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The release of smoke-derived volatile phenols during the fermentation of Merlot grapes, following
grapevine exposure to smoke, has been investigated. The concentrations of guaiacol, 4-methylguai-
acol, 4-ethylguaiacol, 4-ethylphenol, and eugenol were determined by gas chromatography-mass
spectrometry and found to increase throughout the winemaking process. Only trace levels (e1 µg/L)
of guaiacol and 4-methylguaiacol could be detected in free run juice derived from the fruit of smoked
vines; the highest levels, 388 µg/L and 93 µg/L, respectively, were observed in the finished wine.
Control wine (derived from fruit of unsmoked vines) contained 4 µg/L guaiacol, with the volatile phenols
either not detected or detected at only trace levels (e1 µg/L) throughout fermentation. The role of
enzyme and acid catalyzed hydrolysis reactions in releasing smoke-derived volatile compounds was
also investigated. The volatile phenols were released from smoked free run juice by strong acid
hydrolysis (pH 1.0) and enzyme (�-glucosidase) hydrolysis, but not mild acid hydrolysis (juice pH
3.2-3.7). Guaiacol was again the most abundant smoke-derived phenol, present at 431 µg/L and
325 µg/L in strong acid and enzyme hydrolysates, respectively. Only trace levels of each phenol
could be detected in each control hydrolysate. This study demonstrates the potential for under-
estimation of smoke taint in fruit and juice samples; the implications for the assessment of smoke
taint and quantification of volatile phenols are discussed.
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INTRODUCTION

In recent years, significant forest fires have occurred in Asia,
Africa, Europe, North America, South America, and Australia,
and the incidence of such fires is expected to escalate as a result
of climate-induced changes to weather, particularly increased
temperature, drought, wind and natural ignition sources (1). In
some cases, fires have occurred in close proximity to wine
regions resulting in vineyard smoke exposure and smoke tainted

wines. The taint, characterized by objectionable ‘smoky’, ‘dirty’
and ‘burnt’ aromas and a lingering retro-nasal ‘ash’ character
on the palate (2), has caused significant financial loss for grape
and wine producers and is therefore an issue of increasing
concern.

Grape and grapevine exposure to smoke has been shown to
affect the chemical composition and sensory properties of
wine (2, 3). A number of volatile phenols including guaiacol,
4-methylguaiacol, 4-ethylguaiacol, 4-ethlyphenol and eugenol
(4-allylguaiacol) were detected in wines made from grapes
which had received a postharvest exposure to smoke. Since these
compounds were not present in wines made from unsmoked
grapes, their origin was attributed to smoke exposure (3).

In wine, guaiacol, 4-methylguaiacol and eugenol are typically
associated with oak barrel maturation (4–6), derived predomi-
nantly from the thermal degradation of oak lignin during the
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toasting process of cooperage (7), although there are significant
levels of eugenol present in untoasted oak (5). In contrast,
4-ethylguaiacol and 4-ethylphenol are bacterial in origin, arising
from the action of Brettanomyces/Dekkera yeast on grape-
derived p-coumaric acid and p-ferulic acid (6, 8). Numerous
studies have identified these phenols as components of smoke
and liquid smoke preparations (e.g, refs 9–12), with guaiacol
and 4-methylguaiacol reported as two of the most abundant
phenols occurring in wood smoke, in both the vapor phase and
aqueous extracts (13). Additionally, these volatile phenols are
associated with smoke-like aromas (Table 1); guaiacol and
4-methylguaiacol in particular, which impart ‘smoky’, ‘pheno-
lish’, ‘aromatic’, ‘sharp’ and ‘sweet’ aroma characters (6, 10, 11).
Although guaiacol and 4-methylguaiacol are not considered
solely responsible for smoke taint (3), they nevertheless
represent useful marker compounds, with levels of guaiacol and
4-methylguaiacol indicative of levels of smoke taint.

