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ABSTRACT

The formation of 3-methyl-2,4-nonanedione (MND) during red wine aging can contribute to the
premature evolution of aroma, characterized by the loss of fresh fruit and development of dried fruit
flavors. The identification of two new hydroxy ketones, 2-hydroxy-3-methylnonan-4-one (syn- and anti-
ketol diastereoisomers) and 3-hydroxy-3-methyl-2,4-nonanedione (HMND), prompted the investigation
of the precursors and pathways through which MND is produced and evolves. An HS-SPME-GC-MS
method was optimized for their quantitation in numerous must and wine samples, providing insight into
the evolution of MND, HMND, and ketols through alcoholic fermentation and wine aging. Alcoholic
fermentation resulted in a significant decrease in MND and HMND and the simultaneous appearance of
ketol diastereoisomers. The analysis of 167 dry red wines revealed significant increases in MND and anti-
ketol contents through aging and a significant positive correlation between MND and anti-ketols.

Additional experiments demonstracted that ketols are precursors to MND during red wine oxidation.

Keywords: wine, oxidation, premature aging, 3-methyl-2,4-nonanedione, hydroxy ketones, aroma

precursor
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Introduction

The development of wine aroma through low and gradual oxygen exposure during aging is often positive
in red wines, but can be unfavorable in many cases, resulting in a rapid loss of fresh, fruity flavors.
Prematurely aged wines are marked by intense prune and fig aromatic nuances that dominate the desirable
bouquet achieved through aging (Picard et al., 2015). This aromatic defect, in part, is caused by the
presence of 3-methyl-2,4-nonanedione (MND 1, Figure 1) in concentrations above its detection threshold
(A. Pons, Lavigne, Darriet, & Dubourdieu, 2013; A. Pons, Lavigne, Eric, Darriet, & Dubourdieu, 2008).
The production of a high level of MND in the early stages of aging is believed to negatively impact wine

quality and aging potential.

The oxygen consumption and aging potential of red wines depends significantly on their phenolic,
antioxidant, and transition metal contents (Danilewicz, 2003; Ferreira & Carrascon, 2015; Waterhouse &
Laurie, 2006). The composition of certain oxidizable substrates can also impact red wine quality over
time. In wine, the oxidation of higher alcohols produces odorous aldehydes, as is the case with the
oxidation of 3-methyl-1-butanol to 3-methylbutanal (Culleré, Cacho, & Ferreira, 2007). Thus,
determining the precursors of MND and methods by which they can be screened is an important step in

being able to predict the aging potential of red wines.

MND has been identified as a potent odorant in many other products, including cooked spinach (Naef &
Velluz, 2000), dried herbs (Sigrist, Manzardo, & Amado, 2002), oxidized soybean oil (Guth & Grosch,
1990), green and black tea (Guth & Grosch, 1993), and various species of fish. It has also been measured
in aroma distillates of fresh apricots and organic extracts of prunes and figs (A. Pons et al., 2008). It is
responsible for the “hay-like off-flavor” in dry spinach (Masanetz, Guth, & Grosch, 1998) and has been
identified as a “light-induced off-flavor” in degraded or “reversed” soybean oil (Guth & Grosch, 1990,
1991; Sano et al., 2017). Investigations into the production of MND through the photooxidative
degradation of dried herbs/vegetables (Sigrist et al., 2002), green tea (Sigrist, 2002), and soybean oil

(Guth & Grosch, 1991; Sano et al., 2017), revealed that two furan fatty acids (FFA) from the dimethyl
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furan family, 9-(3,4-dimethyl-5-pentyl-2-furyl)nonanoic acid (F3 acid) and 11-(3,4-dimethyl-5-pentyl-2-
furyl)undecanoic acid (F6 acid) (Figure SM1), are significant precursors in these foods. The presence and
oxidative degradation of these dimethyl FFA have been hypothesized in certain red wines and are
currently under investigation (A. Pons, Lavigne, Darriet, & Dubourdieu, 2012). We believe, however, that
there are additional pathways through which MND forms and evolves in wine that merit further

investigation.

The diastereoisomers of 2-hydroxy-3-methylnonan-4-one (anti-ketol 3a and syn-ketol 3b, Figure 1) are B-
hydroxyketones that were detected and identified after alcoholic fermentation (S. cerevisiae) of MND-
spiked synthetic must, in conjunction with a significant decrease in MND (Allamy, Darriet, & Pons,
2018). Previous studies have shown that ketoreductases, specifically baker’s yeast (S. cerevisiae), can
reduce B-diketones to B-hydroxyketones with high diastereo- and enantiostereoselectivity and are
employed as biocatalysts in the high-yielding synthesis of non-racemic chiral alcohols (Nakamura,
Yamanaka, Matsuda, & Harada, 2003; Yildiz, Canta, & Yusufoglu, 2014). Based on the structure of the
ketols 3a and 3b and their connection to MND, we hypothesized that their presence in wine could provide
another pathway for the formation of MND. To investigate this preliminary finding further, it was

necessary to optimize the quantitation of the ketol diastereoisomers in musts and dry red wines.

