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ABSTRACT: Although almost disappeared at the end of the 20th century, Belgian wine production reached a million liters in
2017. The aim of the present work was to identify aroma markers for two white cultivars widespread in Belgium: Chardonnay
(the most commercially grown cultivar worldwide) and Solaris (an interspecific fungus-resistant variety). Specific p-
hydroxymercuribenzoic acid extraction followed by gas chromatography with a pulsed flame photometric detector was applied
to single-varietal wine samples from 2015 to 2018 harvests. Among the Ehrlich-derived thiols, all found below their sensory
thresholds, 3-sulfanylpropyl acetate usually outranged 3-sulfanylpropan-1-ol, while 2-sulfanylethan-1-ol concentrations always
exceeded 2-sulfanylethyl acetate levels. The data confirm the occurrence, in both Chardonnay and Solaris wines, of 3-
sulfanylhexan-1-ol and phenylmethanethiol (grapefruit and gunflint aroma, respectively), at concentrations far above their
thresholds. This work also revealed, for the first time, the presence of 3-sulfanylheptan-1-ol, the branched alcohols 2-methyl-3-
sulfanyl propan-1-ol, 2-methyl-3-sulfanylbutan-1-ol, and 3-sulfanyl-3-methylbutan-1-ol, and the carbonyls 3-sulfanylbutan-2-one
(not in sparkling wines) and 3-sulfanylpentanal.
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■ INTRODUCTION

Although Belgian wine production almost disappeared at the
end of the 20th century, it approached a million liters in 2017
(including 361 000 L of still and 400 000 L of sparkling white
wines), for a total of 350 ha.1 The past decade has seen the
creation of mostly small vineyards (<15 ha), some of which have
gained a substantial reputation on international markets,
especially vineyards producing sparkling Chardonnay wines.1,2

Thanks to its adaptability to various Huglin indices,
Chardonnay, native to Burgundy, has become the most planted
cultivar in the world.2−4 Very famous for the typical flavors
produced on Côte de Beaune and Chablis clay−limestone soils
(gunflint, buttery, white flowers, citrus/tropical fruits, and
hazelnut), Chardonnay grapes can give rise to various other
interesting aroma profiles, highly dependent upon the climate
and oenological practices.2,5−7 Their sensitivity to late frosts,
mildew, and oidium has recently led Belgian wine producers to
test new, disease-tolerant cultivars, including Solaris (resistant to
mildew and oidium but sensitive to Botrytis cinerea and
coulure).8,9 This German interspecific fungus-resistant variety
(PIWI) results from multiple backcrosses of Vitis amurensis and
Vitis vinifera cultivars in the 2000s. It exhales floral and fruity
aromas, such as citrus, elderflower, peach/apricot, melon,
banana, and strawberry.10,11

It is known that citrus, tropical fruit, gunflint, and hazelnut
descriptors are often linked to the presence of polyfunctional
thiols.12,13 Most of these molecules have a 3-carbon distance
between the SH group and the other chemical function (alcohol,
ester, carbonyl, etc.). Of all of the plants analyzed to date for
polyfunctional thiols, hop shows the highest diversity, with up to
41 different structures.14,15 While 3-sulfanylhexan-1-ol (3SHol,
grapefruit-like) and its derived ester, 3-sulfanylhexyl acetate
(3SHA, passion fruit-like), appear relatively ubiquitous, the

isomer 3-sulfanyl-4-methylpentan-1-ol (3S4MPol, grapefruit-
like) has emerged as very specific to some hop varieties,
including Nelson Sauvin, Hallertau Blanc, and Polaris. Similar
ubiquity/specificity is observed for the corresponding cysteiny-
lated and glutathionylated precursors.15−17

Although 3SHol, its acetate 3SHA, and 4-sulfanyl-4-
methylpentan-2-one (4S4M2Pone, box-tree/catty flavor) were
first identified as key varietal compounds in Sauvignon Blanc
wines,18,19 investigations of other wines have revealed high levels
in Petit Manseng, Colombard, Muscat d’Alsace, Gewürztra-
miner, and Scheurebe (up to 5000 ng/L 3SHol, 150 ng/L 3SHA,
and 400 ng/L 4S4M2Pone, with orthonasal thresholds in
hydroalcoholic solution as low as 60, 4, and 0.8 ng/L,
respectively).19−21 Mateo-Vivaracho et al.22 and Capone et al.3

also found these compounds in Chardonnay wines but at lower
concentrations (3SHol, 10−148 ng/L; 3SHA, 6−100 ng/L; and
4S4M2Pone, 7−23 ng/L). Except in Chardonnay, 3-sulfanyl-3-
methylbutan-1-ol (3S3MBol, onion-like) has been found as an
additional odorant thiol in the above-listed grape varieties but
usually below its threshold of 1500 ng/L (orthonasal, value
determined in hydroalcoholic solution).19