In previous studies in this laboratory, the intensity of smoke
taint has been observed to increase during the fermentation of
smoke affected grapes. This is consistent with anecdotal
evidence from industry that smoky characters either appeared
during fermentation of grapes which had not previously
exhibited smoke taint, or increased throughout the winemaking
process. The release of volatile secondary metabolites from
grape and oak-derived flavor precursors via enzyme and acid
catalyzed hydrolysis has been previously demonstrated (e.g.,
refs 14–17). Accordingly, the hydrolytic release of smoke-
derived volatiles from involatile precursors, such as glycocon-
jugates, could be responsible for the intensification of smoke
aroma during fermentation. Indeed guaiacol has been previously
reported as a component of acid and enzyme hydrolysates
prepared from Merlot and Shiraz juices (14, 16), presumably
deriving from glycoconjugate precursor forms. To date, the
assessment of smoke taint relies on either sensory evaluation
or quantification of guaiacol and 4-methylguaiacol. The presence
of conjugated precursors is therefore problematic for both
sensory and chemical analysis. This study was undertaken to
investigate (i) the evolution of smoke-derived volatile phenols
during fermentation, following grapevine exposure to smoke;
(ii) the release of volatile phenols under acid and enzyme
catalyzed reaction conditions; and (iii) the implications of the
results for carrying out analysis of smoke affected grapes and
juice.

MATERIALS AND METHODS

Field Application of Smoke to Grapevines. Merlot grapevines
within a vineyard located in Capel, Western Australia were exposed
to eight successive smoke applications (30 min each) between veraison
and harvest, i.e., at 0, 3, 7, 10, 15, 18, 21 and 24 days post-veraison.
Smoke applications were performed (in triplicate) using a purpose built
smoke tent similar to that described in seed germination experiments
by Dixon et al. (18), constructed from galvanized steel and greenhouse
film (Solarweave). Smoke was generated in a metal drum (50 L) by
combustion of dry straw and pumped into the smoke tent with the
grapevines (3 per replicate) enclosed. Dry barley straw was selected
as a fuel source to minimize variation in combustion conditions,
enabling reproducible smoke application. Control grapevines were
similarly enclosed in identical (smoke-free) tents for the duration of
each smoke treatment to minimize differences in environmental
conditions (such as humidity, temperature and light exposure). Tents
were removed following each experimental treatment.

Winemaking. Grapes (three fruit replicates of approximately 16 kg
each) were harvested from control (unsmoked) and smoked grapevines
on the same day, corresponding to total soluble solids (TSS) contents
of 22 °Brix and 19 °Brix, respectively. For each treatment, the fruit
was processed to produce three replicate wines, according to standard

small-lot winemaking procedures. The fruit was crushed, destemmed
and fermented in 15 L fermentation vessels with EC1118 Saccharo-
myces cereVisiae yeast (Lallemand Inc., Montreal, Canada). The
fermenting musts were plunged twice per day and the wine was pressed
from the skins at a TSS level of 3.6 °Brix. Wines were transferred to
15 L demijohns and held at 15 °C until the residual sugar approached
0 g/L. The wines were then racked from gross lees and inoculated with
Leuconostoc oenos (Vinaflora Oenos, Chr. Hansen, Denmark). On
completion of malolactic fermentation, wines were again racked and
free SO2 adjusted (to 30 ppm) before being cold stabilized (2 °C for
28 days), filtered and bottled.

Sampling. Samples (approximately 50 mL aliquots) were collected
from each smoked and control fermentation replicate, throughout the
winemaking process. For smoked ferments, the sampling times were:
after crushing (i.e., free run juice), after 1, 3, 5 and 7 days of maceration,
at the end of alcoholic fermentation and after bottling (i.e., finished
wine). The same sampling times were employed for control ferments,
but with the inclusion of a sampling point after 10 days of maceration.
The additional control sampling point was necessitated by differences
in fermentation rates between smoked and control ferments. As in
previous studies (3), smoke exposure increased fermentation rates, with
smoked ferments completing alcoholic fermentation 3 days earlier than
control ferments. Each ferment was also sampled immediately before
and after pressing (i.e., at 7 and 10 days of maceration for smoked and
control ferments, respectively); grape marc samples (approximately
50 g) were also collected after pressing. Finished wines were reanalyzed
approximately 12 months post-bottling. Prior to analysis, must and wine
samples were clarified by centrifugation and grape marc samples were
crushed in liquid nitrogen.