The a-hydroxy-B-diketone, 3-hydroxy-3-methyl-2,4-nonanedione (HMND 2, Figure 1), was first
discovered through studies on the photo-oxidation products of MND (Sigrist, Giuseppe, & Amado, 2003)
and dimethyl FFA (Sigrist, 2002). It was identified in green tea extracts and its addition to teas improved
their creamy, buttery notes and typical mouthfeel of green tea (Naef, Jaquier, Velluz, & Maurer, 2006).
This property was exploited in a patent for the use of HMND as a flavoring ingredient (WO 2006/092749
Al, 2006). HMND was generated in soybean oil under photooxidative conditions and was found to
contribute to the off-odor of degraded soybean oil (Sano et al., 2017). Its production in green tea and

dried herbs during light exposure experiments occurred in addition to that of MND (Sigrist, 2002).
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Considering that both dimethyl FFA and MND have been found in wine, the presence of HMND in these

products was likely.

Based on the structure of the ketols 3a and 3b and their connection to MND, we hypothesized that their
presence in wine could provide another oxidative pathway for the formation of MND. A method using
headspace solid phase microextraction (HS-SPME) followed by gas chromatography ion trap mass
spectrometry with chemical ionization (GC-MS-CI) was optimized to analyze musts and dry red wines for
the content of all ketones displayed in Figure 1. After establishing the presence of ketols 3a and 3b at
quantifiable levels in numerous assayed red wines, their oxidation in a young red wine was monitored to
evaluate their role as precursors of MND. The content of HMND was also monitored during the

experiment to investigate whether the oxidation of MND in wine resulted in the production of HMND.

2. Materials and Methods

2.1 Chemicals and reference compounds

Ammonium sulfate (>99.9%), 3-octanol (99%), ethylenediaminetetraacetic acid (EDTA, >99%) and
alkanes (Cs-Czo, 40 mg/L in hexane), [1,2-Bis(diphenylphosphino)ethane]dichloronickel(II)
([NiClx(dppe)]), acetaldehyde (anhydrous, >99.5%), ammonium chloride (NH4Cl), diethylether (Et,O,
ACS grade) were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Ethanol absolute
(>99.7%) was obtained from VWR Chemicals (Fontenay-sous-Bois, France). 3-Methyl-2,4-nonanedione
(99%) was purchased from Chemos GmbH (Regenstauf, Germany). Ultra-pure water was used in all
sample preparations and model wines (Milli-Q, Millipore, Bedford, MA, USA). 3-Hydroxy-3-methyl-2,4-
nonanedione (>95%) was purchased from Synnovator, Inc. (North Carolina, USA). Octen-3-ol (98%),
lithium triethylborohydride (LiBHEt3;, 1M in THF), magnesium sulfate (MgSQO4, anhydrous), and

magnesium bromide (MgBr2, 98%, anhydrous) were purchased from Fisher Scientific (Illkirch, France).

2.2 Origins of musts and wines
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The contents of MND 1, HMND 2, anti-ketol 3a, and syn-ketol 3b were determined in musts and their
resulting dry red wines after alcoholic fermentation. Musts were obtained from grapes harvested at
different levels of maturity in September 2016 and 2017 from three commercial plots in the Gironde
network, "Bordeaux raisins," located in Saint-Emilion, Pauillac and Entre-Deux-Mers. After harvest, 10
clusters were crushed, and the juice was frozen (-20°C) until analysis. All must samples were thawed at

room temperature and centrifuged for five min at 10,000 G prior to analysis to remove solid material.

The vintage, variety, region, and number of must samples analyzed are displayed in Table SM1.
Additional dry red wines of varying vintages were analyzed and were donated from numerous wineries in

the Bordeaux region as well as from Switzerland (Ticino) and the United States (Virginia, Napa Valley).
2.3 Synthesis of ketols 3a and 3b

The keto-aldol diastereomeric mixture was synthesized according to previously published procedures
(Cuperly, Petrignet, Crévisy, & Grée, 2006), which employed a nickel hydride catalyst. A 1M solution of
LiBHEt; in THF (570 pL, 0.567 mmol) was added to a solution of [NiCl.(dppe)] (300 mg, 0.567 mmol)
in anhydrous THF (30 mL) at room temperature under argon. After stirring for 5 min, the reaction
mixture was transferred to a flask (under argon) containing MgBr, (100 mg, 0.567 mmol) and stirred for
an additional 5 min, then cooled to -50°C. Acetaldehyde (1.2 mL, 20.8 mmol) and octen-3-ol (1.8 mL,
18.9 mmol) were added, after which the temperature was raised to room temperature. The reaction was
monitored by thin layer chromatography (TLC) until the disappearance of octen-3-ol. The reaction
mixture was quenched with a saturated solution of NH4Cl1 (75 mL). The aqueous phase was extracted with
Et,0 (3 x 150 mL). The organic phase was dried (MgS0O4) and concentrated under vacuum. Purification
performed by column chromatography on silica gel (pentane/Et;0, 4.55:1 then 2:1 v/v) afforded an
inseparable mixture of diastereoisomeric aldols (3a and 3b) as a pale, yellow oil (Figure SM2). The purity
of the anti/syn-ketol mixture was 97% as determined by gas chromatography with flame ionization
detection (GC-FID). The percent of each diastereomer present in the synthesized standard was calculated

by integration of the carbinol proton (CHOH) signals at 4.09 and 3.90 ppm. According to the literature



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

regarding the assignment of the relative configurations of a-alkyl-B-hydroxy ketone stereoisomers, the
syn-stereoisomer signal is observed further downfield (4.09 ppm) than that of the anti-stereoisomer (3.90
ppm) (Kalaitzakis & Smonou, 2008). The synthesis was found to yield the diastereoisomers in a 68.5:31.5

syn/anti ratio.

