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Introduction

Varietal volatile thiols, that is to say the 3-mercaptohexan-1-ol (3MH), its acetate (3MHA) and the 4-mercapto-4-
methylpentan-2-one (4AMMP), are among some of the most important odorant molecules in wine, being
responsible for the typicity of certain grape varieties as Sauvignon Blanc, Colombard, Merlot and Cabernet
Sauvignon cultivars, and are responsible for box tree, exotic fruit and grapefruit aromas (1, 2). Varietal thiols
content in wines can vary with the type and composition of must (origin and grape varieties, nitrogen content,
polyphenol content) as well as with the oenological conditions such as fermentation temperature, presence of
additives, dissolved oxygen content in the must, or the type of yeast used (3-9). But it was demonstrated that
although all cysteinylated and glutathionylated precursors of varietal thiols totally disappear by the end of
fermentation, thiols content in wine only represents a 10% conversion rate of the precursors (10-12). In
addition, it was demonstrated that thiols content can significantly vary during fermentation or wine storage and
that such variation is dependent on the type of yeast strains being used (10, 13, 14). Because varietal thiols are
important compounds for the aromatic distinctiveness and complexity of white wine, it is therefore important to
understand the chemical mechanisms responsible for their disappearance. Oxidation phenomena occurring in
wine can be partly responsible for thiols disappearance. Indeed, it was demonstrated that oxidative conditions
can lead to the formation of quinones from phenolic compounds present in wine that can chemically react with
the sulfur compounds to form new adducts (1, 15, 16). Nikolantonaki et al. (16) showed in a wine-model
medium that in the presence of catechin or epicatechin and in oxidative conditions, up to 50% of 3MH content
disappeared. Thiols are also are highly reactive and easily oxidized into their corresponding symmetric and
mixed disulfides in the presence of oxygen or trace levels of metal ions such as Cu and Fe (17, 18). However, the
presence of disulfides of the varietal thiols 4AMMP, 3MHA and 3MH and their impact on the wine aroma have
never been evidenced and could be one hypothesis to explain part of thiols disappearance during or after
fermentation. We developed a stable isotope dilution assay (SIDA) method for the determination and
guantification of symmetric disulfides of varietal thiols in wine, based on GC-MS analysis, after a Solid Phase
Extraction (SPE) of the disulfides from the wine followed by a Solid Phase Micro Extraction (SPME) of the dried
extract.

Material and Methods

Synthesis of disulfides

The following disulfides 4AMMP-4AMMP, 3MHA-3MHA, 3MH-3MH, 4MMP-3MHA, 4AMMP-3MH and 3MHA-3MH
were obtained by oxidation of the pure thiols in aqueous solution using NalO4 as an oxidant for 1 hour at room
temperature. The nature of the disulfide obtained depended on the pH, and oxidations were performed at pH 4,
7 and 12 in order to obtain all combinations of disulfides. All oxidation products were characterized by GC/MS by
liquid injection. The concentration of each disulfide was determined by GC-AED using ethoxythiazole as external
standard. The deuterated internal standards 4AMMPd10-4MMPd10, 3MHd2-3MHd2 and 3MHAd5-3MHAdS5 were
obtained following the same procedure.

Analytical methods for the determination and quantification of disulfides

Disulfides were extracted three times with dichloromethane from a wine sample previously spiked with 4MMP-
d10-4MMP-d10, 3MHAd5-3MHAd, and 3MHd2-3MHd2. The extract was evaporated to dryness under nitrogen
in a SPME vial. SPME extraction on the dry extract was performed using an automatic combi-PAL system (CTC
Analytics) for 45 minutes at 1272C using a DVB/ PDMS fiber. The compounds were desorbed from the fiber
directly into the GC-MS injector in splitless mode for 5 min at 2502C. Chromatographic analysis was performed
using a Shimadzu GC-MS QP5050 coupled to a quadrupole mass spectrometer detector and equipped with an
automatic CombiPal system. The capillary column was a DB-WAXETR (30 m x 0.25 mm x 0.25 mm, J&W
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Scientific). Helium was used as carrier gas and injector temperature was set at 2502C. Detection was made in
negative chemical ionization (NCI) with methane and acquisition made in selective ion monitoring mode.
Quantification of thiols was performed using the method published previously (19).

Fermentation conditions

An industrial Saccharomyces cerevisiae strain, commercialized as ADY for winemaking, was used: Levuline ALS
(Lallemand, Montréal, Canada). All media were heat-sterilized (110°C, 20 min). Unless otherwise specified, the
yeast strain was cultivated in a synthetic fermentation medium (SM) strongly buffered to pH 3.3 (20). Ergosterol
(15 mg L) and oleic acid (5 mg L?) dissolved in 1 ml Tween 80 / pure ethanol (50:50, v/v) at 70°C were also
added to the medium after sterilization. SM culture medium was spiked before inoculation with 623 ng L*
4MMP, 2.09 pg L't 3MH and 580 ng L't 3MHA.