Preparation of Acid and Enzyme Hydrolysates. Acid and enzyme
hydrolysis experiments were conducted (in duplicate) using control and
smoked free run juice, based on methodology described elsewhere
(17, 19). Chemicals and enzymes were purchased from Sigma-Aldrich.
Mild acid hydrolysates (i.e., juice pH: 3.2 for control juice and 3.7 for
smoked juice) were prepared by heating grape juice (10 mL) for 1 h at
100 °C. Strong acid hydrolysates (i.e., pH 1.0, achieved by addition of
concentrated sulfuric acid) were prepared by heating grape juice (10
mL) for 1 h at 100 °C. Enzyme hydrolysates were prepared by treating
grape juice (10 mL) with almond emulsion �-glucosidase enzyme (25
mg) for 24 h at 30 °C.

Quantitative Gas Chromatography-Mass Spectrometry Analy-
sis. Guaiacol, 4-methylguaiacol, 4-ethylguaiacol, 4-ethyphenol, eugenol,
furfural and 5-methylfurfural were quantified by the stable isotope
dilution assay methods reported previously (20–23). These publications
include details of the syntheses of the internal standards used herein.
For all analytes: the linear dynamic range was 0, and 1-1000 µg/L;
the limit of detection was 1 µg/L; and the precision was <5% relative
standard deviation. The purity of all standards was verified by GC-
MS.

Preparation of Must and Wine Samples for Analysis. A deuterated
internal standards (I.S.) solution of d4-furfural (1.06 µg), d3-guaiacol

Table 1. Structures and Aroma Descriptors of Smoke-Derived Volatile
Phenols
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(1.13 µg), d3-4-methylguaiacol (0.840 µg) and d4-4-ethylphenol (0.721
µg), in ethanol (100 µL) was added to the sample (5 mL) in a screw
cap vial using a glass syringe (100 µL Hamilton). The organic solvent
(diethyl ether/n-pentane 1:2 (v/v) ca. 3 mL) was added, and the mixture
was shaken briefly. A portion of the organic layer (ca. 2 mL) was then
placed in a vial ready for instrumental analysis.

Preparation of Marc Samples for Analysis. For each marc sample,
a 4.0 g subsample was accurately weighed into a screw cap vial. The
I.S. solution as above (100 µL) and the organic solvent as above (10
mL) were added (to immerse the marc sample) and the lid screwed on.
After 24 h at room temperature the vial was swirled briefly and then a
portion of the organic layer (2 mL) was then placed in a vial ready for
instrumental analysis.

Reference Standards. Reference standards containing 100 µL of
deuterated internal standards ethanolic solution (as described above)
and 100 µL of normal unlabeled analytes ethanolic solution (furfural
(1.674 µg), 5-methylfurfural (2.073 µg), guaiacol (4.646 µg), 4-meth-
ylguaiacol (1.536 µg), 4-ethylguaiacol (2.025 µg), eugenol (2.108 µg)
and 4-ethylphenol (1.798 µg)) in diethyl ether/n-pentane (1:2 (v/v),
approximately 2 mL) were used.

Gas Chromatography-Mass Spectrometry Analysis. An Agilent
Technologies 6890 gas chromatograph (GC) was equipped with a
Gerstel MPS2 multipurpose sampler and coupled to an Agilent 5973N
mass selective detector. The gas chromatograph was fitted with an
approximately 30 m × 0.25 mm, 0.25 µm J&W DB-Wax fused silica
capillary column. The carrier gas was helium (BOC Gases, high purity),
linear velocity 50 cm/sec; flow rate 1.2 mL/min. vacuum compensated
at the mass spectrometer interface. The oven temperature was started
at 50 °C, held at this temperature for 1 min, increased to 240 at 10
°C/min, and held at this temperature for 20 min. The injector
temperature was 200 °C and the transfer line was held at 240 °C. The
sample volume injected was 2 µL. The splitter, at 30:1, was opened
after 36 s, and the liner used was resilanized borosilicate glass, tapered,
with a plug (2-4 mm) of resilanized glass wool at the column interface.
The instrument was controlled with Agilent G1701CA ChemStation
software in conjunction with the Gerstel MASter software (version
1.81). For quantification of the smoke volatiles, positive ion electron
impact mass spectra at 70 eV were recorded in Selective Ion Monitoring
(SIM) mode. The ions monitored were m/z 98, 100 for d4-furfural (dwell
50 ms); m/z 95, 96 for furfural (dwell 50 ms); m/z 95, 97, 112 for
5-methylfurfural (dwell 50 ms); and m/z 77, 131, 149, 164 for eugenol
(dwell 25 ms). The italicized ions were the ones used for quantitation
(by peak area). 5-Methylfurfural was quantified versus d4-furfural as
internal standard (IS). Eugenol was quantified versus d4-4-ethylphenol
as IS. Other SIM conditions have been published previously (20, 21).
The data was analyzed with Agilent MSD ChemStation software
(Build 75).

