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environnementale, Université catholique de Louvain, Croix du Sud, 2 box L7.05.07, B-1348 Louvain-la-Neuve, Belgium
ABSTRACT: 4,5-Dimethyl-3-hydroxy-2(5H)-furanone or sotolon is known to impart powerful Madeira-oxidized−curry−
walnut notes to various alcoholic beverages. It has been much studied in oxidized Jura ﬂor-sherry wines, aged Roussillon sweet
wines, and old Port wines, in which it contributes to the characteristic “Madeira-oxidized” aroma of these beverages. No scientiﬁc
paper describes how sotolon might be involved in the Madeira oﬀ-ﬂavor found in aged beers. The speciﬁc extraction procedure
applied here allowed us to quantify this lactone in 7 special beers, at levels sometimes well above its threshold (from 5 to 42 μg/L
after 6, 12, 18, and 24 months of natural aging, while unquantiﬁable in fresh beer). Investigation of spiked beers led us to
highlight the key role of pro-oxidants and acetaldehyde. Addition of ascorbic acid without sulﬁtes should be avoided by brewers,
as the former would intensify sotolon synthesis. Acetoin, a beer fermentation byproduct, also emerged as possible precursor in
beer when combined with serine.
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■

INTRODUCTION
The ﬂavor characteristics of beer appear to alter greatly with
time at a rate depending on the composition of the medium
and its storage conditions. Faced with increasing export of their
production, brewers are particularly concerned about aromatic
and colloidal instability. Despite decades of research,
deterioration of ﬂavor, including loss of fresh aromas and the
appearance of oﬀ-ﬂavors, is still probably the greatest challenge
for brewers. In addition to trans-2-nonenal, which contributes
mainly to the well-known cardboard oﬀ-ﬂavor,1,2 numerous
other odorants have been shown to appear during beer storage.
Among them, dimethyltrisulﬁde, issued from methional and
methionol degradations, is known to be involved in onion-soup
defects of some lager beers.3 The Strecker aldehyde methional
(3-methylthiopropionaldehyde) can also contribute to wort/
stale descriptors in heat-abused or oxidized beers. Cookedapple-like β-damascenone,4 solvent-like furfurylethyl ether,5
smoky 4-vinylsyringol,6 burnt guaiacol7 or empyreumatic 2sulfanylethyl acetate,8 and ribes 3-sulfanyl-3-methylbutyl
formate9,10 are other compounds shown to be relevant to the
sensory proﬁle of aged beer.
According to the Dalgliesh curve,11 the sweet/Madeira aroma
is another defect which can be perceived after oxidative aging.
4,5-Dimethyl-3-hydroxy-2(5H)-furanone or sotolon is known
to impart powerful Madeira-oxidized−curry−walnut notes to
various alcoholic beverages. It has been much studied in aged
sake, oxidized Jura ﬂor-sherry wines, aged Roussillon sweet
wines, and old Port wines, in which it contributes to the global
aroma at a level generally above 10 μg/L.12 At a very high level
(>600 μg/L) it could be responsible for the typical rancio odor
found in some fortiﬁed French wines.13 Its presence has also
been mentioned in gueuze beers, of which some production
steps are very close to those used for yellow wines (long
maturation in wood barrels, accentuated oxidation steps).14
Sotolon exists in two enantiomeric forms, each characterized by
particular olfactory characteristics, the (S)-form exhibiting a
nice curry and walnut aroma, while the (R)-form is described as
© 2015 American Chemical Society