Nuclear Magnetic Resonance Spectroscopy (NMR): 'H spectra were recorded on a Bruker Avance I ('H:
300 MHz), spectra referenced using the lock frequency of deuterated solvent. Chemical shifts (&) and
coupling constants (J) are expressed in ppm and Hz, respectively. Thin-layer chromatography (TLC) was
performed on 60F TLC plates: thickness 0.25mm, particle size 10 um, pore size 60 A. Merck silica gel 60
(70-230 mesh and 0.063-0.200 mm) was used for column chromatography.

(syn, anti) "H NMR (300 MHz, Chloroform-d): § 4.09 (syn) (qd, J = 6.4, 3.3 Hz, 1H, CHOH), 3.90 (anti)
(p, J =6.5 Hz, 1H, CHOH), 2.62 — 2.36 (syn/anti) (m, 3H, CH(CH3)CO and CH>CO), 1.64 — 1.49 (m, 2H,
COCH:CH>), 1.38 — 1.21 (m, 4H, CH,CH>CH: and CH,CH>CH3), 1.19 (anti)(d, J = 6.3 Hz, 3H,
CH3CHOH), 1.15 (syn)(d, J = 2.0 Hz, 3H, CH3CHOH), 1.12 (syn)(d, J = 2.8 Hz, 3H, CH(CH3)CHOH),
1.10 (anti)(d, J = 7.2 Hz, 3H, CH(CH3)CHOH), 0.93 — 0.84 (syn/anti) (t, 3H, CH.CH3).

2.4 Quantitation of MND 1, HMND 2, anti-ketol 3a, and syn-ketol 3b in must and wine
2.4.1 Sample preparation and HS-SPME extraction

The sample preparation method was adapted from a previously published assay technique (Allamy et al.,
2018). Ultra-pure water (9 mL) and the sample (1 mL) were placed in a 20 mL amber SPME vial
containing 5 g ammonium sulfate, 5 pL. EDTA solution (60 g/L, H>O), and 10 pL of the internal standard
(S, 5 mg/L 3-octanol, EtOH). The oxygen in the headspace of the vial was purged with carbon dioxide
and the vial was sealed with a PTFE-lined cap. A 65 pm polydimethylsiloxane-divinylbenzene
(PDMS/DVB, Supelco, Lyon, France) fiber was used for headspace solid phase microextraction (HS-
SPME) of samples. Using the Combi PAL autosampler (CTC Analytics, Zwingen, Switzerland), samples
were incubated at 50°C for 7 min prior to fiber extraction, followed by extraction for 20 min at an

agitation speed of 460 rpm.
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2.4.2 Gas Chromatography-Mass Spectrometry Conditions

The fiber was desorbed into the injection port (Varian 1177, 250°C) of a CP3800 Gas Chromatograph
(Varian/Agilent) for 9 min. The injector was set to splitless mode initially (closure time: 1 min) after
which a split flow of 50 mL/min was used. Separation was performed on a BP20 column (60 m x 0.25
mm, 0.5 pm film thickness, SGE), which was coupled to a Varian/Agilent Technologies 4000 ion trap
mass spectrometer. The carrier gas was helium (Air Liquide, Bordeaux) with a flow rate of 1.5 mL/min.
The oven temperature program was adapted from previous work (Allamy et al., 2018) to achieve good
chromatographic separation in a shorter amount of time. The oven temperature was set to 45°C (1 min
hold) and increased to 210°C at 7°C/min followed by a ramp of 100°C/min to 250°C (6 min hold). The
transfer line, trap, and manifold were maintained at 230°C, 150°C and 50°C, respectively. All compounds
were ionized using internal positive chemical ionization (CI) with methanol as reactant gas. The 31-min
acquisition period was divided into the four segments: IS (15-17 min, m/z 68-120), HMND 2 (20-21.8
min, MS/MS, precursor ion m/z 169), MND 1 (21.8-23 min, uSIS, m/z 171), and anti- and syn-ketols 3a
and 3b (23-26 min, MS/MS, precursor ion m/z 173). These parameters are described in further detail in

Table SM2.

Linear retention indices (LRI) were determined for all tested compounds on the same Varian/Agilent
system described above (van Den Dool & Dec. Kratz, 1963). Pure standards of all tested compounds and
a series of alkanes (Cs-Cao, 40 mg/L in hexane) were injected on the 1177 injector in splitless mode
(230°C, purge time: 1 min, purge flow: 50 mL/min ) on a polar BP20 capillary column (SGE, France, 50
m x 0.22 mm, 0.25 um film thickness) and a non-polar BPX5 column (SGE, 50 m x 0.22 mm, 0.25 um
film thickness). The GC oven temperature was initially set at 45°C for 1 min, then raised to 240°C at
3°C/min and finally held at that temperature for 20 min. The carrier gas was He with a flow rate of 1
mL/min. Data were collected in EI full scan mode (m/z 40-250) with an emission current at 10 pA and

electron energy of 70 eV.

