg/L) 2-methylpropanoic acid 3565±351a 5287±2479a 3852±725a 3175±389a 3868±845a 4233±1289a 3796±656a 4273±1317a 2335±282a 3240±71ab 4444±1829ab 5257±1043 b 3-methylbutanoic acid 1044±220a 976±91a 1097±236a 948±27a 1003±37a 1109±157a 1122±103 a 985±120 a 710±154 a 1063±173 ab 1248±217 ab 1413±242 b (2R)-2-methylbutanoic acid n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d (2S)-2-methylbutanoic acid 602±120a 553±43a 558±35a 770±415a 657±253a 626±209a 689±229a 520±60a 351±79a 531±80ab 725±222ab 791±195b (3R)-3-hydroxybutanoic acid 638±143a 467±205a 867±40b 682±228ab 392±185a 692±336a 645±304a 791±66a 417±79a 520±26a 563±335a 933±43 b (3S)-3-hydroxybutanoic acid n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d (2R)-2-hydroxy-3methylbutanoic acid 1999±816a 1774±496a 863±164a 2402±526b 1184±163a 1125±138a 1199±380a 2195±957b 1852±38a 1397±283a 2079±326a 1444±454a (2S)-2-hydroxy-3methylbutanoic acid n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d (2R)-2-hydroxy-4methylpentanoic acid 1318±570a 1308±303a 1089±172a 1673±727a 655±234a 863±223a 986±602a 1177±527a 616±223a 642±114a 650±161a 714±231a (2S)-2-hydroxy-4methylpentanoic acid 0±0a 0±0a 42±8b 57±2b 0±0a 0±0a 67±14b 55±5b 0±0a 0±0a 64±16b 51±8b AF: alcoholic fermentation, NC: negative control, MLF1 and MLF2: malolactic fermentation with two strains of lactic acid bacteria, 111, 165 and 220: YAN levels in must