rancid walnut. The perception threshold of (S)-sotolon has
been assessed at 0.8 μg/L, while the (R)-form requires a
concentration of 89 μg/L in model solution to be perceived.12
Its global olfactive detection threshold has been evaluated at 2
μg/L in hydroalcoholic solution and at 7 μg/L in wine.15
Sotolon synthesis pathways have been described in various
foods and beverages. In yellow and sherry wines, sotolon is
produced by aldol condensation of acetaldehyde (produced
through fermentation or through ethanol oxidation in the
cask)16 and α-ketobutyric acid (issued from threonin through
biochemical deamination)17 (Figure 1A). Condensation of two
molecules of acetaldehyde under oxidative conditions constitutes the main synthesis pathway of α-ketobutyric acid in
Sherry and Madeira wine.18,19 In ascorbic-acid-containing
media, the same aldol condensation can occur between
acetaldehyde and α-ketobutyric derived from ascorbic acid
through loss of its ﬁrst two carbon atoms20 (Figure 1B).
Ascorbic acid can also be oxidized to another C4 moiety,
generating sotolon through a reaction with one molecule of
ethanol (Figure 1C). According to König et al.,20 yet another
pathway, evolving two molecules of ethanol, can lead to
integration of the second and third carbon atoms of ascorbic
acid into sotolon (Figure 1D). This requires formation of
hydroxyacetic acid as an intermediate. In heat-treated media,
hydroxyacetic acid can also be formed by Strecker degradation
of serine, followed by oxidation.21 This hydroxyacetic acid
could still react with acetoin, a major fermentation metabolite
produced by yeast through diacetyl reduction, generating
sotolon by aldol condensation and further lactonization (Figure
1E). An alternative which probably requires quite harsh
conditions is a direct reaction between hydroxyacetaldehyde
and diacetyl22 (Figure 1F).
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Figure 1. Potential synthesis pathways for sotolon in beverages.

Table 1. Chemical and Sensorial Characteristics of the Selected Special Beers
original
extract (g/
100g)

real
extract (g/
100g)

pH

bitterness
(BU)

color
(EBC)

sensorial
characteristics
lemon, banana,
apple, spicy,
phenols
orange, pineapple,
spicy, phenols
butter, apple, hop,
green
butter, sulfur, hop

type

beer

alcohol
(% vol)

blond

BL1

8.5

16.3

4.2

4.4

29

14.5

BL2

7.5

14.9

3.7

4.5

24

15.5

BL3

6.3

14.4

4.6

4.2

15

12.5

BL4

7.5

16.8

5.1

4.5

21

16.5

BL5

6.3

14.4

4.6

4.2

15

12.5

butter, apple, hop,
green

TR1

6.2

13.3

3.2

4.1

29

26

hop, phenols,
citrus, cheese

dry hopping, unﬁltrated, bottle refermentation
(with Brettanomyces)

AM1

12.0

20.8

5.5

4.4

18

11

BR1

8.0

19.8

6.2

4.7

16

11

alcohol, banana,
cheese, phenols
malt, sulfur, green

caramel malt, ﬁltrated, ascorbic acid and sulﬁtes
addition
chocolate malt (7%), light ﬁltration, bottle
refermentation