2.4.3 MS/MS Ionization Parameters Optimization
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Mass spectrometric parameters for MND 1 were optimized previously (A. Pons, Lavigne, Darriet, &
Dubourdieu, 2011). Given the similar structures of HMND 2 and ketols 3a and 3b to 1, it was
hypothesized that chemical ionization would be best suited for their analysis by MS. Mass spectra were
recorded for pure standards of 2 and 3a/b in full scan mode by CI and electron impact (EI), providing
information on the molecular and precursor ions for each structure. Model wine solutions containing 10
ng/L of each compound (separately) were extracted by the SPME method and analyzed in full scan mode

(m/z 45-250) by both types of ionization.

Optimization of the resonant excitation conditions for MS/MS analysis was performed with Automated
Methods Development (AMD) methods. Experiments were conducted step by step at a constant stability
parameter/excitation storage (¢ = 0.2-0.4) and 6 excitation amplitude values (0.2-1.2V). An optimized
excitation amplitude was chosen based on comparison of the compound signal abundances for each value.
The excitation storage level was chosen by comparing the most abundant signals obtained for each ¢
value. Table SM1 displays the optimized parameters for each acquisition segment. The ion m/z 99 was
extracted as the quantitative ion for 2, 3a, and 3b as it was the most abundant ion in the CI MS spectra

(after the precursor ion) of these structures.

2.4.4 Quantitation in must and wine

The concentrations of all analytes were determined by the standard addition method. Stock solutions were
prepared separately for each compound from pure standards and subsequently added to a dry red wine at
increasing concentrations to cover the approximate range found in wine: 40-240 ng/L for MND 1, 25-200
ng/L for HMND 2, 150-2250 ng/L for anti-ketol 3a, and 250-4000 ng/L for syn-ketol 3b. Calibration was
performed in different red wines for each compound, which were chosen for their relatively low levels of
analytes. For quantitation of all compounds in must, calibration curves were also constructed in different
must samples in the following concentration ranges: 40-280 ng/L for 1, 25-300 ng/L for 2, 60-750 ng/L
for 3a, and 140-1640 ng/L for 3b. The concentrations of 3a and 3b added to wines and musts were

determined according to the ratio between the two diastereoisomers given by 'H NMR analysis of the
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synthesized standard (Section 2.3). All spiked wines and musts were analyzed in duplicate to construct
calibration curves. Analyte peak areas were obtained by integration of their extracted quantitative ions:

m/z 171 (1) and m/z 99 (2, 3a, 3b) and compared against that of the internal standard, 3-octanol (m/z 71).

2.5 Method Evaluation and Validation

Limits of detection (LOD) and quantitation (LOQ) were determined by three and ten times the standard
deviation between seven replicate extractions of different wine/must samples, each containing relatively
low concentrations of the analytes. The method linearity was evaluated by the regression coefficient R*for
each standard addition curve in must and red wine. The minimum concentration for the linear range of an
analyte was established by its LOQ. Precision was evaluated by the percent residual standard deviation
determined from the seven replicate extractions. The accuracy of the method was determined by the
analysis of a red wine and must (distinct from the samples used for calibration, detection limits, and
linearity evaluation) unspiked and spiked with MND 1 (100 ng/L), HMND 2 (100 ng/L), anti-ketol 3a
(126 ng/L) and syn-ketol 3b (274 ng/L). The percent spike recovery (%R) was calculated for each
compound using %R = (Cyp-Cusp)/Cspa, Where Cs, is the concentration of the analyte in the spiked
wine/must, Cysp is the concentration of the analyte in the unspiked wine/must, and Cqp, is the
concentration of the spike added. The effect of pH on the relative responses of each analyte was evaluated
in a dry red wine adjusted to pH 3.5 and 4.0. The impact of ethanol concentration on analyte responses
was also evaluated by the analysis of a dry red wine (pH 3.5) adjusted to 12% and 15% ethanol. The
relative responses (with respect to the internal standard) were calculated and compared between pH levels

and ethanol concentrations.
2.6 Determining the Detection Threshold of HMND 2 and Ketols 3a/3b in Model Wine

All detection thresholds were determined according to the 3-alternative forced choice procedure (3-

AFC)(AFNOR, 2007) in model wine solution (12% double-distilled ethanol, 5 g/L tartaric acid, pH 3.5).

10
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The pH of the solution was adjusted with NaOH pellets. Three sessions were performed for each

compound to define the appropriate concentration range for detection and to confirm the threshold level.

The solutions were presented in AFINOR (Association Francaise des Normes) standard glasses in
ascending order with respect to odorant concentration. Reference standards of the odorants were dissolved
in ethanol (20 g/L) followed by stepwise dilution with ethanol and addition to the model wine solution.
For each of the six concentrations, subjects received a set of three glasses labeled with three-digit random
codes. Two of these glasses contained model wine (blank samples) while one contained the odorant at
increasing concentrations. The odor detection threshold was defined at which the probability of detection
was 50% (AFNOR, 2007). The sensory panel consisted of 18 experienced assessors present at the day of
the analysis: students and researchers (4 male, 14 female) between 20 and 40 years old with research

experience in the assessment of wine flavors.

