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Wine grapes exposed to smoke and wine made from grapes exposed to smoke can robustly be identifed through their elevated
concentrations of volatile phenols and phenolic glycosides serving as smoke markers, compared to concentrations typically found
in non-smoke-exposed samples. Smoke-afected wines with high concentrations of volatile phenols and glycosides can have
smoky favours, but the relationship between concentrations of specifc smoke markers in grapes and the intensity of smoky
sensory attributes in the resulting wine has not been established. Tis study sought to determine whether volatile phenols and
glycoside concentration in grapes and wine are suited to predict smoke favour, to identify the key drivers of smoke favour in both
matrices. Te study aimed to determine what concentrations of volatiles and glycosides in grapes impart an unacceptable smoke
favour in the resulting wine, to provide a guide for producers assessing suitability of smoke-exposed grapes for wine production.
During vintage 2020, a total of 65 grape samples were collected from vineyards exposed to bushfre smoke, as well as unafected
vineyards. Chardonnay, Pinot Noir, and Shiraz grapes were harvested from vineyards in New South Wales, South Australia, and
Victoria. Unoaked wines (50 kg scale) were produced under controlled conditions. Te wines had a wide range of smoke favour
intensities rated by a trained sensory panel. Statistical models based on guaiacol, o-cresol,m-cresol, p-cresol, and some glycosides
gave good predictions of smoke favour intensity, with a slightly diferent optimal model for each cultivar. Subsequently, critical
concentrations for quality defects were estimated to provide a guide for producers. A subset of smoke exposure markers in wine
grapes afected by smoke from bushfres can be used to predict the degree of smoke favour in wine. Tis information provides
a frst guide for assessing the risk of producing smoke tainted wine from smoke-exposed grapes.

1. Introduction

Bushfre smoke has caused billions of dollars of losses to the
global wine industry since it was frst identifed in 2003 as the
source of unpleasant smoky favours [1, 2]. Volatile phenols
in smoke are taken up by berries and metabolized, forming
phenolic glycosides which accumulate during the season,
resulting in elevated concentrations of volatile phenols and/
or phenolic glycosides at harvest [3–5]. Wines made from
smoke-afected grapes can have elevated concentrations of
volatile phenols and phenolic glycosides, particularly for
wines made with skin contact [1, 6, 7]. Tese wines have

unpleasant smoky aromas, favours, and aftertaste, which are
considered undesirable quality defects by many in the wine
industry [8].

“Smoky,” “medicinal,” and “cold ash” aromas, favours
and aftertaste have been attributed to volatile phenols and
glycosides, particularly the potent odorants guaiacol, o-
cresol, m-cresol, and p-cresol [9–11]. “Smoky” and “me-
dicinal” favours are due to combinations of volatile phenols
and phenolic glycosides, that can contribute even when
below their individual sensory thresholds, due to sub-
threshold interactions and additive efects [9]. Phenolic
glycosides contribute to smoke favour and aftertaste by
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hydrolysis in-mouth during tasting [9, 10]. Earlier studies
have shown that consumers dislike smoky favours in rosé
style wines made from smoke-exposed grapes, and red wines
with 50 μg/L of guaiacol added [12, 13]. While the volatile
phenols and glycosides have been related to smoke favour in
highly smoke-afected wines of various cultivars [9, 14],
there is little information about the minimum concentra-
tions of volatile phenols and/or phenolic glycosides required
to impart a perceptible smoke favour when present below
individual sensory threshold concentrations.

Notably, some smoke favours or compounds can be
desirable in certain wine styles. For example, oaked wines
can have distinct toasty or smoky favours due to guaiacol
and other volatile phenols formed during toasting of oak
[15, 16]. Also, in some white wines, a smoky/struck fint
character can be found, attributed to phenylmethanethiol
(syn. benzenemethanethiol), a potent odorant with an odour
detection threshold of approximately 0.3 ng/L [17].

Analytical protocols for identifying smoke exposure are
available to the wine sector [18]. A suite of seven volatile
phenols and six phenolic glycosides are routinely analysed to
identify smoke exposure of grapes; guaiacol,
4-methylguaiacol, o-cresol, m-cresol, p-cresol, syringol,
4-methylsyringol, syringol gentiobioside, methylsyringol
gentiobioside, cresol rutinosides (including rutinosides of o-,
m-, and p-cresol), guaiacol rutinoside, methylsyringol
rutinoside, and phenol rutinoside [18, 19]. In addition to
those routinely analysed, a large number of phenolic gly-
cosides including pentose-glucosides and trisaccharides
have been identifed [19–21]. Smoke exposed grapes and
wine can be identifed by comparing concentrations of
volatile phenol and glycoside smoke markers to typical
background levels found in non-smoke-exposed samples
[22]. If volatile phenols or phenolic glycosides are above
concentrations typically found in non-smoke-exposed
samples for that cultivar, the sample is considered to be
smoke-afected. If analysis of grapes shows high levels of
smoke markers, growers may choose not to harvest afected
blocks or winemakers might choose to modify their wine-
making protocols or not to proceed with winemaking.

Tere are a number of steps that can be taken in the
vineyard and winery to minimise the sensory impacts of
smoke exposure. Tese include hand harvesting instead of
machine harvesting, excluding leaves and stems, keeping
fruit cool prior to juice extraction, separating press fractions,
reducing fermentation time on skins, and fning techniques
and reverse osmosis treatment for removal of negative
characters from juice or wine [7, 13, 23].

When wine is made from smoke-afected grapes, phe-
nolic glycosides in grapes are readily transferred into wine
and can release volatile phenols, in addition to volatile
phenols transferred directly from grape to wine [8].Te sum
of phenolic glycosides remaining in wine compared to the
concentrations in smoke-exposed grapes has been reported
to range between 17 to 78% in individual examples from
seven cultivars [5, 14]. Monitoring individual glycosides
during winemaking, most glycosides decrease but some
increase (e.g. guaiacol rutinosides) [6, 21, 24]. Apart from
a small number of heavily smoke-afected samples, there is

little published data comparing the concentrations of volatile
phenols and phenolic glycosides in grapes, with their con-
centrations in the wines and the intensity of smoky sensory
attributes in the resulting wine, and no data are available for
mildly smoke-exposed grapes [8].