dry
hopped
trappist
amber
brown
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particularities
unﬁltrated, bottle refermentation
organic beer (organic version of BL1), unﬁltrated,
bottle refermentation
centrifuged, ﬂash pasteurization, ascorbic acid
addition
high gravity brewing, unﬁltrated, bottle
refermentation, ﬂash pasteurization, ascorbic acid
addition
BL3 without ascorbic acid
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Figure 2. MS (SIM) chromatogram of fresh (A), 18-month-aged (B), and 24-month-aged (C) BL3 beer, and TIC mass spectrum of sotolon after 24
months (D).
containing 50 mL of degassed beer adjusted at pH 11.5 by addition of
4 M NaOH. Beer alkalinization was done to increase lactone polarity,
thus avoiding its adsorption onto the resin. Samples were shaken in the
dark for 2 h and then poured onto a glass XAD column for separation.
Beer percolating from the XAD 2 resin was recovered. Then, resin was
washed with 50 mL of water, which was collected and mixed to the
ﬁrst eluate. This mixture was extracted three times with 40 mL of
dichloromethane (10 min, 1000 rpm) after adjusting the pH to 3 to
allow lactone cyclization. The organic phases were ﬁnally pooled and
dried with anhydrous sodium sulfate. Then 0.5 mL of nonadecane
stock solution (20 mg/L) was added as EST (external standard)
before concentration to 0.5 mL in a Kuderna−Danish apparatus at 45
°C (total concentration factor = 100, ﬁnal EST concentration = 20
mg/L). The ﬁnal extract was stored at −80 °C for further analysis. A
recovery factor of 89% was calculated for sotolon by the standard
addition method in BL3.
Gas Chromatography Connected to Mass Spectrometry
(GC-MS). Electronic impact mass spectra were recorded at 70 eV on a
ThermoFinnigan (Waltham, MA) Trace MS simple quadrupole mass
spectrometer connected to a ThermoFinnigan Trace GC 2000 gas
chromatograph equipped with a split/splitless injector (splitless time =
0.5 min) and a polar FFAP-CB column (Varian, CP7485, 25 m × 0.32
mm i.d., 0.3 μm ﬁlm thickness). The carrier gas was helium, and the
pressure was set at 50 kPa (100 kPa were applied on the CP-Sil5-CB
MS column, 50 m × 0.32 mm, 1.2 μm ﬁlm thickness, that we used for
RI (retention index) checking on a second chromatographic phase).
The injection volume was 1 μL. The oven temperature was
programmed to rise from 36 to 85 °C at 20 °C/min, then to 145
°C at 1 °C/min, and ﬁnally to 250 °C at 3 °C/min. Sotolon was
quantiﬁed by standard addition with an EST (spiking to beer of 0.5, 1,
7, 15, and 20 μg/L), as recently described by Collin et al.23 The SIM
mode (single-ion monitoring mode) was used with m/z = 83 and 128.
Spectral recording was automatic throughout separation (Xcalibur
software, NIST database).
Gas Chromatography Connected to Olfactometric Detection (GC-O). A 1 μL amount of each extract was analyzed with a
Chrompack CP9001 (Santa Clara, CA) gas chromatograph equipped
with a split/splitless injector maintained at 250 °C (the split vent was
opened 0.5 min postinjection) and connected to a GC-O port
(Chrompack), also at 250 °C. The sotolon odor was checked with a
polar FFAP-CB capillary column (Varian, CP7485, 25 m × 0.32 mm

No scientiﬁc paper describes how sotolon might be involved
in the Madeira oﬀ-ﬂavor found in aged beers, especially when
strongly oxidized. Callemien et al.6 detected the presence of
sotolon in an aged lager beer. The aim of the present work was
to compare the concentration of sotolon in fresh and aged
samples of diﬀerent commercial specialty beers. A speciﬁc
lactone extraction procedure was applied, and the extracts were
analyzed by GC-MS (gas chromatography-mass spectrometry).
Beers or model media spiked with diﬀerent hypothetical
precursors and subjected to diﬀerent beer storage conditions
were compared in order to evidence which key factors should
be controlled by brewers.