2.7 Experiments to study the effects of ketol additions on the MND content of red wine

To a young (2017), newly bottled dry red wine, the ketol standard (synthesized in this work) was added to
obtain two different total ketol concentrations (10 ug/L and 20 pg/L). Spiked and control (no ketol
addition) wines (30 mL) were placed in 45 mL capped glass flasks, providing headspace and thus oxygen
to all samples. Three replicates of each ‘treatment’ were prepared in this way and were analyzed several
times over the course of 35 days. Small additions of oxygen were introduced into samples each time

flasks were opened for analysis.

2.8 Statistical Analysis

The homogeneity of variance (Levene’s test) and normality of residuals (Shapiro-Wilk test) were verified
before application of one- and two-way ANOVA. Differences and correlations between data sets that did
not satisfy the normality assumption were evaluated by Kruskal-Wallis nonparametric test and Spearman

rank-order correlation test. Paired data sets that were found to have non-normal distributions were

11
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analyzed by the Wilcoxon signed rank test for paired samples. All statistical tests were performed using R

software (R foundation for Statistical Computing, England).

3. Results and Discussion

3.1 Method Optimization and Validation

3.1.1 Mass Spectrometric Optimization

The mass spectrometric parameters for HMND 2 and ketols 3a/3b were optimized through AMD
methods. Fragmentation and selective ion storage (MS) alone did not provide sufficient selectivity or
sensitivity for the detection of 2 and 3a/3b so MS/MS was optimized and employed for these analytes.
The excitation storage levels and amplitudes that yielded the highest signal-to-noise ratio for 2 and 3a/3b
were selected (Table SM2). Precursor ions to test for each compound were chosen based on the relative
abundances in mass spectra obtained in full scan mode (Figure SM3 and SM4). The ionization of 2 by EI
provided no signal under these conditions so optimization proceeded using CI. Optimization for 3a and
3b proceeded with testing CI and EI, as both provided signals. For 3a/3b, m/z 173 (M+H ion) and m/z 117
were tested for MS/MS in CI and EI mode, respectively. Two ions were tested in CI mode for 2: m/z 187
(M+H ion) and m/z 169. After optimization of the excitation storage level and amplitude for each
precursor ion, analysis of real wine samples supplemented with 2 revealed that using m/z 169 as a
precursor ion produced a detectable signal. The mass spectrum of 2 in EI mode is also displayed in Figure
SM3 (B) as a confirmation of the compound’s fragmentation pattern as reported previously (Sigrist et al.,

2003).

The chromatographic conditions provided good separation of all compounds, including the two ketol
diastereoisomers, 3a and 3b (Figure SM5). Resolution between the ketol diastereoisomer peaks was
sufficient (R=1.13) for individual integration and quantitation of ketol responses. Hydroxy ketones 2, 3a,
and 3b were identified in red wine and must based on GC-MS by comparing their mass spectra and LRI

with those of synthesized pure compounds (Table SM3). Pure compounds were also co-injected with
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wine and must samples, enabling their identification for the first time in must and wine. The LRI values
for 1 differed from those previously reported (Allamy et al., 2018; A. Pons et al., 2008) as the system
used and laboratory in which LRI values were obtained were different. The literature reports LRI values
for 1 ranging from 1703 (Triqui & Bouchriti, 2003) to 1762 (Stephan & Steinhart, 1999) on polar
columns and between 1242 (Schuh & Schieberle, 2006) and 1253 (Milo & Grosch, 1993) on non-polar

columns.
3.1.2 Effect of pH and ethanol content

Because the ethanol concentration and pH level of a matrix has been shown to influence the equilibrium
and extraction efficiency of certain volatile compounds (Camara, Arminda Alves, & Marques, 2006),
these factors were evaluated for all tested compounds in dry red wines. The effect of pH on the extraction
yield by SPME was evaluated in red wine at pH 3.5 and 4.0. One-way ANOVA analysis of the resulting
relative response means gave p values greater than 0.05 (p1=0.723; p2=0.897; p3a=0.560; p3»=0.663),
revealing that there were no significant differences between extraction yields with tested pH levels (Table
SM4). The influence of ethanol concentration on the extraction yield was also evaluated in red wine at 12
and 15% ethanol. One-way ANOV A analysis of the relative response means gave p values greater than
0.05 (p1=0.902; p2=0.616; p3.=0.957; pa3»=0.417), indicating that there were no significant differences

between analyte extraction yields with tested ethanol contents (Table SM4).
3.1.2 Method linearity, detection limits, and precision

Having optimized the extraction and GC-MS parameters of the method, the linearity, detection limits, and
precision were evaluated in dry red wine and must. The method showed acceptable linearity (R*> 0.990) in
wine for all assessed compounds in the ranges displayed in Table 1. Calibration curves for HMND 2, anti-
ketol 3a, and syn-ketol 3b had slope values of the same order of magnitude, while that of MND 1 was an
order of magnitude greater. The method was most sensitive for 1 and 2, evidenced by their LOD values for

3a and 3b. It appears that the sensitivity of the method is significantly decreased by the lack of a second
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carbonyl group (and replacement by a hydroxyl group) in the ketone structure. Overall, the method
provided sufficient sensitivity for the analysis of all analytes in must and wine. All LOD values for
assessed compounds were below 50 ng/L in both red wine and must, enabling their detection in most
assayed samples. Determination of the percent recovery of each analyte spiked into a red wine was used to
evaluate the accuracy of the method and is expressed as the Recovery % in Table 1. Percent recovery
values were between 93 and 99%, indicating high accuracy for the quantitation of all four analytes in red

wine.