Results and Discussion

Optimization and validation of the analytical method for the determination of disulfides
Deuterated disulfides were synthesized from the deuterated thiols (chromatograms in SIM mode on Figure 1)
and the repeatability was assessed on 5 repetitions of extractions on a same white wine spiked with different
concentrations of disulfides. For each natural mixed disulfide, we considered two related deuterated analogues
disulfides and selected the one that gave the best % RSD. Selected deuterated analogues and % RSD obtained
are reported in Table 1. Finally, all RSD values are below or equal to 10%, showing a very good repeatability of
the method. Calibrations were built on three different white wines in order to assess the influence of the matrix
on the method repeatability. The average of the slopes and the %RSD of the three calibrations are reported in
Table 2. In the range of concentrations studied, calibrations on different wine matrices showed R? near 0.99 for
all compounds. The method was very repeatable on a same wine matrix with RSD about 10% for all symmetric
disulfides.

Influence of yeast on the formation of disulfide from varietal thiols during alcoholic
fermentation

In a synthetic medium spiked with a mix of varietal thiols (4MMP, 3MH and 3MHA), degradation of these
compounds was observed during the lag phase and before the maximum CO, fermentation rate was reached, in
the presence of fermenting yeasts (Figure 2). The final disulfide content in the medium was generally lower than
in the absence of yeasts (Table 3), suggesting an eventual role of oxygen transfer during the lag phase or an
enzymatic contribution of yeasts in the oxidation process. The molar conversion yields of disulfides from varietal
thiols along the fermentation were on the whole higher than those obtained in the absence of yeast (Table 4).
This latter observation reinforced the second hypothesis dealing with the enzymatic oxidation by yeast of thiols
into disulfides during the lag phase.

Yeast-dependent disulfide degradation at the end of stationary phase

A significant degradation of all detected disulfides was observed at the end of the stationary phase (Figure 3),
with different molar conversion yields into the corresponding thiols (Table5). Unlike the redox potential of the
culture medium at the end of alcoholic fermentation did not reach a sufficient value to chemically reduce
disulfides, it seemed that yeasts were therefore able to partially catalyze this reaction.

Conclusion

The analytical method developed for the determination and quantification of disulfides of varietal thiols is based
on isotopic dilution and has proved to be sufficiently sensitive for the investigation of the formation of disulfides
of varietal thiols and to obtain an accurate quantification of their concentrations during fermentation and/or
during wine storage.

Behavior of varietal thiols 4AMMP, 3MHA and 3MH and their corresponding disulfides was studied during
alcoholic fermentation in a spiked synthetic culture medium simulating wine conditions. This medium was free
of complex phenolic compounds, which are well known to interact with thiols (16). As observed by many other
groups, it clearly appeared that the decrease of volatil thiols in sterile conditions is a consequence of their strong
reactivity with oxygen, as previously observed by other groups (1, 14). However, the formation of disulfides
during alcoholic fermentation had never been proved. The precise detection of the corresponding putative
disulfides showed that in presence of a S. cerevisiae yeast strain, the formation of disulfides can only explain 25
to 42 % of the volatile thiols disappearance from the medium. In the presence of fermenting yeasts, although
oxygen content in the fermentation medium rapidly decreases, 3MH- and 3MHA-containing disulfides are



formed at higher molar conversion yields than those observed in sterile conditions. In addition, the 4AMMP-3MH
disulfide formation is very strongly favored by the presence of the yeast strain with a ten-fold factor effect.
Volatile thiol degradation and formation of the corresponding disulfides are mainly observed during the lag- and
early yeast growth phases, although 4MMP-disulfides formation keeps on occurring later along the
fermentation. One important result obtained from these experiments is the ability of the yeast strain to degrade
thiol disulfides to a significant extent at the end of the fermentation. In the case of 4MMP-containing disulfides,
the degradation leads only to a recovery of about 20% of the original 4AMMP but for 3MH and 3MHA-containing
disulfides, it reaches conversion yields up to 90%. The final behaviour of the rest of the degraded 4MMP-
containing disulfides remains an open research question. However, disulfide formation could partly explain the
results previously obtained and that concern unexplained loss of 4MMP at the end of alcoholic fermentation (9).
Concerning 3MH-containing disulfides, a strong degradation is also observed after a fermentation progress of
0.8, but the observed conversion into 3MH and 3MHA is almost total with a recovery close to 100%.

This study is the first evidence for the formation of thiol disulfides from volatile thiols during alcoholic
fermentation, and more peculiarly during the lag-and early-growth phases. Although oxygen transfer to the
culture medium is thought to be reduced to a minimum (Argon-flushed medium, and CO, bubbling outlets),
formation of disulfides occurs. On the contrary, during yeast growth and stationary phases, the disulfide
formation seems to occur at a lower rate. This observation can be the result of the complete oxygen depletion
from the medium by growing yeasts (21, 22). This means that even a very low oxygen concentration (less than 1
mg L1 at the onset of fermentation) is able to promote the formation of thiol disulfides.