Given the increasing number of smoke events, wine
producers seek to understand the likelihood of producing an
unacceptable smoky favoured wine from mildly smoke-
afected grapes. Tis information is needed in order to
make production decisions on whether to harvest fruit,
based on evidence of smoke exposure, and whether it is
possible to produce wine from fruit without product quality
downgrade or if winemakers are best advised not to proceed
with expensive winemaking processes. Tere is a signifcant
gap in the knowledge about predicting smoke favour from
volatile phenols and phenolic glycoside concentrations in
grapes. Currently, it is not known whether the volatile
phenols and phenolic glycosides used to assess smoke ex-
posure are suitable to predict smoke favour with acceptable
rigour or whether additional analytical targets are needed for
modelling smoke taint in wine from grape composition.
Critically, the concentrations required to render a wine
unacceptably smoky have not been defned.

Tis study aimed to establish relationships between the
concentration of smoke markers in grapes from wildfre
afected vineyards and the corresponding wine made under
controlled or standard winemaking conditions and the
smoky sensory attributes in the resulting wine. We included
three cultivars widely grown across Australia and other
grape producing countries: Chardonnay, Pinot Noir, and
Shiraz which together constitute almost half of Australia’s
winegrape production [25, 26]. Te study sought to de-
termine whether the concentration of volatile phenols and
phenolic glycosides in grapes and wine can adequately
predict smoke favour, to identify the key drivers of smoke
favour in both sample types. Te study also aimed to de-
termine what concentrations of volatiles and glycosides in
grapes would impart a discernible smoke favour in the
resulting wine, to provide a guide for producers assessing
suitability of smoke-exposed grapes for wine production.

2. Materials and Methods

2.1. Chemicals

2.1.1. Winemaking Additives. Maurivin PDM yeast and
Rohavin-L pectolytic enzyme were sourced from AB Biotek,
North Ryde, NSW, Australia, GoFerm from Lallemand,
Edwardstown, SA, Australia, tartaric acid, diammonium
phosphate, bentonite and potassium metabisulfte from E. E
Muirs, Australia, and hydrogen peroxide from Rowe Scientifc.

2.2. Grapes

2.2.1. Study A: Grapes Exposed to Early Season Smoke.
Te Cudlee Creek fre of December 2019 produced a large
amount of smoke which afected vineyards in the Adelaide
Hills with small green berries at Eichhorn–Lorenz (E-L)
stage 29, after which, negligible further smoke exposure
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occurred [27]. Vitis vinifera L. cv. Chardonnay, Shiraz, and
Pinot Noir grapes from Adelaide Hills wine region in South
Australia were hand harvested during March 2020. Eight
samples were collected for each cultivar including samples
from vineyards that had no evidence of smoke exposure
(control samples); that had mild smoke exposure based on
grapematurity smoke compound analysis; and samples from
vineyards with evidence of mild fre activity within the block,
such as burnt grass undervine and in the midrow. All details
of the grapes, wines, and sensory analysis are described
elsewhere [28].

2.2.2. Study B: Grapes Exposed to Diverse Smoke Events.
Vitis vinifera L. cv. Chardonnay, Shiraz, and Pinot Noir
grapes from Victoria, New South Wales, Canberra District,
and South Australia were hand harvested during February-
March 2020. A total of 40 samples were collected, repre-
senting at least nine samples per cultivar that had been
exposed to smoke from multiple bushfres that burnt across
eastern Australia in the spring and summer of 2019-2020. In
addition, control samples with no known smoke exposure
were sourced from Langhorne Creek, McLaren Vale, and
parts of the Adelaide Hills that were not afected by smoke,
as shown in Table S1. Te geographic indications included
Alpine Valleys, Beechworth, and King Valley in Victoria;
Adelaide Hills, Barossa Valley, Langhorne Creek, and
McLaren Vale in South Australia; Cowra, Mudgee, Orange,
and Riverina in New South Wales; and Canberra District.
Te grapes were hand harvested at commercial ripeness for
table wine styles (approximately 20°Brix), approximately
50–80 kg each. Te whole bunches were frozen due to lo-
gistical and biosecurity considerations and transported
frozen to WIC Winemaking Services in Adelaide in April
2020 for winemaking commencing late April.

Frozen grapes were thawed at 4°C over the weekend
prior to commencement of winemaking. Once thawed, prior
to winemaking, a randomised subsample of 2 kg of bunches
was taken for grape analysis. Approximately 50 kg of each
sample was used for winemaking, with one 50 kg fermen-
tation replicate per cultivar. Te primary goal was to capture
as much variation as possible in smoke exposure at vineyard
level, with replicated winemaking for each sample not
feasible with the limited resources available.

2.3. Winemaking. Te thawed Chardonnay grapes were
destemmed and pressed, pectolytic enzyme added at a rate
equivalent to 40mL/tonne, tartaric acid adjusted to target
a pH of between 3.4-3.5 where practical, batches with soluble
solids greater than 22°Brix for Chardonnay grapes, and
24°Brix for Pinot Noir and Shiraz grapes were adjusted using
reverse osmosis purifed water generated in the winery (see
Table S2), settled, racked to a new fermenter vessel targeting
turbidity of 200 NTU, and then inoculated with 250mg/L
PDM yeast and GoFerm. Shiraz and Pinot Noir grapes were
thawed then destemmed prior to inoculation. Fermentation
temperature was kept between 14.2°C and 18.3°C, and all
fermentations were completed within 11–14 days. Additions
of 100–250mg/L diammonium phosphate were made to the

ferments targeting 250mg/L yeast available nitrogen at 8± 2°
Baumé. Once fermentation was complete, 80mg/L total
sulfur dioxide (SO2) was added as a 10% SO2 solution made
by dissolving potassium metabisulfte, and the wines were
racked into 18 L stainless steel kegs for cold stabilisation at
0°C for 4weeks, then racked of gross lees. Te wines were
fltered with a crossfow flter of nominal pore size 0.2 μm
and bottled into 375mL OI 30157 AG Punted Claret BVS
bottles with screwcap closures (Vinpac International,
Angaston, SA, Australia). Wines were stored at 15°C until
analysis.