The method performance was also evaluated in musts to enable the analysis of analytes before and after
alcoholic fermentation. The linearity in must was satisfactory (R*> 0.990) in the ranges specified in Table
1. The analytical method was most sensitive for 1 in must, which is indicated by an LOD value more than
5 times lower than those of 2, 3a, and 3b. Detection limits in must were comparable to those calculated in
wine for all compounds except for 2, which had an LOD in must that was four times the value calculated
in wine. However, this level was still sufficient to quantitate 2 in the majority of assayed must samples.

It has been shown that an increase in ethanol content generally decreases the extraction yield of volatile
compounds by SPME (Camara et al., 2006; Correia, Delerue-matos, & Alves, 2000). While this effect
was observed for compounds 1 and 3b through comparing LOD values in wine and must, the opposite
trend was observed for compounds 2 and 3a. Although must contains no ethanol and would be expected
to provide higher analyte extraction and thus higher LOD values, the high sugar content (>200 g/L) is an
interference that can also affect SPME efficiency. For this reason, calibration was performed separately in
must for analyte quantitation in this matrix. The quantitation of all analytes in must was found to be

reasonably accurate as evidenced by percent recovery values between 93 and 95% (Table 1).

3.2 Application of method to musts and young red wines: Effects of alcoholic fermentation

To improve our understanding of the changes the analytes undergo during alcoholic fermentation, the
optimized HS-SPME-GC/MS method was used to quantitate analytes in must samples and in the resulting
wine just after alcoholic fermentation. The concentration means of all assayed compounds were
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significantly different between must and wine samples (Wilcoxon, p <0.0001). Further evidence for the
hypothesized reduction of MND 1 to syn- and anti-ketols 3a and 3b was obtained from the analysis of red
wine must samples and their resulting wines. The content of 1 was found to be significantly lower in
wines just after alcoholic fermentation (Figure 2, A). Must samples contained trace amounts of 3a and 3b.
After fermentation, however, all analyzed samples contained detectable levels of both diastereoisomers
(Figure 2, C and D). The average concentration of anti-ketol 3a (37.0 ng/L) in these young wines was
below its limit of quantitation while that of syn-ketol 3b just after alcoholic fermentation (158.8 ng/L)
was significantly higher than that of 3a (Wilcoxon, p=2.2e-16) and accounted for an average of 81% of
the total ketol content. Previous studies support this finding as they have shown that the reduction of 3-
methyl-2,4-diketones with Baker’s yeast (BY) resulted in a mixture of both syn- and anti-ketol products,
with the syn stereoisomer accounting for 80% of the mixture (Fauve & Veschambre, 1988). The chemical

synthesis of the ketols performed in this study also favored the formation of the syn isomer (68.5%).

The production of HMND by the photo-oxidation of MND has been previously reported (Sigrist et al.,
2003). The photo-oxidation of MND in grapes during ripening provides a possible explanation for higher
levels of this hydroxy ketone in musts. The significant decrease in HMND 2 after alcoholic fermentation
(Figure 2, B) accounts for the low levels found in bottled dry red wines (see Section 3.3). The reduction

of this diketone by S. cerevisiae may yield other hydroxyketones that have yet to be identified in wine.

3.3 Application of method to dry red wines: Evolution during bottle aging

The evolution of the tested compounds during aging was investigated by the analysis of numerous (167)
dry red wines from various regions and vintages (Table SMS). It is clear from these results that bottle
aging plays a critical role in the evolution of MND 1 and the anti-ketol 3a. Contrary to the wine samples
analyzed just after fermentation (Figure 2, Section 3.2), MND concentrations exceeded 300 ng/L in a few
aged wines and both ketol maximum concentrations exceeded 1000 ng/L.. HMND levels were below 70
ng/L in all assayed dry red wines and in many cases, HMND was not detected at all. The set of 167 red
wines was divided into two groups by bottle aging time: wines aged for less than 6 years and those aged
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for 6 years or more. The average concentrations of each analyte for these two groups are displayed in
Table 2. While the average concentrations of MND 1 and anti-ketol 3a increased by 2.4 and 1.5 times,
respectively, the average concentrations of HMND 2 and syn-ketol 3b did not change significantly with
aging time. The HMND content did not vary greatly between regions or aging time and appears to
continue to degrade after fermentation as its content in aged dry red wines was low compared to wines
just after fermentation. The differences between the ketol contents of wines just after fermentation and
after a year or more of aging indicate that an additional formation pathway must exist in dry red wines.
The ratio between 3a and 3b further indicates the continuous evolution of 3a through aging, ultimately

becoming the dominant ketol diastereoisomer.