■

MATERIALS AND METHODS

Chemicals. Diethyl ether (99.9%), nonadecane (99.9%), hydrogen
peroxide (30%), iron(II) chloride (98%), sotolon (99%), L-ascorbic
acid (>99%), acetoin (>96%), diacetyl (97%), acetaldehyde (≥98%),
and glycolaldehyde (hydroxyacetaldehyde dimer) were purchased
from Sigma-Aldrich (Bornem, Belgium). Methanol (99.9%), acetone,
and absolute ethanol were obtained from Analar Normapur
(Fontenay-sous-bois, France). Anhydrous sodium sulfate (99%) was
obtained from Merck (Darmstadt, Germany). Hydrochloric acid
(36%) was purchased from Fisher Scientiﬁc (Tournai, Belgium).
Sodium hydroxide was purchased from VWR international (Radnor,
PA). Dichloromethane (99.9%) from Romil (Cambridge, U.K.) was
distilled before use. Milli-Q water was used (Millipore, Bedford, MA).
Amberlite XAD 2 resin (Supelco, Bellefonte, PA) (with a pore size of 9
nm and a speciﬁc area of 330 m2/g) was sequentially washed with
methanol and diethyl ether (each for 4 h) in a Soxhlet and stored in
methanol at 4 °C.
Beer Samples. Seven commercial top-fermented beers (BL1, BL2,
BL3, BL4, AM1, BR1, and TR1) were kindly supplied by Belgian
brewers and stored in the dark at 20 °C for 2 years (Table 1) for
natural aging. An analog of BL3 without ascorbic acid (BL5) was
produced by a brewer for some spiking and accelerated aging
experiments.
XAD 2 Procedure for Sotolon Extraction.14 Amberlite XAD 2
resin (2 g) was thoroughly rinsed with Milli-Q water (approximately
400 mL), and the mixture was poured into a 250 mL Schott ﬂask
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i.d., 0.3 μm ﬁlm thickness) and the CP-Sil5-CB MS column (50 m ×
0.32 mm, 1.2 μm ﬁlm thickness). The carrier gas was nitrogen, and the
pressure was set at 30 (FFAP-CB) or 60 kPa (CP-Sil5-CB). The oven
temperature program was the same as that described for GC-MS. The
eﬄuent was diluted with a large volume of air (20 mL/min)
prehumidiﬁed with an aqueous copper(II) sulfate solution.
Beer Standard Analysis. Alcohol and extract determination were
done with an Anton Paar (Graz, Austria) density meter DMA 4500M.
Color, pH, and bitterness analyses were performed according to EBC
analytical procedures.24
Sensory Analyses. Ten trained panelists scored 6 aging attributes
on a scale of 1−5: cardboard, Madeira, nutty, bread, cooked fruit, and
honey. A score of 0 meant the panelist did not detect the aroma,
whereas a score of 5 meant the aroma was strongly perceived.
Determination of Sotolon Flavor Threshold in Beer.
Determination of the ﬂavor threshold of sotolon was performed
with the ASTM method (Ascending Concentration Series Method of
Limits), as recommended by the European Brewery Convention
(method 13.9).24 Sotolon was added to fresh beer (reference beer =
fresh BL3) at six diﬀerent levels of concentrations (from 0.5 to 20 μg/
L). The panel was composed of 10 nontrained university students and
10 trained experts. Each assessor received 6 sequences of 3-Alternate
Forced Choice (3-AFC) tests. For each sequence, sotolon was spiked
into one test sample, the other two containing reference beer without
any addition. The “best estimated threshold” (BET) of a panelist
corresponds to the geometric mean of the highest concentration
missed and the next highest adjacent concentration tested. The group
best estimated threshold (group BET) was calculated as the geometric
mean of the individual best estimated thresholds.
Investigation of Sotolon Pathways. Pathway A. BL3 bottles
were spiked with 100 mg/L acetaldehyde and aged in the dark at 40
°C for 10 or 30 days. Pathways E/F: diacetyl 40 μg/L, acetoin 400 μg/
L, serine 10 mg/L, and/or glycolaldehyde 40 μg/L were added to a
sterilized phosphate buﬀer (pH = 4.5) containing 5% v/v ethanol.
Samples were stored in the dark at 40 or 60 °C for 30 days. Pathways
B/C/D: Oxygenated and control samples consisted in fresh BL5
exposed or not to sterile oxygen (ﬁnal concentration = 6 mg/L in the
“oxygen” sample) without any other spiking. Ascorbic acid was added
at 880 mg/L ﬁnal concentration, with or without 555 mg/L SO2, to
200 mL of fresh BL5 in a glass ﬂask exposed to oxygen by bubbling 6
mg/L sterile oxygen. A combination of iron at 1 mg/L and hydrogen
peroxide at 1 g/L was also spiked as pro-oxidants to a BL5 sample
exposed in the same way to 6 mg/L oxygen. Samples were stored for
30 days in the dark at 40 °C.
Statistical Analyses. Analyses were carried out in duplicate, and
comparisons of means were performed with the Student−Newman−
Keuls test with SAS software version 9.2 (SAS Institute, Inc., Carry,
NC). Values sharing no common letter are signiﬁcantly diﬀerent (p <
0.05).