2.4. Wine Composition. Chemical analysis was performed
on the wines by AWRI Commercial Services (now Afnity
Labs) three weeks after bottling. Analysis included alcohol,
glucose and fructose, malic acid, pH, titratable acidity (TA),
free and total SO2, and volatile acidity [29]. Afnity Labs also
analysed the grapes and wines for smoke exposure markers:
volatile phenols including guaiacol, 4-methylguaiacol,
syringol, 4-methylsyringol, o-cresol, m-cresol, and p-cresol,
and six glycosides of volatile phenols: syringol gentiobioside,
methylsyringol gentiobioside, phenol rutinoside, guaiacol
rutinoside, methylguaiacol rutinoside, and cresol rutinosides
[19]. Note that the calibration range for the phenolic gly-
cosides was 1–200 μg/L or μg/kg for grape analysis, and
values above 200 were estimated by extrapolating the cali-
bration function. Tis was deemed an acceptable approach
because the method was found to be linear up to 1,000 μg/L
or μg/kg [19].

2.5. Sensory Smoke Rating. Formal sensory analysis was
performed on the wines six weeks after bottling. Te sensory
assessment for Study A has been described previously [28]
and a closely similar procedure was followed for Study B. A
panel of screened, qualifed, and experienced assessors was
convened to evaluate each of the wine sets. Te assessors
were selected from a pool of AWRI staf members, all of
whomwere chosen for their ability to perceive smoke favour
from phenolic glycosides and have previous experience in
smoke sensory analysis. Te panel of assessors (10 for the
Chardonnay, Pinot Noir, and Shiraz sets in Study A, and 9
for the Chardonnay, 12 for the Pinot Noir, and 10 for the
Shiraz sets in Study B) rated smoke aroma (defned as any
type of smoke aroma, including hickory or artifcial smoke,
phenolic, burnt aroma associated with ashes, ashtray, fre
ash, including also medicinal and band aid), smoke favour
(defned as including bacon, smoked meat, and ashy af-
tertaste), overall fruit aroma (defned as including red fruit,
red berry, strawberry, raspberry, and cherry for the Pinot
Noir rosé and Shiraz and defned as any type of citrus fruit,
stone fruit, and tropical fruits including pineapple for the
Chardonnay), and overall fruit favour for each of the wine
sets. An “other” term was available for both aroma and
favour to capture any additional noteworthy characteristics
in the wines. Te intensity of each attribute was rated using
an unstructured 15 cm line scale (0 to 10), with indented
anchor points of “low” and “high” placed at 10% and 90%,
respectively.
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All wines were assessed in duplicate and separated by
study and cultivar. Study A was assessed over 3 days (dif-
ferent cultivar per day), while Study B was assessed over
5 days (one day for Chardonnay assessment, and two days
for each of the Pinot Noir and Shiraz sets) due to a larger
number of wines in the set. All wines were presented to
panellists in 30mL aliquots in 3-digit-coded and covered,
ISO standard wine glasses at 22–24°C, in isolated booths
under colour-masking lighting, with randomised pre-
sentation order using a modifed Williams Latin Square
design generated by Compusense20 sensory evaluation
software (Compusense, Guelph, ON, Canada). A minimum
30-second delay was enforced before assessors could fnalise
the palate ratings to account for any lingering attributes and
aftertastes and then a 2-minute rest between each sample
and a 10-minute rest between sets of two and three samples,
to minimise carryover [23, 30]. Water was provided for
palate cleansing. Data were acquired using Compusense
Cloud sensory evaluation software.

2.6.DataAnalysis. Panellist performance was assessed using
Compusense software and R with the SensomineR (senso-
miner.free.fr/) and FactomineR (factominer.free.fr/) pack-
ages. Te performance assessment included analysis of
variance (ANOVA) for the efect of assessor, wine, and
presentation replicate and their two-way interactions, degree
of agreement with the panel mean, degree of discrimination
across samples, and the residual standard deviation of each
assessor by attribute. All assessors were found to be per-
forming to an acceptable standard.

For the sensory data, ANOVA was conducted using
XLSTAT (Addinsoft, 2020, Paris, France). For each cultivar
in the separate studies, the fxed efects of wine, presentation
replicate, the random efect of judge, and their two-way
interactions were assessed, followed by a Dunnett’s means
comparison test to determine whether the wines were rated
signifcantly higher than a control. It was decided that the
control that received the higher smoke favour score would
be the wine used as the specifed control for all Dunnett’s
calculations for that set to account for variation commonly
observed in wines without smoke exposure.

Partial least squares (PLS) regression was carried out
using Te Unscrambler 11.0 (CAMO Technologies Inc.,
Woodbridge, NJ). All PLSR analyses were carried out using
standardized data with full cross-validation, with the y data
set being the sensory smoke favour scores, and the x data
being the chemical compositional data. Where an analyte
was reported as below the limit of quantifcation; the value of
half of the limit of quantifcation was used for the PLS
models.Te correlation of predicted versus measured smoke
favour as indicated by R2 of calibration, and standard error
of cross-validation (SE) were used to compare the models.

3. Results and Discussion

3.1. Winemaking. Details for Study A have already been
described [28]. Importantly, grapes in this study were ex-
posed to smoke from a single wildfre, ca. 3months prior to

harvest and winemaking, and sampled at the same day for
each variety. Tis resulted in some variability in maturity
across the samples but maintained the time between smoke
exposure and sampling a constant. Smoke exposure did not
afect the progress of the fermentations, with all musts
completing primary fermentation at similar rates, and all
within 11–14 days.

Te basic wine compositional measures are provided
in Table S1 and for Study A have been previously reported
[28]. Chardonnay wines ranged in alcohol concentration
from 12.0–15.8% (v/v). Tere was also variation in glucose
and fructose, pH, and titratable acidity. Te two Char-
donnay control wines both had relatively high alcohol
content (14.9 and 15.8% v/v), one contained some residual
sugar (2.9 g/L glucose and fructose) and had relatively
high pH values.