Table 3 displays the analysis of a selection of wines from the 167 that were tested. Two wines, separated
by 6 to 10 years of aging time, were selected from the same chateau in various regions. Although we
cannot make any assumptions about the effect of climate and region on the analytes with such a small
subset of data, this provides a glimpse of the concentration ranges we observed in the large set of wines
analyzed in this study. In all wines excepting those from Virginia, the MND content and anti:syn-ketol
ratio appeared to correlate positively with age. Additionally, a higher ketol ratio provided a higher MND
content. This was particularly evident in the wines from Napa, which accounted for the highest MND and

anti-ketol contents determined in the 167 assayed wines.

As it has already been shown that MND increases with oxygen exposure (A. Pons et al., 2013), the next
line of inquiry was whether any link could be found between the content of ketols 3a and 3b and that of
MND in the red wine data obtained. Correlation tests between the contents of each ketol diastereoisomer
separately, MND, and aging time (provided by the wine vintage) were performed on the results of the
analysis of 167 wines ranging in age from 0.5 to 28 years old (significant correlations displayed in Table
SM6). The Spearman rank order correlation test indicated that there was a significant positive association
between MND and anti-ketol 3a (rho (167) =0.558, p < 0.001) and to an even greater extent between

MND and the anti: syn-ketol ratio (rho (167) =0.648, p < 0.001). A linear least squares regression of the
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anti: syn-ketol ratio versus MND content displays this significant, positive correlation between the two
variables (R°= 0.4574, p < 0.0001, Figure SM6). Correlation tests also provided a statistically significant
rho values between aging time and MND (rho (167) =0.654, p < 0.001), anti-ketol 3a was positive (rho

(167) =0.345, p < 0.0001) and the anti:syn-ketol ratio (rho (167)=0.499, p < 0.001).

3.4 Study of syn- and anti-ketols 3a and 3b as precursors of MND 1 in red wine

In view of the statistical link between MND 1 and ketol 3a, preliminary experiments were performed in
red wines to study the effect of ketols 3a and 3b on the formation of 1 under oxidative conditions. In
addition to the control samples which only contained ketols originally present, two sets of ‘treated’
samples were monitored following the addition of 10 and 20 pg/L total ketols and storage in the presence
of oxygen. The high concentrations of ketols (compared to the typical range found in wine) were utilized
to accelerate the time in which MND formation would take place. In wines containing typical
concentrations of ketols (Table 1), the oxidation of ketols to MND most likely takes place over a period
of years. Placement of all samples in closed flasks with headspace ensured the presence of oxygen during
the experiment. Three replicates of each wine type (control, 10 ug/L ketols added, and 20 pg/L ketols
added) were prepared in this way and extracted after 10, 20, and 35 days. Only the MND concentrations
are shown in Figure 3 as the high ketol levels showed no significant changes during this time (the

increases in MND levels were small compared to ketol spiked concentrations).

The MND content increased by 50 ng/L. and more than 100 ng/L after 35 days in samples spiked with 10
and 20 pug/L ketols, respectively. HMND was also monitored, but no significant changes in its content
were detected over the course of the experiment. A two-way ANOVA, where factor 1 was the ketol
addition level and factor 2 was time (days), was performed on the MND concentration data obtained
throughout the experiment (Table SM7). The main effects of time (F=270, p < 0.0001) as well as ketol
additions (F=318, p < 0.0001) on the MND concentration were found to be significant. The interaction

between the two factors was also significant (F=78.4, p < 0.0001), thus the MND concentrations differed
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as a function of both time and ketol addition. This preliminary experiment has confirmed that the addition
of the ketol mixture to wine in the presence of oxygen can result in significant increases in the MND
content of the wine. We hypothesize, however, that other wine components (in addition to oxygen) are
involved in the conversion of these ketols to MND. We can consider ketols 3a and 3b to be precursors of
MND in red wine, but it is clear from the very slow kinetics of the conversion that this occurs over long

periods of aging and other hypothesized precursors likely contribute to MND formation.

3.5 Odor detection thresholds of HMND 2 and Ketols 3a and 3b

The detection threshold of MND 1 has been well established in the context of dry wine model solutions
(16 ng/L) and red wine (62 ng/L) (A. Pons et al., 2013). The extremely low detection threshold allows for
a significant contribution to the dried fruit flavors in red wines (M. Pons et al., 2011). Detection
thresholds for the newly identified hydroxy ketones HMND 2 and ketols 3a and 3b, however, have not
been previously determined in model wine solution. The effect of the reduction of a carbonyl group on
detection thresholds has previously been shown with the 1000-fold difference between the thresholds of
octen-3-one (7 ng/L) and octen-3-ol (7 pug/L) (Darriet et al., 2002). A similar result was obtained for the
detection thresholds for the hydroxy ketones compared to that of MND. The detection thresholds of
racemic mixtures of 2 and 3a/3b were determined to be 281 and 196 pg/L, respectively. It will be
necessary to first separate the ketol diastereoisomers before evaluating the sensory contributions of the
individual compounds. Taking into consideration the concentrations observed for 2, 3a, and 3b in red
wines (Table 2 and Table 3), these hydroxy ketones do not play a significant, direct role in red wine

aroma.