in all special beers after 6, 12, 18, and 24 months of natural
aging, whatever the type of beer (blond, amber, trappist, or
brown, with or without bottle refermentation or ascorbic acid
addition; Table 1). Identiﬁcation was conﬁrmed by mass
spectrometry (coincidence of the main m/z with the
commercial reference and the NIST library entry), the
retention indices on two capillary columns (RI = 2213 on
FFAP-CB and 1068 on CP-Sil5-CB), and odors (curry,
walnut). For the 7 beers analyzed, the amount of sotolon
already reached 4.6−14.2 μg/L after 6 months and continued
to increase thereafter up to 42.1 μg/L in the ascorbic-acidprotected beer BL3 after 2 years. These values are well above
the 2 μg/L sensory threshold previously assessed in hydroalcoholic solution.15 They also exceed after 12 months the 8
μg/L sensory threshold that a jury of 20 panelists here
determined in BL3 (already after 6 months for BL2, BL3, and
BL4). The Madeira attribute was also scored (together with ﬁve
other aging descriptors) in all beers over the ﬁrst year of storage
by a jury of trained panelists (data given for BL3 in Figure 3).
The Madeira character was set above 2 in all 6- and 12-monthsaged beers and under 1 in fresh beers.

Figure 3. Aging oﬀ-ﬂavors in BL3 through natural aging.

As depicted in Figure 4 for BL3, 30 days at 40 °C treatment
revealed to produce sotolon (9 μg/L) in a range close to what
we observed after 6 months of natural aging. Such accelerated
aging was therefore applied to assess in a short time which
synthesis pathways could occur in beer. As BL3 contained

■

RESULTS AND DISCUSSION
Identiﬁcation and Quantitation of Sotolon in Aged
Beers. As depicted in Figure 2 and Table 2, only traces of
sotolon (<1 μg/L) were found in fresh beer samples. In
contrast, the lactone-speciﬁc extraction enabled us to quantify it
Table 2. Sotolon Concentration (μg/L) in TopFermentation Beers Stored at 20 °Ca
fresh
6 months
12 months
18 months
24 months

BL1

BL2

BL3

BL4

TR1

AM1

BR1

nq
6.4
8.9
10.9
8.9

nq
14.2
17.0
36.2
24.3

nq
9.5
9.0
27.1
42.1

nq
11.6
10.1
20.8
37.5

nq
7.8
12.0
16.2
29.1

nq
4.6
9.4
14.7
12.1

nq
6.8
13.7
13.0
16.5

Figure 4. Sotolon concentration (μg/L) in a control beer (BL3,
containing ascorbic acid), in the same beer spiked with 100 mg/L
acetaldehyde, and in BL5 (devoided of ascorbic acid) after 30 days at
40 °C. Values sharing no common letters are signiﬁcantly diﬀerent (p
< 0.05).

a

GC-MS (SIM mode) Data. nq = detected but not quantiﬁable
(<1μg/L). Means of duplicates (CV < 5%).
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Figure 5. Sotolon concentration (μg/L) in a model beer medium (control model), and the same solution spiked with acetoin, serine, diacetyl, and/
or hydroxyacetaldehyde after 30 days at 40 or 60 °C. Values sharing no common letters are signiﬁcantly diﬀerent (p < 0.05).

Figure 6. Sotolon concentration (μg/L) in a control beer (BL5, devoided of ascorbic acid) and the same BL5 beer spiked with 8 mg/L oxygen, with
880 mg/L ascorbic acid and 8 mg/L oxygen, a combination of 880 mg/L ascorbic acid, 6 mg/L oxygen, and 555 mg/L sulﬁtes, or pro-oxidant species
(Fe2+ (1 mg/L) + H2O2 (1 g/L)) after 30 days at 40 °C. Values sharing no common letters are signiﬁcantly diﬀerent (p < 0.05).

react with serine-derived compounds such as hydroxyacetic acid
by aldol condensation (usual serine concentration in beer = 2−
12 mg/L28). The compounds diacetyl, acetoin, glycolaldehyde
(the commercial dimer of hydroxyacetaldehyde), and serine
were mixed in diﬀerent combinations in a beer model solution
before aging for 30 days at 40 or 60 °C. As depicted in Figure 5,
only acetoin proved able to generate large amounts of sotolon.
The highest concentrations (63−67 μg/L) were obtained after
addition of acetoin in the presence of serine. Hydroxyacetaldehyde together with acetoin led to lower amounts of sotolon at
40 °C (19.3 μg/L after 30 days) but reached 59 μg/L at 60 °C,
probably because glycolaldehyde must dissociate to hydroxyacetaldehyde before it can react. In the case of diacetyl
together with serine, both temperatures led to only 12−14 μg/
L, suggesting that it is probably a minor pathway in natural beer
aging. Transferred to beer, these results could mean that the
eﬃciency of the reduction of diacetyl to acetoin by yeast could
impact the Madeira oﬀ-ﬂavor.
Pathways B/C/D. In the brewing industry, ascorbic acid is
sometimes used as antioxidant at the bottling step in
association (e.g., AM1) or not (e.g., BL3) with sulﬁtes. As