In botrytized wines, 3-sulfanylpentan-1-ol (3SPol, citrus/
catty flavor), 3-sulfanylheptan-1-ol (3SHptol, citrus-like), and 2-
methyl-3-sulfanylbutan-1-ol (2M3SBol, onion-like) are in-
creased by the action of noble rot [up to 209 ng/L 3SPol, 51
ng/L 3SHptol, and 103 ng/L 2M3SBol on average, with
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Figure 1. GC−PFPD chromatograms (CP-Sil5-CB column) of pHMB extracts obtained from the Belgian Chardonnay wines (a) Genoels-Elderen
2015 and (b) Chant d’Eole 2016 and the Solaris wine (c) Chenoy 2015 (variation coefficient of duplicates below 15%), with peak numbers referred in
Tables 1 and 2.
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orthonasal detection thresholds of 950 and 35 ng/L (in
hydroalcoholic solution) and 230 ng/L (in water), respec-
tively].23,24 Despite their low odor activity values, 3SPol and
3SHptol are also proposed to contribute to wine flavor through
an additive effect, together with 3SHol.23

2-Sulfanylethyl acetate (2SEA) and 3-sulfanylpropyl acetate
(3SPrA), associated with a grilled/roasted meat odor (both with
an orthonasal threshold of 40 μg/L in beer), have been detected
at up to 134 and 32 μg/L in Sauvignon and Semillon wines.25,26

2-Sulfanylethan-1-ol (2SEol, grilled/gas), ethyl 2-sulfanylpro-
panoate (2SPrE, fruity odor), and ethyl 3-sulfanylpropanoate
(3SPrE, fruity/animal-like) have also been evidenced, especially
in Vitis labrusca wines and Champagne [up to 2000 μg/L 2SEol,
800 ng/L 2SPrE, and 12 000 ng/L 3SPrE, with respective
orthonasal thresholds of 2000 μg/L (in beer), 500 ng/L (in
model wine), and 200 ng/L (in water)].27−31

2-Furfurylthiol (FFT, roasted coffee) and phenylmethane-
thiol (BM, gunflint) are other low-threshold thiols (retronasal
values of 0.4 and 0.3 ng/L in hydroalcoholic solution,
respectively) previously mentioned in white wines (up to 140
ng/L FFT in Champagne and up to 40 ng/L BM in
Chardonnay).32−34 Using a more oriented extraction method,
Gros et al.6 recently evidenced traces of two new thiols, 1-
methyl- and 1-ethylpyrrole-2-methanethiol, as responsible for
the typical hazelnut flavor of great Chardonnay wines
(respective orthonasal thresholds of 0.7 and 1.4 ng/L in
model wine).
The aim of this work was to identify the major polyfunctional

thiols of Belgian white wines from Chardonnay and Solaris
grapes. Thiol profiles of Solaris wines, even from other countries,
have not been described to date. 4-Hydroxymercuribenzoic acid
extraction, a method already extensively used on various wines
from Bordeaux, was here followed by gas chromatography with a
pulsed flame photometric detector (GC−PFPD) to investigate
eight Chardonnay (five still and three sparkling) and three
Solaris single-varietal wines from the harvest years 2015−2018.

■ MATERIALS AND METHODS
Chemicals. Absolute ethanol, dichloromethane, ethyl acetate, and

37% hydrochloric acid were purchased from VWR (Leuven, Belgium).
Dowex resin 1 × 2 chloride form, anhydrous sodium acetate, 4-
hydroxymercuribenzoic acid sodium salt (pHMB), >98% L-cysteine
hydrochloride monohydrate, tris(hydroxymethyl)aminomethane
(Tris), and 2-methyl-4-methoxy-butane-2-thiol were purchased from
Sigma-Aldrich (Bornem, Belgium). Anhydrous sodium sulfate and
sodium hydroxide were purchased from Acros Organics (Geel,
Belgium). Milli-Q water was used (Millipore, Bedford, MA, U.S.A.).
The reference standards (>97% purity) 2-sulfanylethan-1-ol, 3-
sulfanylbutan-2-one, 3-sulfanylpropan-1-ol, 2-sulfanylethyl acetate, 3-
sulfanyl-3-methylbutan-1-ol, 3-sulfanylpropyl acetate, 3-sulfanylpen-
tan-1-ol, phenylmethanethiol, and 3-sulfanylhexan-1-ol were provided
by Sigma-Aldrich (Bornem, Belgium). Commercially unavailable thiols
were issued from combinatorial syntheses operated in our laboratory
prior to this work.35−37