Conclusion

This work presented the first identification of the syn- and anti-ketol diastereoisomers in red wines and
their role as precursors of MND. HMND, another ketone linked with MND, was also reported for the first

time in must and wine. These new hydroxy ketones were simultaneously quantitated by HS-SPME-GC-
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MS/MS (CI, MeOH) in numerous musts and red wines (of various ages), shedding light on their behavior
through alcoholic fermentation and aging. The appearance of anti- and syn-ketols in young wines (18.8-
71.3 and 98.3-215.0 ng/L, respectively) just after alcoholic fermentation was observed concurrently with
the significant decrease in HMND and MND contents. Anti-ketols were found to correlate significantly
with aging time and MND content in assayed red wines ranging from 1 to 28 years old. A targeted
oxidation experiment of syn- and anti-ketols in red wine provided data to support the hypothesis that one
or both ketols are precursors to MND. Additional investigations into the precursors and pathways which

generate ketols during bottle aging will be performed in the future.
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Figure Captions

Figure 1. Molecular structures of compounds in this study: MND 1, HMND 2, anti-ketol 3a, syn-ketol 3b

Figure 2. Evolution of (1) MND, (2) HMND, (3a) anti-ketol, and (3b) syn-ketol through alcoholic

fermentation of musts (blue) to wine (green); n=32. + Concentration Mean e Outliers

Figure 3. Evolution of MND in dry red wines supplemented with 10 and 20 pg/L ketols in the presence

of oxygen; n=3
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Tables: Identification and analysis of new o- and B-hydroxy ketones related to the formation of 3-methyl-

2.4-nonanedione in musts and red wines

Table 1. Method validation for the quantitation of MND 1, HMND 2, anti-ketol 3a and syn-ketol 3b in
dry red wine and must

Dry red wine

Linear

Range , RSD LOD LOQ Recovery
Compound ng/L Linearity R %0 ng/L ng/L %0
1 24-285 y =6.74E-03x — 6.35E-02  0.9925 3.2 7 24 96
2 13-215 y = 1.81E-04x — 6.15E-05  0.9949 9.1 4 13 97
3a 48-2370 y = 2.57E-04 — 2.48E-03 0.9957 8.2 15 48 99
3b 161-4110  y=1.70E-04x — 1.22E-02  0.9967 6.4 48 161 93

Must

1 11-294 y =3.67E-03x - 5.04E-03  0.9916 6.9 3 11 93
2 54-300 y = 5.54E-05x + 1.06E-03  0.9922 10.3 16 54 94
3a 67-756 y = 1.12E-04x — 4.88E-04  0.9914 8.0 20 67 95

3b 92-370 y = 8.84E-05x + 7.24E-04  0.9989 7.5 28 92 94




Table 2. Summary of analyte concentrations in 167 wines, categorized by bottle aging time

Average Concentration (ng/L) (SD)*

Compound Age < 6 years’ Age > 6 years® p-value’
MND 1 50 (38) 118 (73) 5.92e-13**
HMND 2 26 (16) 23 (16) 0.338

anti-ketol 3a 282 (276) 411 (351) 1.04e-3%

syn-ketol 3b 360 (195) 330 (136) 0.530

3a:3b 0.76 (0.37) 1.27 (0.66) 2.45e-T7**

“Values in parentheses correspond to standard deviation of group. n=64; ‘n=103; “p-values
determined between the two groups of wines by Kruskal-Wallis test. *Significance with p < 0.01;
**Significance with p < 0.001



Table 3. Contents of all analytes in dry red wines from various regions and vintage

Concentration (ng/L)

Grape Ratio

Region” Vintage Variety” MND 1 HMND 2 anti-ketol 3a  syn-ketol 3b 3a:3b
Pomerol 2003 ME  2032+20 293+19 3132+20.7 2702+19.8 1.16
FR 2013 ME 145.7+11.7 18114 1759+£2.1 2625+52 0.67
Pessac Leognan 2005 CS/ME 712+24 nd‘ 163.9+14.6 3193+21.0 0.51
FR 2015 CS/ME 96555 242+1.7 1029+£1.0 303.9%158 0.34
Ticino 2006 ME 172 £10.8 405+1.3 211.8+357 248.0+0.05 0.85
CH 2015 ME 734+£1.0 326+72 1141+£29 2683+38.3 043
Napa 2006 ME  406.6 +£7.1 nd 1940.6 £48.8 811.2+10.6 2.39
CA 2013 ME 147.8 £6.7 nd 2924 +74 3652+233 0.80
Delaplane 2009 CS/ME 914+124 166+£4.8 1940+12.8 5372+62.5 0.36
VA 2015 CS/ME 73.1+£7.0 46.1+11.7 2394+355 673.5+79.5 0.36

. . 3 .
“Wines from each region came from the same chateau. Tested wines were made from Merlot (ME)

grapes or a blend of Cabernet Sauvignon and Merlot (CS/ME). “Not detected (nd)