Pinot Noir wines also varied in their basic wine com-
position. Alcohol varied from 11.1–15.1% (v/v), all the Pinot
Noir wines had a pH between 3.45 and 3.55, and titratable
acidity ranged from 5.0 to 6.7 g/L tartaric acid equivalents,
and malic acid was less than 0.2 g/L. All wines had residual
sugar at or below 1 g/L glucose and fructose. Two wines were
removed from the study due to a dominating 'nail polish
remover' aroma, associated with a high ethyl acetate con-
centration (data not shown).

Te Shiraz wines varied in alcohol from 12.8-14.8% v/v,
pH from 3.40-3.69, and titratable acidity ranged from 5.9 to
6.8 g/L. All wines had less than 1 g/L of glucose and fructose,
volatile acidity below 0.6 g/L, andmalic acid less than 0.2 g/L.

3.2. Volatile Phenols and Glycosides in Grapes and Wines.
Compositional data for all control grape and control wine
samples were consistent with data reported from non-
smoke-exposed samples [22] for all phenolic smoke markers
measured, with the exception of one Shiraz sample (SHI-03-
Control) which had a slightly elevated concentration of
guaiacol (Table S3 and [28]). Tese observations provide
further confrmation of background levels of phenolic
compounds typically found in grapes and wine without
a history of known smoke exposure.

In Study A, vineyards had been exposed to a single
smoke event preveraison when grapes were still, very small,
hard, and unripe [28]. At harvest smoke-exposed grapes had
elevated concentrations of many of the phenolic glycosides
and volatile phenols compared to non-smoke-exposed
samples in the study. Syringol gentiobioside was the most
abundant phenolic glycoside, up to 150 μg/kg in the grapes at
harvest (Table 1). Te concentrations of volatile phenols in
grapes (up to 32 μg/kg guaiacol and 16 μg/kg o-cresol) was
surprising and is in contrast to other reports. For example,
grapes exposed to smoke in 2009 in Australia had con-
centrations of guaiacol below 5 μg/kg and concentrations of
syringol gentiobioside reaching 1623 μg/kg [19], as well as
samples afected by Californian fres in 2008 that had
concentrations of guaiacol below 2 μg/kg and high levels of
guaiacol released by enzymes [31]. Syringol and
4-methylsyringol were not found above the limit of quan-
tifcation in any of the grape samples.
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In the smoke-exposed grape samples of Study B, the
concentrations of phenolic glycosides were much higher
than those observed in Study A, with syringol gentiobioside
reaching approximately 980 μg/kg (Tables 1 and S3). Te
pattern of abundance was diferent to that observed in Study
A, likely due to a number of factors such as smoke com-
position, the timing of smoke exposure and metabolism in
the berries. In contrast, in Study B, the concentration of the
volatile phenols relative to phenolic glycosides was generally
lower (Table S3). Guaiacol again was the most abundant
volatile phenol in the grapes, up to 59 μg/kg in Shiraz grapes.
In contrast to the phenolic glycosides, guaiacol was above
typical concentrations found in non-smoke-exposed grapes
in only 20 of the 40 samples. Tis is in line with recent
observations of volatile phenols and phenolic glycosides in
smoke-exposed grapes from the 2020 vintage [32]. o-Cresol
was elevated in 17 of the 40 samples and was particularly
abundant in the Chardonnay and Pinot Noir samples (up to
28 μg/kg). Syringol and 4-methylsyringol were below or near
to the limit of quantitation in all of the grape samples. It is
interesting to note in both studies that general patterns of
abundance of volatile phenols and phenolic glycosides
difered by cultivar, which could be due to possible difer-
ences in the chemical composition of the smoke in diferent
vineyards, and diferences in uptake and metabolism by the
diferent cultivars [14].

In the wines of Study A, the guaiacol was the most
abundant volatile phenol (up to 78 μg/L), followed by
syringol (up to 65 μg/L) (Tables 2 and S4). Syringol and 4-
methylsyringol were found in the wines despite being absent
from the grape samples, presumably due to release from
glycosidic precursors during winemaking. Syringol gentio-
bioside was the most abundant phenolic glycoside in wine,
up to 71 μg/L. Each of the three cresol isomers was observed
up to 17 µg/L in the wines and were particularly abundant in
the Pinot Noir wines.

In the wine samples of Study B, the most abundant
smoke exposure marker was syringol gentiobioside (up to
690 μg/L) (Tables 2 and S4), and guaiacol was the most
abundant volatile phenol in the wines (up to 125 μg/L),
followed by syringol (61 μg/L) as was seen in Study A. Like
Study A, cresols were particularly abundant in the Pinot
Noir wines of Study B.

3.3. Comparing Volatile Phenols and Phenolic Glycosides in
Grapes and Wine. As is common practice, the Chardonnay
wines were made with minimal skin contact, and the red
wines were fermented on skins. Tis resulted in diferent
relationships between grape and wine composition between
the red and white cultivars. Te red wines, which were made
with skin contact, had higher concentrations of volatile
phenols. Te concentrations of guaiacol and cresols were
higher in the red wines compared to grapes (example Study
B 59 μg/kg guaiacol in grapes and 125 μg/L in wine), which is
likely due to both the extraction of guaiacol and cresols from
the grape skins and release of guaiacol and cresols from
glycosides during the winemaking process. Syringol and 4-
methylsyringol were rarely detected in the grapes yet were

commonly found in both red and white wines (up to
concentrations of 61 and 25 μg/L respectively), due to release
from glycosides during wine production. Refer to Tables 1, 2,
S3–S5 for details of volatile phenols and phenolic glycoside
concentrations in grapes and wines. On the other hand,
lower concentrations of volatile phenols were found in the
Chardonnay wines (example Study B max 14 μg/L guaiacol
in wine compared to max 33 μg/kg guaiacol in grapes), in
line with previous studies on the efect of skin removal
[1, 6, 7, 33].

In contrast, the summed concentrations of the glycosides
in the red wines were similar to those found in the grapes.
Close examination of individual glycosides shows a complex
pattern, and a variable proportion of individual glycosides
persisted in the wine compared to the concentration in the
grapes: some glycosides were lower in concentration in the
wines than in the grapes, and some were higher in the wine.
Shiraz and Pinot Noir wines generally had lower concen-
trations of syringol gentiobioside and methylsyringol gen-
tiobioside in the wines compared to grapes, and higher
concentrations of rutinosides, with some individual samples
showing other patterns. Guaiacol, cresols, guaiacol rutino-
side, and cresol rutinosides in grapes were strongly related to
the concentrations found in Chardonnay and Pinot Noir
wine, and the associations were weaker in Shiraz but un-
related to water additions to the musts to reduce excessive
sugar concentrations.