A very surprising result is the ability of yeast to break disulfides bridges. This result is even more surprising since
thiol disulfides are known to be quite stable molecules, that need very low redox potential to be hydrolyzed into
their respective volatile thiols (17, 18). It is therefore of great importance to check the behavior of different
yeast strains towards this potentiality of thiol disulfide hydrolysis, and to identify the mechanisms involved in
such hydrolysis (effect of redox potential or enzymatic activity). Furthermore, the knowledge of these
mechanisms would give leads for the understanding of their real sensory impact on the final wines.
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Table 1. Internal standard chosen for each compound and relative standard deviation.

Compound Internal Standard RSD (%) *
4MMP-4MMP 4MMPd10-4MMPd10 8.1
4MMP-3MHA 3MHAd5-3MHAdS 6.2
4MMP-3MH 4MMPd10-4MMPd10 10.6
3MHA-3MHA 3MHAd5-3MHAdS 5.6
3MHA-3MH 3MHd2-3MHd2 10.6
3MH-3MH 3MHd2-3MHd2 4.6

a Relative standard deviation of 5 repetitions using the internal standard chosen.

Table 2. Validation of the method and limits of quantification (LOQ) and detection (LOD).

Compound Average dope RSD slope®  Average LOD® LoQ®
slope * (%) RE* (ngl?)  (nglL?)
4MMP-4AMMP 0.06243 0.01711 27.4 0.993 0.71 2.4
4MMP-3MHA 0.00131 0.00014 10.8 0.990 12 39
4MMP-3MH 0.00698 0.00050 7.2 0.981 5.7 19
3MHA-3MHA 0.00111 0.00008 7.4 0.989 16 54
3MHA-3MH 0.00095 0.00011 11.8 0.993 6.0 20
3MH-3MH 0.00064 0.00014 21.2 0.996 39 129

a Obtained from three calibrations curves built with three different white wines. ? Calculated on
chromatograms obtained from real white wine samples spiked at low level.



Table 3: Effect of the presence of a yeast strain on the formation of disulfides from varietal thiols.

Initial Without yeast With yeast
contents .
(165 h) End of fermentation
(nmol L) (165 h)
. 4AMMP 4.68 0.07 £0.01 1.45 +£0.23 (**¥)
Varietal
thiols 3MHA 3.29 0.25 +0.01 1.86 +0.53 (**)
nmol L?

( ) 3MH 15.36 1.78 £0.04 10.21 £ 0.08 (***)
AMMP - AMMP n.d. 0.15+£0.01 0.03 £0.01 (*)
4AMMP - 3MHA n.d. 1.55 +£0.09 0.36 £ 0.08 (**)

(Thiol 4 MMP - 3MH n.d. 0.07 +0.007 0.87 +0.31 (**)
disulfides

(nmol L‘l) 3MHA - 3MHA n.d. 0.92 £0.05 0.93 +0.14 (NS)
3MHA - 3MH n.d. n.d. 0.12 £0.17 (NS)
3MH -3MH n.d. 0.27 £0.01 0.05 £ 0.06 (**)

Mean and standard deviation of duplicates. n.d. : not detectable. The differences between each
modality and the control (without yeast) were tested by Tukey statistical test. NS: no significant,*:
significant differences at a level of P < 0.05, **: significant differences at a level of P < 0.01, ***:
significant differences at a level of P < 0.005.

Table 4: Effect of the presence of a yeast strain on the molar conversion yields of disulfides from the
corresponding varietal thiols.

Without yeast With yeast
(165 h) End of(ff6r5ms)ntat|on
Thiol disulfides from 3MHA and 3MH  24.1 £0.03 50.2 £ 1.5 (***)
(%) from 4MMP 41.6 +0.05 39.6 £ 4.9 (NS)

Mean and standard deviation of duplicates. The differences between each modality and the
control (without yeast) were tested by Tukey statistical test. NS: no significant,*: significant
differences at a level of P < 0.05, **: significant differences at a level of P < 0.01, ***:
significant differences at a level of P < 0.005.



Table 6: Effect of the presence of a yeast strain on the molar conversion yields of varietal thiols from the
corresponding disulfides at the end of alcoholic fermentation
between fermentation progress of 0.8 and 1.0.

Varietal thiols Molar conversion yields (%)
4MMP from 4AMMP- containing disulfides 20.8
3MHA from 3MHA- containing disulfides 8.9
3MH from 3MH- containing disulfides n.c.
3MH + 3MHA from 3MH- and 3MHA- containing disulfides 93.2

n.c.: not calculable.