Wine Samples. A total of 11 Belgian white wines from 2 different
grape varieties (Chardonnay and Solaris), 4 different harvest years
(2015−2018), and 11 different Belgian vineyards were purchased in
local supermarkets: Chardonnay Cuveé Sophie 2017 (Domaine des
Marnier̀es), Chardonnay Blauw 2015 (Chat̂eau Genoels-Elderen),
Chardonnay Bon Baron 2015 (Chat̂eau Bon Baron), Chardonnay
Entre-deux-Monts 2017 (Domaine Entre-deux-Monts), Chardonnay
Bousval 2018 (Chat̂eau de Bousval), Blanc de Blancs Brut 2016
(Domaine du Chant d’Eole), Chardonnay Meerdael Brut 2015
(Domaine de Meerdael), Ruffus Chardonnay Brut 2017 (Domaine
des Agaises), Solaris Brin de Paille 2015 (Domaine du Ry d’Argent),

Solaris La Foliette 2015 (Domaine du Chenoy), and Solaris Chapitre
2017 (Domaine du Chapitre).

pHMB Extraction of Polyfunctional Thiols from Wines.
Polyfunctional thiols were extracted from wines according to the
procedure of Tominaga et al.30 in the following steps: 300 mL of ethyl
acetate liquid/liquid extraction of a 750 mL wine sample, extraction of
the resulting organic phase with a pHMB solution, loading of the pooled
aqueous phase onto a strong anion-exchanger resin, rinsing of
impurities from the column with pH 6 acetate buffer, release of free
thiols from pHMBby percolating a washed cysteine solution (4× 50mL
of dichloromethane for washing 640 mg of cysteine in 50 mL of water),
final extraction with bidistilled dichloromethane, and concentration to
250 μL in a Kuderna Danish distillation apparatus and to 70 μL on a
Dufton column. 2-Methyl-4-methoxy butane-2-thiol was added as an
internal standard (IST, at 1.34 μg/L in the wine sample).

Quantitation of Free Thiols in the Wine Samples by GC−
PFPD. A total of 1 μL of pHMB-free thiol extract was analyzed with a
ThermoFinnigan Trace GC 2000 gas chromatograph equipped with a
splitless injector maintained at 250 °C. Compounds were analyzed with
a wall-coated open tubular (WCOT) apolar CP-Sil5-CB (50 m × 0.32
mm inner diameter, 1.2 μm film thickness) capillary column [and on
the polar FFAP, 25 m× 0.32 mm inner diameter, 0.3 μm film thickness,
for retention index (RI) checking]. The carrier gas was helium, and the
pressure was set at 50 kPa. The oven temperature was programmed to
rise from 36 to 85 °C at 20 °C/min, then to 145 °C at 1 °C/min, finally
to 220 °C at 3 °C/min, and held for 30min. The columnwas connected
to the OI Analytical PFPD (model 5380, combustor internal diameter
of 2 mm). The following parameters were selected for the PFPD:
temperature, 220 °C; voltage, 590 V; gate width, 18 ms; gate delay, 6
ms; trigger level, 400 mV; and pulse frequency, 3.33 Hz. PFPD
chromatograms were recorded throughout elution. ChemStation
software was used to process the resulting data. Identifications were
performed as previously described by Gros et al.14 The following
equation was used for X quantitation: concentration of X (μg/L) =
concentration of IST (μg/L) × (X peak area/IST peak area) × (X
molecular weight/IST molecular weight) × (IST molar response
coefficient/X molar response coefficient) × (IST recovery factor/X
recovery factor). The IST relative recovery factor was set at 1
(experimental values from 0.8 to 1.2, previously determined by
standard addition).14 The good equimolarity of the PFPD enabled us to
set the IST relative molar response coefficients at 1.

Statistical Analyses. All wine sample analyses were carried out in
duplicate. Multiple comparisons of means were performed with
Student−Newman−Keuls tests.