3.4. Predicting Smoke Flavour Intensity from Volatile Phenols
and Phenolic Glycosides in Wine. In both studies, smoke-
afected red wines had a wide range of smoke aroma and
favour sensory rating values, whereas the smoke-afected
Chardonnay wines had lower scores for smoke aroma and
favour (Table S6) [28]. Control wines for each cultivar
generally had low scores for smoke aroma and favour,
showing the sensory panel was well trained and was able to
diferentiate non-smoke-exposed samples and smoke-
afected samples. Not all wines made from smoke-
exposed grapes had smoke ratings signifcantly higher
than the control wines, and some smoke-exposed wines
had lower ratings of smoke favour than the controls. In
addition, some wines exhibited strong “green,” “euca-
lyptus,” “reduced,” and “tropical” notes which could have
masked smoke favour, and others were “reduced” with
burnt rubber characters that could be confused with
smoke. Some assessors noted “smoky/struck fint” char-
acters in some Chardonnay wines that are easily confused
with smoke-related characteristics. Across all the wines,
three were removed from the smoke favour models due to
comments indicating competing strong characteristics:
one Shiraz with strong green/eucalyptus characters (SHZ-
I Study A) and two Shiraz with reduced rubber and cooked
vegetable notes (Study B SHZ-13-Smoke and SHZ-15-
Smoke). A total of 20 samples for Chardonnay, 19 for
Pinot Noir, and 21 for Shiraz wines were used for further
data analysis. Notably, the smoke favour was apparently
unafected by the water additions made to the musts with
excessively high soluble solids.
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Smoke aroma was highly correlated with smoke favour
in the red wines (r> 0.978) and slightly less correlated in the
Chardonnay wines (r> 0.948) (Table S6). Given the close
correlation, with smoke favour being more discriminating,
it was considered the most reliable indicator of smoke taint.

Te frst step tomodelling smoke favour in wine from its
chemical composition investigated whether volatile phenols
and phenolic glycosides in wine could be used to predict
smoke favour intensity in wine. PLS models for smoke
favour were explored for each cultivar in each of the two
studies (Table 3). Good models for predicting wine smoke
favour were generated from wine compositional data for
each of the three cultivars, using all 13 smoke markers
(R2> 0.86, SE< 1.3).Te exception was Chardonnay wine set
from Study A (R2 = 0.63, SE = 0.62) where the model was not
as predictive, likely as this set had overall low smoke favour
ratings (Table 3). Overall, the volatile phenols and phenolic
glycosides could be used to predict smoke favour in wine.

As a second step to identify the most important volatile
phenols and phenolic glycosides for modelling smoke fa-
vour, the PLS model coefcients were examined. Table 3 lists
the PLS model coefcients of the independent variables
(volatile phenols and phenolic glycosides) modelling smoke
favour. Te jack-knife cross-validation method [34] was
applied to identify signifcant variables which are high-
lighted in bold in the table, although variables can still be
considered important to the model if they are nonsignifcant
in this particular statistical test. Generally, variables that
have the largest regression coefcient values, greater than 0.1
are the most important to the model, and coefcients of less
than 0.05 can be considered not important [34].

Guaiacol, which by itself is not necessarily a taint
compound, was one of the most important predictors of
smoke favour for all the sample sets. Te three cresol
isomers were important to most of the sample sets, which is
in line with previous observations that the volatile com-
pounds guaiacol and the three cresols, in combination, are
likely to drive the perception of smoke favour in smoke-
afected wines, due to their low sensory thresholds relative to
the other volatile phenols (measured in red wine: guaiacol
23 μg/L, o-cresol 62 μg/L, m-cresol 20 μg/L, p-cresol 64 μg/L,
and in water: 4-methylguaiacol 21 μg/L, syringol 570 μg/L,
and 4-methylsyringol 10,000 μg/L) [9–11, 35, 36]. Syringol
and 4-methylsyringol were found at concentrations much
lower than the reported thresholds even in the most severely
smoke-afected wines and were considered unlikely to
contribute to the smoke favour directly [9, 11]. 4-
Methylguaiacol was generally found at much lower con-
centrations than guaiacol in smoke-afected wines and has
a much higher threshold than guaiacol in water (21 μg/L
compared to 0.84 μg/L, respectively), so is less likely to
contribute to smoke favour directly [37]. Phenolic glyco-
sides were strongly associated with the smoke favour in both
Pinot Noir wine sets, but the pattern difered across studies
for the Shiraz, with only some glycosides strongly con-
tributing to the models, and these compounds were gen-
erally less important to the Chardonnay models.

For the Chardonnay wines of Study B, the p-cresol, m-
cresol, and guaiacol volatiles were strong predictors of

smoke favour, and the glycosides were less important. Te
data from the Chardonnay wines of Study A generated a less
strong model with lower regression coefcient values, with
several glycosides contributing.

For the Pinot Noir wines, there was a particularly high
degree of co-correlation among the smoke marker com-
pounds. Almost all of the variables had similar strong re-
gression coefcients for both Pinot Noir sets (one factor
model) although syringol and 4-methylsyringol were in-
dicated to have less importance in Study A.

For the Study B Shiraz wines (3 factor model), the
compounds most associated with smoke favour were
guaiacol, o-cresol, and phenol rutinoside, whereas methyl-
syringol gentiobioside was strongly negatively associated.
For the Study A Shiraz wine set 4-methylguaiacol, guaiacol
and o-cresol were most important to the model and in
contrast in Study B methylsyringol gentiobioside was pos-
itively associated as was syringol gentiobioside. 4-
Methylguaiacol was a good predictor of smoke favour for
the red wines, but as the concentrations were below 30 μg/L
in all wine samples, and the threshold in water is reportedly
25 times higher than guaiacol, it was considered unlikely to
be directly contributing to the smoke favour in most
samples [37]. Overall, the volatile phenols and phenolic
glycosides in wine were able to predict the smoke favour.