Statistical Methods. Data were analyzed by two-way analysis of
variance (ANOVA) using GenStat (8th Edition, VSN International
Limited, Herts, UK). Mean comparisons were performed by least
significant difference (LSD) multiple comparison tests at P < 0.05.

RESULTS AND DISCUSSION

The volatile phenols, guaiacol, 4-methylguaiacol, 4-ethylguai-
acol, 4-ethylphenol and eugenol, were either not detected or
detected at only trace levels (e1 µg/L) in free run juice derived
from fruit of smoke-exposed grapevines. However, the concen-
tration of each compound increased dramatically and progres-
sively throughout fermentation, with the highest levels observed
in finished wine (Table 2). The corresponding finished control
wine (derived from fruit of unsmoked grapevines) contained 4
µg/L guaiacol, but 1 µg/L or less of the other phenols of interest.
As in previous studies (3), the absence of these compounds (at
significant concentrations) in control wines indicates that in
smoked samples they derive almost exclusively from the
application of smoke to grapevines. Of the smoke-derived
volatile phenols measured, guaiacol and 4-methylguaiacol were
the most abundant, present in the finished wine at 388 µg/L
and 93 µg/L, respectively. This is consistent with previous

studies which reported guaiacol and 4-methylguaiacol as the
most abundant phenolic components occurring in smoke (13).
Eugenol was the least abundant phenol measured, with just 3
µg/L detected in the finished wine.

Preliminary studies conducted by the Australian Wine
Research Institute showed guaiacol and 4-methylguaiacol ac-
cumulated in skins, rather than pulp, of smoke affected grapes
(2). As such, the increase in volatile phenol concentrations
throughout winemaking could be attributed to ongoing extraction
from skin tissues; except that phenol concentrations continued
to increase during malolactic fermentation (i.e., after skins were
pressed from the wine). The increased phenol content following
pressing instead implies the presence of one or more precursor
compounds.

Pressing itself had no apparent effect on the composition of
wine, with very similar phenol concentrations observed in wine
immediately before and after pressing (Table 3). Comparable
levels of guaiacol and 4-methylguaiacol were observed in both
marc and wine derived from smoke-exposed vines; but the marc
retained approximately 2.5 times as much 4-ethylguaiacol and
4-ethylphenol than found in the wine. Small amounts of guaiacol
and 4-methylguaiacol (6 µg/L and 2 µg/L, respectively) were
observed in control grape marc, but only traces were detected
in control wine, immediately before or after pressing.

Hydrolytic studies confirmed the release of smoked-derived
volatile phenols under acid and enzyme catalyzed reaction
conditions (Table 4), further supporting their accumulation in
smoke affected grapes in conjugated precursor forms. The
evolution of phenols through �-glucosidase activity alludes to
glycoconjugate precursors, such as �-D-glucopyranosides. Guai-
acol, 4-methylguaiacol, 4-ethylguaiacol, and 4-ethylphenol were
identified as components of both strong acid and enzyme
hydrolysates of smoked free run juice. These hydrolysates
smelled strongly of ‘smoke’ and ‘smoked meat’, respectively,
by informal sensory evaluation. In contrast, the mild acid
hydrolysates and each of the control hydrolysates exhibited