■ RESULTS AND DISCUSSION

Evidence of Ehrlich-Derived Polyfunctional Thiols in
Still and Sparkling Belgian Chardonnay Wines. As
previously evidenced in Sauternes wines before aging26 and in
beers,27 four polyfunctional thiols are usually produced in
fermented beverages by the Ehrlich yeast pathway: 2SEol (1)
and 2SEA (5) issued from cysteine and 3-sulfanylpropan-1-ol
(3, 3SProl, roasted/potatoes, orthonasal threshold of 400 μg/L
in beer24) and 3SPrA (13) issued from homocysteine. As
expected, all four were found in the eight Belgian Chardonnay
wines investigated here (panels a and b of Figure 1 and Table 1).
2-Sulfanylethyl acetate and 3SPrA have been linked by

Lavigne et al.25 to the empyreumatic/grilled flavor of some
Semillon and Sauvignon blanc wines. Neither has previously
been listed as a chemical constituent of Chardonnay wines.
Here, they were found below their sensory thresholds. The still
wine Entre-deux-Monts showed the highest concentrations of
2SEA (15.91 μg/L) and 2SEol (42.02 μg/L, similar to the level
in Genoels-Elderen). The highest levels of 3SPrA (4.46 μg/L)
and 3SProl (5.07 μg/L) were found in another still wine,
Genoels-Elderen. Among the sparkling wines, Ruffus showed
the highest concentrations of 2SEA (2.82 μg/L) and 3SPrA
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(1.51 μg/L), while Chant d’Eole was richest in 2SEol (20.26 μg/
L, similar to the level in Ruffus) and 3SProl (1.64 μg/L).
The absence of correlation between the 2SEol and 3SProl

concentrations (R2 = 0.3871; n = 8) (Figure 2) probably

indicates that yeast uses cysteine preferentially to homocysteine
under some fermentation conditions, according to either the
strain used or the must composition. Another big difference
between 2SEol and 3SProl is that only the latter might also be
issued from a glutathionylated precursor (derived from the
addition of glutathione to propenal) or its derived cysteinyl
adduct.38

As for other esters, the 2SEol/2SEA and 3SProl/3SPrA
concentration ratios can be strongly influenced by fermentation
parameters (yeast, oxygen, lipids, etc.).2,39−41 Interestingly,
however, 3SPrA outranged 3SProl in most samples (3SPrA/
3SProl concentration ratio of 3.8 in Entre-Deux-Monts), while
the 2SEol concentration always exceeded the 2SEA level
(2SEol/2SEA concentration ratio up to 106 in Chant d’Eole)
(Figure 3).
Evidence of Varietal Polyfunctional Thiols in Still and

Sparkling Belgian Chardonnay Wines. As already reported
for other Chardonnay wines,3,22 3SHol (18, 200−4500 ng/L)
and BM (16, 1800−9900 ng/L) were found in all Belgian
samples, well above their perception thresholds. Sulfanylakylke-
tone 4S4M2Pone (6) was barely detectable in one still wine
(Genoels-Elderen, 100 ng/L) and absent from all sparkling
wines (Figure 3 and Table 1).
Three new, additional varietal thiols were detected, often

above their respective sensory thresholds: 2-methyl-3-sulfanyl-
propan-1-ol (7, 2M3SProl, broth/leek/sweat, 300−3330 ng/L,
with a retronasal threshold of 20−130 μg/L in model wine),42

3SHptol (19, 60−340 ng/L), and 3-sulfanylbutan-2-one (2,
3S2Bone, broth/blackcurrant, 10−40 ng/L). 2-Methyl-3-
sulfanylpropan-1-ol was initially identified in Merlot and
Cabernet Sauvignon red wines.43 Surprisingly 3SHptol,
evidenced here, is also proposed to be linked to the action of
noble rot in Sauvignon and Semillon grapes.44 The sulfany-
lalkylketone 3S2Bone was absent from all tested sparkling wines
[as was 1-sulfanylpentan-3-one (10, 1S3Pone, green/mineral),
another ketone detected only at trace levels in some still wines].