Guaiacol and the cresols have been previously indicated
to be important compounds contributing to the perception
of smoky and medicinal characters in smoke-afected wines
[10]. In addition, glucosides of guaiacol and m-cresol have
been shown to impart smoke favour and aftertaste [9, 10]. It
is plausible that the guaiacol, cresols, guaiacol glycosides,
and cresol glycosides together contribute to the smoke
favour. To test this hypothesis, PLS models for smoke
favour were explored using a subset of the smoke marker
compounds deemed most likely to be sensory drivers;
guaiacol, o-cresol, m-cresol, p-cresol, guaiacol rutinoside,
and cresol rutinosides.

Smoke favour was predicted well by PLS regression
analysis based on a subset of smoke compounds in wine
(guaiacol, o-, m-, p-cresol, guaiacol rutinoside, and cresol
rutinoside) for all sample sets (R2> 0.90) apart from Study A
Chardonnay which was less well modelled (R2 � 0.59).
Guaiacol and m-cresol had the highest loadings in most
models. o-Cresol was important to the model for the Pinot
Noir wines in Study B and the Shiraz in Study A to a lesser
extent. p-Cresol, guaiacol rutinoside, and cresol rutinoside
were important for some sets.Te best models were obtained
for Pinot Noir. Te low sensory scores for Chardonnay
wines again limited the model development for this white
varietal.

For most sample sets, the smoke favour models could
not be not signifcantly improved by adding basic wine
parameters such as alcohol, pH, TA, residual sugar, other
volatile phenol, and phenolic glycoside smoke markers. Te
exceptions to this were the Study B Pinot Noir and Shiraz
models which were improved by adding basic wine com-
position, indicating that the sensory results were infuenced
by basic wine composition, particularly volatile acidity in the
Pinot Noir wines and pH, TA, and alcohol in the Shiraz
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wines. Te efect of the basic wine composition was of most
concern with the Study B Chardonnay wines, because the
two unsmoked control wines were both high in alcohol, and
one also contained residual sugar; however, the PLS models
for smoke favour did not improve when these parameters
were added to themodel.When 4-methylguaiacol was added
to the model, the models did not improve. Overall, the
results were in line with previous observations on smoke-
afected wines from various regions, vintages, and cultivars
which indicated that a range of volatile phenols and phenolic
glycosides are important to model smoke favour [9]. In
summary, a subset of the smoke markers, namely guaiacol,
o-, m-, p-cresol, guaiacol rutinoside, and cresol rutinosides,
could predict wine favour, using PLS regression models.

Many wine producers may not have access to specialised
statistical software packages that would allow use of
a multifactor model, and a simple, practical way to interpret
the analysis results is preferred. In an attempt to streamline
data analysis, we noted that the simple sum of [guaiacol + o-
cresol +m-cresol + p-cresol concentrations] in wine enabled
very good prediction of smoke favour intensity in these
sample sets (Figure 1). Also, it was evident that the models
for the diferent cultivars had diferent slopes, likely
refecting variety-specifc matrix efects as well as diferences
in chemical composition between the cultivars. For example,
the Pinot Noir wines had particularly high concentrations of
cresols, whereas Shiraz wines had high concentration of
guaiacol, and Chardonnay had much lower volatile phenols.
Tis simplifed sum of concentrations parameter should be
used with caution, bearing in mind that it does not take into
account the contribution of the glycosides. Tere was a high
degree of correlation observed among the volatile phenols

and phenolic glycosides in the samples, but this may not
always be the case if treatments have been applied to se-
lectively remove volatile phenols or phenolic glycosides, and
the model may not be applicable to those wines.

Overall, smoke favour in wine made from grapes with
a varying degree of smoke exposure could be predicted by
quantifying volatile phenols and phenolic glycosides in wine.
Te compounds key to predict smoke favour were guaiacol,
o-, m-, p-cresol, guaiacol rutinoside, and cresol rutinoside,
although additional phenols and other compounds not
measured in this study may be important too.

3.5. Predicting Smoke Flavour from Volatile Phenols and
Phenolic Glycosides in Grapes. Preharvest chemical analysis
data from grape samples are critical for making appropriate
harvest or processing decisions for vineyards suspected of
smoke exposure. Te key question is if smoke exposure
markers in grape berries can be reliably used to identify
whether smoke favour will be evident inwine produced from
smoke-afected grapes? Encouraged by our ability to predict
smoke favour in wine from wine compositional data, PLS
models to predict smoke favour in wine from volatile
phenols and phenolic glycosides in grapes were explored for
each cultivar for both studies. Te volatile phenols and
phenolic glycosides in grapes predicted smoke favour well
in each cultivar and in each study (R2> 0.86, SE< 1.2 for
Pinot Noir and Shiraz), although like the wine models, the
models were not as strong for Chardonnay (R2> 0.71, SE
0.68) (Table 4). Table 4 lists the PLS model coefcients of the
independent variables in grapes (volatile phenols and
phenolic glycosides) predicting smoke favour.

Table 3: Partial least squares regression coefcients of the predictive models for smoke favour from volatile phenols and phenolic glycosides
in wine for two studies, each comprising three cultivars. Variables identifed as signifcant by the martens and martens jack-knife
cross-validation method are highlighted in bold.