Table 2. Concentrations of Guaiacol, 4-Methylguaiacol, 4-Ethylguaiacol,
4-Ethylphenol, and Eugenol in Ferments Derived from the Fruit of Smoked
and Unsmoked Grapevines Throughout the Winemaking Process

concentrationa (µg/L)

sample guaiacol
4-methyl
guaiacol

4-ethyl
guaiacol

4-ethyl
phenol eugenol

unsmoked
free run juice n.d. n.d. n.d. n.d. n.d.
after 1 day maceration tr. tr. n.d. n.d. tr.
after 3 days maceration tr. tr. n.d. n.d. tr.
after 5 days maceration tr. tr. n.d. n.d. tr.
after 7 days maceration tr. tr. n.d. n.d. tr.
after 10 days maceration 1 tr. n.d. n.d. tr.
after alcoholic fermentation 1 tr. n.d. n.d. tr.
finished wine 4 n.d. tr. tr. tr.
12 months post-bottling 3 tr. tr. tr. n.d.

smoked
free run juice 1 a tr. n.d. n.d. n.d.
after 1 days maceration 68 b 11 a 10 a 5 a 2 ab
after 3 days maceration 168 c 26 b 8 a 5 a 1 a
after 5 days maceration 203 cd 32 bc 9 a 15 b 2 a
after 7 days maceration 249 d 42 c 9 a 17 b 2 a
after alcoholic fermentation 249 d 43 c 8 a 23 c 1 a
finished wine 388 e 93 d 16 b 58 d 3 b
12 months post-bottling 371 e 124 e 29 c 94 e 4 c

a Values are the means from three replicates and were in agreement to ca.
10%. Values followed by a different letter within columns are significantly different
(P < 0.05). n.d. ) not detected; tr. ) trace (i.e., positive identification but <1
µg/L).
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‘berry’, ‘fruit’ and ‘jammy’ aromas, with the volatile phenols
detectable at only trace levels (<1 µg/L). Guaiacol and
4-methylguaiacol were again the most abundant smoke-derived
phenols; present in the strong acid hydrolysate at 431 µg/L and
162 µg/L, respectively, and in the enzyme hydrolysate at 325
µg/L and 82 µg/L, respectively. Eugenol was again the least
abundant phenol measured, with small quantities (5 µg/L or less)
detected in strong acid hydrolysates of both smoked and control
free run juice, respectively.

Guaiacyl �-D-glucopyranoside has been previously isolated
from the fruit of anise (Pimpinella anisum L.) (24) and guaiacol
has been identified in enzyme hydrolysates of several fruits,
including tomato, mango and badea (25–27). This further
supports our hypothesis of naturally occurring guaiacyl �-D-
glucopyranoside. It is possible that plants (including grapevines)
may glycosylate some volatile compounds in order to minimize
toxic effects to cells, or to increase their solubility to facilitate
cellular transportation. Certainly, there is literature precedence
for the glycosylation of phenol in cultured plant cells (28).
The provenance of glycosylated volatile phenols in smoke
affected grapes and wine is therefore the subject of ongoing
research.

Higher levels of guaiacol, 4-methylguaiacol and 4-ethylguai-
acol were observed in the (smoked) strong acid hydrolysate
compared to the (smoked) finished wine, suggesting incomplete
hydrolysis of putative precursor compounds during fermentation.
When the smoked wine was reanalyzed 12 months post-bottling,

similar guaiacol levels were observed, but 4-methylguaiacol,
4-ethylguaiacol and 4-ethylphenol levels increased (Table 2),
suggesting further hydrolysis of soluble precursors with bottle
age. This is akin to the accumulation of (toasted) oak derived
volatile compounds in wine to different extents during aging,
even with no further contact with the oak (29). The nature and
concentration of smoke taint precursor compounds may influ-
ence the release of their free volatile aglycones under various
conditions; certainly, the evolution of phenol derivatives
post-bottling supports the presence of precursors in addition to
simple �-D-glucopyranosides.

At juice pH and in the absence of glycosidase activity,
glycoconjugates are relatively stable toward chemical hydrolysis
(30), except where the carbohydrate unit is bonded to an
activated hydroxyl group (15), which could explain the absence
of smoke-derived phenols in the mild acid hydrolysate. Furfural
and 5-methylfurfural were identified as acid hydrolysate com-
ponents in both smoked and control samples, but their origin is
likely attributable to acid catalyzed thermal degradation of
carbohydrates, and not grapevine smoke exposure. The higher
levels observed in the strong acid hydrolysates simply reflect
the more aggressive hydrolysis conditions.