ascorbic acid, a pilot version without ascorbic acid addition at
bottling (BL5) was requested of the manufacturer. This beer
was used for all experiments where oxidation could play a key
role. As shown by its accelerated aging (30 days at 40 °C), the
absence of ascorbic acid already allowed minimizing the
content of sotolon (4 μg/L in BL5 instead of 9 in BL3).
Potential Pathways for Sotolon Formation in Beer.
Pathway A. Many researchers have demonstrated the key role
of acetaldehyde in the appearance of sotolon in beverages.19−25
Therefore, fresh BL3 was spiked with 100 mg/L acetaldehyde
(usual concentration in fresh ales = 3.8−33.8 mg/L26) in the
absence of oxygen, and samples were aged for 30 days at 40 °C.
As depicted in Figure 4, sotolon was found to be signiﬁcantly
produced from added acetaldehyde (12.8 μg/L versus 8 in the
control).
Pathways E/F. Diacetyl has been mentioned in the literature
as a possible precursor of sotolon when combined with
hydroxyacetaldehyde under quite harsh conditions22 (usual
diacetyl concentration in ale = 60−300 mg/L27). Its reduced
form, acetoin, is another well-known constituent of beer (usual
acetoin concentration in ale = 10−200 mg/L27) which could
2890
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illustrated in Figure 1 from the literature (pathways B−D),
degradation of ascorbic acid can generate diﬀerent species,
possibly involved in sotolon synthesis. Ascorbic acid can also
act as a pro-oxidant in beer.28 Spiking of BL5 with 880 mg/L
ascorbic acid (much higher amount than the industrial spiking
of BL3 = 30 mg/L) and 6 mg/L oxygen led to sotolon
concentrations up to 82.7 μg/L after 30 days at 40 °C, whereas
the same beer, when untreated (control = no ascorbic acid and
<0.05 mg/L oxygen), did not even reach the 8 μg/L ﬂavor
threshold of the lactone in beer (Figure 6). As expected, mixing
555 mg/L sulﬁtes with ascorbic acid annihilated the latter’s
negative eﬀect. In beer, sulﬁtes arise either through the action
of yeast or through exogenous addition at the bottling step.
BL5 was also aged for 30 days at 40 °C in absence of ascorbic
acid, under a bottleneck saturated with 6 mg/L oxygen. Only
7.3 μg/L sotolon was measured here, suggesting that beer
polyphenols are able to minimize its eﬀect. In comparison,
spiking of hydrogen peroxide and iron (well known for the
Fenton reaction) dramatically increased sotolon concentration
(up to 217 μg/L). Ethanol most probably acts as a quencher of
hydroxyl radicals, as mentioned by Andersen et al.,29 leading to
the formation of acetaldehyde involved himself in sotolon
synthesis (Pathway A).
In conclusion, prevention of oxidation is required to decrease
the Madeira oﬀ-ﬂavor brought to the beer by sotolon. Yet
addition of ascorbic acid at bottling should be avoided, at least
if not combined with sulﬁtes, because of the role of ascorbic
acid either as a reagent (precursor of α-ketobutyric acid, αhydroxy-β-ketobutyric acid, or hydroxyacetic acid) or as a prooxidant (for acetaldehyde production). Despite a very low
oxygen content in such beers, refermented beers seem not to be
fully protected against the Madeira oﬀ-ﬂavor, probably because
of additional pathways, including the biochemical deamination
of threonine and serine by yeast, followed by combination with
either acetaldehyde or acetoin.
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