Chardonnay Study A Chardonnay Study B Pinot Noir
Study A

Pinot Noir
Study B Shiraz Study A Shiraz Study B

Number of factors 1 4 1 1 2 3
SE 0.62 0.67 1.21 0.78 1.1 0.52
R2 0.63 0.93 0.87 0.86 0.93 0.96
4-Methylguaiacol NA 0.18 0.20 0.12 0.33 0.24
Guaiacol 0.08 0.26 0.20 0.12 0.23 0.75
o-Cresol 0.06 0.27 0.20 0.12 0.19 0.30
m-Cresol NA −0.22 0.15 0.09 0.21 0.26
p-Cresol NA 0.07 0.19 0.12 0.21 0.40
4-Methylsyringol 0.08 0.62 0.20 0.10 0.17 0.26
Syringol 0.07 −0.13 0.15 0.10 −0.27 0.18
Sum of volatile phenols 0.07 0.11 0.19 0.12 0.22 0.50
GuRG 0.05 0.09 0.18 0.12 −0.01 −0.12
MGuRG 0.05 0.03 0.18 0.12 0.19 −0.13
MSyGG 0.00 0.02 0.15 0.11 0.31 −0.42
PhRG 0.06 0.00 0.19 0.11 −0.17 0.35
CrRG 0.04 0.06 0.18 0.11 −0.11 0.10
SyGG 0.07 0.04 0.16 0.11 0.33 −0.35
Sum of phenolic glycosides 0.07 0.04 0.19 0.11 0.20 −0.29
SE� standard error of cross-validation, GuRG, guaiacol rutinoside; MGuRG, methylguaiacol rutinoside; MSyGG, methylsyringol gentiobioside; PhRG,
phenol rutinoside; CrRG, cresol rutinosides; SyGG, syringol gentiobioside. Where analytes were not detected in the sample set, they are absent from the PLS
model, and denoted NA. Note, the sum of volatile phenols includes the seven volatile phenols listed in the table, and sum of phenolic glycosides includes the
six phenolic glycosides listed in the table.
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As found for the wine composition models, grape
guaiacol concentration was one of the most important
predictors across all sample sets. 4-Methylguaiacol and
m-cresol were also strong predictors of smoke favour in
the Chardonnay wines of Study B, and surprisingly the
glycosides were less important than the volatile phenols
in the model prediction from both studies for this
cultivar.

Guaiacol rutinoside and methylguaiacol rutinoside were
strongly positively associated with wine smoky favour in the
Pinot Noir Study B set, and the cresols were negatively
related. In contrast, m-cresol and p-cresol had high positive
regression coefcients in the Study A set. Te cresols were
much higher in concentration in the grapes of Study A
compared to Study B, possibly refecting diferences in the
smoke composition and timing of exposure.

Almost all variables had equal high regression co-
efcients for the Shiraz grapes in both studies, with in-
dications that cresol rutinoside, phenol rutinoside, p-cresol,
and syringol were slightly less important. Overall, the vol-
atile phenols and phenolic glycosides in grapes were able to
predict the smoke favour well in the corresponding wines
for this cultivar.

In the models for smoke favour from wine composition
discussed above, the key drivers of predicting smoke favour
in wine from grape phenol analysis were identifed as
guaiacol, cresols, guaiacol rutinoside, and cresol rutinoside.
Guaiacol and cresols in grapes can be transferred directly
into the juice or must. Guaiacol glycosides and cresol gly-
cosides in grapes can also hydrolyse to release guaiacol and
cresols during wine production and ageing. Logically,
guaiacol, cresols, and glycosides of guaiacol and cresols in
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Figure 1: Correlation between the sum of guaiacol and cresols (m-cresol, o-cresol, and p-cresol) in wine and smoke favour in each of the
three cultivars: (a) Chardonnay (b) Pinot Noir, and (c) Shiraz shown here for Study B. Linear ft is shown by the solid line and confdence of
the ft is shown by dotted lines.

Table 4: Partial least squares regression coefcients of the predictive model for smoke favour in wine from volatile phenols and phenolic
glycosides in grapes for two studies, each comprising three cultivars. Variables identifed as signifcant by the Martens and Martens jack-
knife cross-validation method are highlighted in bold.

Chardonnay Study A Chardonnay Study B Pinot Noir
Study A

Pinot Noir
Study B Shiraz Study A Shiraz Study B

Number of factors 2 2 3 7 1 1
SE 0.68 0.87 0.83 0.58 1.1 0.75
R2 0.71 0.86 0.99 0.99 0.88 0.88
4-Methylguaiacol 0.07 0.26 0.08 0.18 0.09 0.08
Guaiacol 0.22 0.25 0.33 1.48 0.09 0.08
o-Cresol 0.37 0.19 0.09 −0.60 0.10 0.08
m-Cresol 0.39 0.28 0.58 −0.25 0.10 0.08
p-Cresol 0.39 0.19 0.46 −0.54 0.08 0.06
Syringol NA NA NA NA NA 0.04
Sum of volatile phenols 0.29 0.23 0.29 0.47 0.09 0.08
GuRG −0.26 0.05 −0.39 0.41 0.07 0.08
MGuRG −0.06 0.02 −0.19 0.44 0.08 0.08
MSyGG −0.32 −0.04 0.03 −0.21 0.09 0.08
PhRG −0.04 0.02 −0.16 0.01 0.04 0.07
CrRG −0.04 0.04 −0.03 −0.11 0.05 0.06
SyGG −0.17 0.01 −0.05 −0.28 0.09 0.08
Sum of phenolic glycosides −0.17 0.01 −0.08 −0.13 0.09 0.08
SE� standard error of cross-validation, GuRG, guaiacol rutinoside; MGuRG, methylguaiacol rutinoside; MSyGG, methylsyringol gentiobioside; PhRG,
phenol rutinoside; CrRG, cresol rutinosides; SyGG, syringol gentiobioside. Where analytes were not detected in the sample set, they are absent from the PLS
model, and denoted NA. 4-methylsyringol was not listed in the table due to no detection. Note, the sum of volatile phenols includes the seven volatile phenols
listed in the table and sum of phenolic glycosides includes the six phenolic glycosides listed in the table.
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grapes could contribute to smoke favour in wine. A diverse
range of glycoconjugates of guaiacol and cresol have been
identifed in smoke-exposed grapes and wine, including
monoglucosides, rutinosides, gentiobiosides, pentosylglu-
cosides, trisaccharides, and more. While there is a lack of
quantitative data about many of these compounds, the
limited quantitative data available suggest they are highly
correlated [19, 21]. Te routinely analysed glycosides,
guaiacol rutinoside, and cresol rutinoside can be considered
representatives of the broader diversity of glycoconjugates
present [19]. Terefore, the subset of markers in grapesmost
likely to cause smoke favour in wine was identifed as
guaiacol, o-cresol, m-cresol, p-cresol, guaiacol rutinoside,
and cresol rutinoside.