Significant quantities of guaiacol or 4-methylguaiacol would
not be expected to form through hydrolysis of glycoconjugate
precursors at juice pH. However, micro-organisms with �-glu-
cosidase activity could certainly liberate these compounds during
fermentation. The enzymatic release of smoked-derived volatile
phenols therefore provides a plausible explanation for the
observed intensification of smoke taint during fermentation.
Most importantly, it should be recognized that if smoke-derived
volatile compounds do indeed accumulate in grapes as odorless
glycoconjugates following grapevine exposure to smoke, there
may well be no apparent smoke taint at the time of harvest.
However, the hydrolytic release of such volatiles could lead to
the development of smoke aromas during fermentation, and
subsequently smoke tainted wine.

For assessment of smoke taint contingent on guaiacol and
4-methylguaiacol determination, we recommend sample prepa-
ration be taken into consideration to ensure hydrolysis of any
glycoconjugate precursors which might be present. In the current
trial, where grapevines were deliberately exposed to repeated and
relatively high intensity smoke applications, strong acid hydrolysis
yielded higher levels of smoke-derived volatile phenols than
enzyme hydrolysis. The strong acid hydrolysis conditions used in
this study, i.e., pH 1.0 for 1 h at 100 °C, are those employed in the
glycosyl-glucose assay for the quantification of glycosides in

Table 3. Concentrations of Guaiacol, 4-Methylguaiacol, 4-Ethylguaiacol,
4-Ethylphenol, and Eugenol in Ferments (Pre- and Post-Pressing) and
Grape Marc Derived from the Fruit of Smoked and Unsmoked Grapevines

concentration1 (µg/L or µg/kg)

sample guaiacol
4-methyl
guaiacol

4-ethyl
guaiacol

4-ethyl
phenol eugenol

unsmoked
wine (pre-pressing) 1 tr. n.d. n.d. tr.
wine (post-pressing) tr. tr. n.d. n.d. tr.
grape marc 6 2 n.d. n.d. n.d.

smoked
wine (pre-pressing) 249 a 42 a 9 a 17 a 2 a
wine (post-pressing) 246 a 41 a 9 a 15 a 1 a
grape marc 251 a 38 a 22 b 52 b 6 b

1 Values are the means from three replicates and were in agreement to ca.
10%. Values followed by a different letter within columns are significantly different
(P < 0.05). n.d. ) not detected; tr. ) trace (i.e., positive identification but <1
µg/L).

Table 4. Concentrations of Guaiacol, 4-Methylguaiacol, 4-Ethylguaiacol, 4-Ethylphenol, Eugenol, Furfural and 5-Methylfurfural in Free Run Juice, and Acid
and Enzyme Hydrolysates of Juice Derived from Fruit of Smoked and Unsmoked Grapevines

concentrationa (µg/L)

sample guaiacol
4-methyl
guaiacol

4-ethyl
guaiacol

4-ethyl
phenol eugenol furfural

5-methyl
furfural

unsmoked
free run juice n.d. n.d. n.d. n.d. n.d. 2 tr.
mild acid hydrolysate tr. tr. tr. tr. n.d. 76 2
strong acid hydrolysate tr. tr. tr. tr. 2 15150 640
enzyme hydrolysate tr. tr. tr. tr. n.d. 7 2

smoked
free run juice 1 tr. n.d. n.d. n.d. 2 tr.
mild acid hydrolysate tr. tr. tr. tr. n.d. 40 2
strong acid hydrolysate 431 162 31 48 5 12800 860
enzyme hydrolysate 325 82 13 27 n.d. 8 2

a Values are the means from three replicates for juice samples and two replicates for hydrolysate samples. Values were in agreement to ca. 10%. n.d. ) not detected;
tr. ) trace (i.e., positive identification but <1 µg/L).
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grapes, juice and wine (19). However, since these reaction
conditions could also catalyze various aglycone side reactions (for
example aglycone degradation), enzyme hydrolysis may be more
appropriate for commercial samples, where less intense smoke
exposure would likely give lower volatile phenol levels. Accord-
ingly, the potential under-estimation of smoke taint can be reduced.
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