Additional interesting polyfunctional thiols liable to influence
the flavor of Belgian Chardonnay wines include the unknown at
RI = 868 (4, 0.2−2.0 μg/L) and 3-sulfanylpentanal (11, 3SPal,
flowery/hoppy, 0.01−1.7 μg/L), never investigated in wine.
While 3SHol (0.2−4.5 μg/L) was always present at a higher
concentration than 3-sulfanylhexanal (15, 3SHal, <0.02 μg/L,
flowery), 3SPal was found at a higher concentration than 3SPol
(14, <0.04 μg/L). Among the eight Belgian Chardonnay wines
investigated, the still wine Genoels-Elderen emerged as the
richest in most varietal thiols (3S2Bone, 4S4M2Pone,
2M3SProl, 3SHol, and 3SHptol; Figure 4). The sparkling
wine Chant d’Eole, however, proved much richer in 3SPal and
BM. The latter was probably issued from another aldehyde
(addition of hydrogen sulfide to benzaldehyde) (Figure 4).12,30

Finally, this work has evidenced 3S3MBol (9, 20−50 ng/L)
and 2M3SBol (12, 20−160 ng/L) for the first time in
Chardonnay wines. On the other hand, 1-methyl- and 1-
ethylpyrrole-2-methanethiol, 3SHA, and FFT were not detected
in the pHMB extracts (detection limit of around 10 ng/L). Their
impact on Belgian Chardonnay wine aroma needs to be
investigated with even more specific methods.

Comparison to Polyfunctional Thiols Found in Belgian
Solaris Wines. As in the tested Chardonnay still wines, the four
Ehrlich-derived thiols and the varietal thiols 3SHol (0.1−0.4 μg/
L), BM (3.1−4.8 μg/L), 4S4M2Pone (0.01−0.1 μg/L),
2M3SProl (0.1−9.9 μg/L), 3SHptol (0.04−0.07 μg/L),
3S2Bone (0.07 μg/L), 3SPal (0.1−0.4 μg/L), and RI = 868
(0.3−1.5 μg/L) were found in the Belgian Solaris wines (Figure
1c and Table 2). Our method also failed to detect any FFT,

Figure 2. Correlation between the concentration values of 2-
sulfanylethan-1-ol and 3-sulfanylpropan-1-ol in Chardonnay still
(gray circles) and sparkling (black triangles) wines. Ma, Marnier̀es
2017; GE, Genoels-Elderen 2015; BB, Bon Baron 2015; EDM, Entre-
deux-Monts 2017; Bsl, Bousval 2018; ChE, Chant d’Ecole 2016; Me,
Meerdael 2015; and Rf, Ruffus 2017.

Figure 3. Concentrations (μg/L) of 2-sulfanylethan-1-ol, 3-sulfanyl-
propan-1-ol, and their derived esters in Belgian Chardonnay wines. Ma,
Marnier̀es 2017; GE, Genoels-Elderen 2015; BB, Bon Baron 2015;
EDM, Entre-deux-Monts 2017; Bsl, Bousval 2018; ChE, Chant d’Ecole
2016; Me, Meerdael 2015; and Rf, Ruffus 2017.
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3SHA, 1-methylpyrrole-2-methanethiol, or 1-ethylpyrrole-2-
methanethiol in them.
A fewminor thiols distinguished the Chardonnay samples: the

alcohols 3S3MBol, 2M3SBol, and 3SPol and the carbonyls 2-
ethyl-3-sulfanylpropanal (8, 2E3SPral), 1S3Pone, and 3SHal.
On the other hand, 2-methyl-3-sulfanylpentan-1-ol (17,

2M3SPol, saucy odor, 0.03 μg/L) was found in only one wine
made from Solaris grapes (Ry d’Argent).
In conclusion, the present work confirms the occurrence of

several polyfunctional thiols, at concentrations above their
thresholds, in Belgian white wines from both Solaris and
Chardonnay grapes. Complementary research should focus on

Figure 4. Concentrations (μg/L) of (a) 3-sulfanylbutan-2-one, (b) 3-sulfanylhexan-1-ol, (c) phenylmethanethiol, (d) 3-sulfanylheptan-1-ol, (e) 4-
sulfanyl-4-methylpentan-2-one, (f) 2-methyl-3-sulfanylpropan-1-ol, and (g) 3-sulfanylpentanal in Belgian (black bars) still and (gray bars) sparkling
Chardonnay wines. Ma, Marnier̀es 2017; GE, Genoels-Elderen 2015; BB, Bon Baron 2015; EDM, Entre-deux-Monts 2017; Bsl, Bousval 2018; ChE,
Chant d’Ecole 2016; Me, Meerdael 2015; and Rf, Ruffus 2017.
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the impact of soil, harvest year, and fermentation conditions on
concentrations of these compounds in Belgian white wines.
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