Smoke favour in wine was modelled surprisingly well by
PLS regression analysis based on a subset of grape com-
pounds (guaiacol, o-, m-, p-cresol, guaiacol rutinoside, and
cresol rutinoside), for all sample sets (R2> 0.86) apart from
Study A Chardonnay which was less well modelled
(R2 = 0.77). In fact, the models using a subset of the markers
were as good or better than the models using all 13 volatile
phenols and phenolic glycosides. Guaiacol andm-cresol had
the highest loadings in most models. o-Cresol and p-cresol
were most important to the model for the Shiraz wines,
especially in Study A and in Study B to a lesser extent.
p-Cresol and guaiacol rutinoside were notably important for
some sets. Te best models were obtained for Pinot Noir
(R2> 0.99). Te narrow range of smoke favour intensity
ratings for Chardonnay wines from Study B limited the
model development, and the Chardonnay wines in Study A
were considered not suitable for developing variable subset
models (Table S6).

Te PLS regression approaches discussed above suggest
that volatile phenols in the grapes are the most important
determinants of smoke favour intensity in the resulting
wine. It is worth reiterating that in this sample set, volatile
phenols and glycosides were highly correlated in the grapes
and wines. In other words, the most severely smoke-afected

grape samples had high concentrations of both volatile
phenols and glycosides. Grape samples from diferent smoke
events in diferent vintages have shown other patterns, such
as high concentration of glycosides and low levels of volatile
phenols [19, 31, 32], and anecdotal reports suggest that
grapes with this pattern can also produce smoky wines.
Further research is required to establish whether the re-
lationships and observations from this study can be applied
more broadly to other smoke events and cultivars. On the
other hand, smoke favour in wine can be minimised by
tailoring wine production, for example minimising skin
contact, and carbon fning juice prior to fermentation
[7, 33]. If these treatments are applied, the relationships
described above would not be expected to apply, and
phenolic glycosides may play a more important role to drive
and predict smoke favour.

3.6. Critical Concentrations of Volatile Phenols and Phenolic
Glycosides in Grapes Likely to Produce SmokyWines. One of
the aims of the study was to assess the concentrations of
grape compounds that resulted in wines with perceptible
smoke favour and to provide practical guidance for pro-
ducers assessing grape samples from smoke-exposed vine-
yards. Importantly, only some of the wines made from
smoke-exposed grapes were rated as signifcantly more
smoky by sensory analysis than the wines made from control
grapes. In other words, a signifcant proportion of grape
samples may have elevated concentrations of smoke expo-
sure markers demonstrating smoke exposure of vineyards,
yet not give rise to obviously smoke tainted wine after
fermentation.

As a new approach in this study, wines were cat-
egorised as “smoky” if smoke favour was signifcantly
higher than the controls, using Dunnett’s means com-
parison test. Table 5 summarises the critical concentration
of volatile phenols and phenolic glycosides and the risk, as
defned here as moderate or high, of producing smoky

Table 5: Concentrations of volatile phenols and phenolic glycosides (μg/kg) in grapes that resulted in wines with signifcant smoke favour
(high risk) compared to controls, and concentrations above which only some wines were signifcantly smoky and some wines were not
(moderate risk).

Analyte in
grapes

Chardonnay Pinot Noir Shiraz
Moderate risk High risk Moderate risk High risk Moderate risk High risk

4-Methylguaiacol 4.0 5.7 n.d. n.d. 1.0 n.d.
Guaiacol 14.3 16.0 4.0 4.0 7.0 12.0
o-Cresol 10.3 10.3 3.0 5.0 2.0 3.0
m-Cresol 6.0 10.0 n.d. n.d. n.d. n.d.
p-Cresol 2.0 7.3 n.d. n.d. n.d. n.d.
4-Methylsyringol n.d. n.d. n.d. n.d. n.d. n.d.
Syringol n.d. n.d. n.d. n.d. n.d. n.d.
GuRG 9.2 13.7 3.5 3.8 9.2 23.0
MGuRG 25.0 30.6 6.1 10.0 22.3 23.0
MSyGG 15.9 25.4 2.0 5.0 5.3 18.0
PhRG 5.0 7.0 4.4 10.0 1.8 16.0
CrRG 11.1 11.0 5.9 13.0 5.4 14.0
SyGG 101.2 135.7 22.2 53.0 28.6 176.0
GuRG, guaiacol rutinoside; MGuRG, methylguaiacol rutinoside; MSyGG, methylsyringol gentiobioside; PhRG, phenol rutinoside; CrRG, cresol rutinosides;
SyGG, syringol gentiobioside; n.d. not determined as concentrations were below LoQ.
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wines. All grape samples with a concentration at or above
the high-risk value produced wines that were signifcantly
smoky. For grapes with concentrations between the
moderate risk and high-risk concentrations, some wines
were signifcantly smoky and some wines were not. No
signifcantly smoky wines were observed in this study
below the moderate risk concentrations described in
Table 5.

In summary, this study is the most comprehensive to date
on the relationships between volatile phenols and phenolic
glycosides in smoke-exposed grapes and smoke favour in
wine, using two separate sets of diverse grapes and wines
sourced after various wildfre events, with both studies giving
similar results. Still, it is limited to the one vintage in Australia
(2019-2020), and we cannot fully rule out that diferent
smoke-exposure events or cultivars may lead to diferent
patterns of abundance in grapes and wines, such as low
concentrations of volatile phenols concomitant with elevated
concentrations of glycosides [31, 32]. Te most important
volatile phenols and phenolic glycosides to assess risk have
been identifed in this study, yet it would be prudent to
consider assessing the profles of additional compounds in
future events. Finally, our data are based on sensory assess-
ment of young wines at 6weeks after bottling. While there is
evidence that volatile phenols increase and glycosides are
quite stable over 5-6 years ageing in bottle [38], there is a need
to include more samples and monitor wines over time.

Notwithstanding the limitations of the current study,
the results enable better decisions to be made when
assessing smoke-exposed grapes and wines, a decision
with major fnancial and business implications that has
been lacking data until now. Winemakers will be less
likely to produce undesirably smoky wines, by identifying
the risk early and applying suitable production tech-
niques. Grape growers may be able to seek alternative uses
for smoke-afected grapes. Producers will be able to
compare results from their grape and wine analysis to the
data presented herein and better understand the risk of
producing unacceptably smoky wine. Tis will enable the
wine sector to be better prepared to manage smoke events
of the future.
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