Planta
https://doi.org/10.1007/s00425-018-2994-7

ORIGINAL ARTICLE

Smoke from simulated forest fire alters secondary metabolites in Vitis
vinifera L. berries and wine
Matthew Noestheden1,2

· Benjamin Noyovitz1 · Seamus Riordan‑Short1 · Eric G. Dennis1 · Wesley F. Zandberg1

Received: 22 May 2018 / Accepted: 20 August 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Main conclusion The exposure of Vitis vinifera L. berries to forest fire smoke changes the concentration of phenylpropanoid metabolites in berries and the resulting wine.
The exposure of Vitis vinifera L. berries (i.e., wine grapes) to forest fire smoke can lead to a wine defect known as smoke
taint that is characterized by unpleasant “smoky” and “ashy” aromas and flavors. The intensity of smoke taint is associated
with the concentration of organoleptic volatile phenols that are produced during the combustion-mediated oxidation of lignocellulosic biomass and subsequently concentrated in berries prior to fermentation. However, these same smoke-derived
volatile phenols are also produced via metabolic pathways endogenous to berries. It follows then that an influx of exogenous
volatile phenols (i.e., from forest fire smoke) could alter endogenous metabolism associated with volatile phenol synthesis,
which occurs via the shikimic acid/phenylpropanoid pathways. The presence of ozone and karrikins in forest fire smoke, as
well as changes to stomatal conductance that can occur from exposure to forest fire smoke also have the potential to influence phenylpropanoid metabolism. This study demonstrated changes in phenylpropanoid metabolites in Pinot noir berries
and wine from three vineyards following the exposure of Vitis vinifera L. vines to simulated forest fire smoke. This included
changes to metabolites associated with mouth feel and color in wine, both of which are important sensorial qualities to wine
producers and consumers. The results reported are critical to understanding the chemical changes associated with smoke
taint beyond volatile phenols, which in turn, may aid the development of preventative and remedial strategies.
Keywords Smoke taint · Volatile phenol · Wine · Phenylpropanoid · Polyphenol

Introduction
The exposure of Vitis vinifera L. (V. vinifera) vines to
the smoke from wildland fires or prescribed burns can
alter the chemical composition of the berries such that
wines made from these berries can possess a defect known
as smoke taint. This defect is characterized by a suite of
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negative sensory attributes in the wine (e.g., “smoky”,
“ashy”, “burnt meat” and “Band-Aid” aromas and flavors)
(Kennison et al. 2008; Ristic et al. 2013, 2016; Krstic et al.
2015), as well as a change in typical varietal characteristics. With climate change forecasts predicting an increase
in the severity and frequency of forest fires in grape growing regions around the world (Swetnam et al. 2006; Moritz
et al. 2012), understanding the cause(s) of smoke taint and
developing strategies to mitigate the impact of forest fire
smoke are crucial for the sustainability of the global wine
industry. In the absence of mitigation strategies that can
decrease the perception of smoke taint without adversely
impacting the overall quality of the wine, wildland fires will
continue to have major financial implications to the wine
industry beyond physical damage to vines and infrastructure. For example, in 2009, major wildland fires in Australia
resulted in approximately $300 million in lost revenue due
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solely to the impact of smoke exposure on V. vinifera berries
destined for wine making (Krstic et al. 2015).
The intensity of smoke taint in wine is associated with
the concentration of organoleptic volatile phenols (VPs)
(Kennison et al. 2007) that are produced during the combustion-mediated oxidation of lignin (Pandey and Kim
2011; Montazeri et al. 2013). These VPs can subsequently
be concentrated in berries when, at key phenological stages
(Kennison et al. 2009), V. vinifera vines are exposed to the
smoke from wildland fires. In addition to smoke-derived
VPs, wines may also contain VPs originating from: (1) heattreated oak barrels used to age wines, from which the extraction of VPs (and other desirable compounds) can enhance
wine complexity; (2) Brettanomyces bruxellensis, a spoilage
yeast with the requisite enzymes to reduce the para-allylic
groups of some decarboxylated phenolic acids to the corresponding ethyl substituent, yielding the so-called “Bretttaint”; and (3) endogenous metabolic pathways. Diligent
testing and sterilization generally controls “Brett-taint”. In
the event that berries have been smoke-exposed, it has been
generally advised that oak contact be minimized so that oakderived VPs do not overly contribute to the total VP load in
the resulting wines; however, there is some evidence suggesting that the increase in wine complexity incurred during
oak-exposure may reduce the intensity of perceptible smoke
taint (Ristic et al. 2011). The potential impact of smoke
exposure to endogenous metabolic pathways related to the
biosynthesis of VPs in V. vinifera has not been explored,
which is notable given the myriad ways that smoke exposure
could change plant metabolism (vide infra; Table 1).
The biosynthetic routes for VPs in V. vinifera are illdefined. However, some theories can be formulated regarding the anticipated outcome of an influx of exogenous VPs
(originating from smoke exposure) by evaluating biosynthetic routes in other plants (Fig. 1). For instance, in white
campion (Silene latifolia) flowers (Akhtar and Pichersky
2013) and tomatoes (Solanum lycopersicum L.) (Mageroy
et al. 2012) guaiacol, which is the prototypical VP associated
with smoke taint, is biosynthesized through the phenylpropanoid pathway via benzoic acid, salicylic acid and catechol
(Fig. 1). The shikimic acid pathway could also play a direct
role in guaiacol biosynthesis (aside from being the source
of phenylalanine and tyrosine that feed the phenylpropanoid
Table 1  The potential impact
of abiotic stressors associated
with smoke exposure on
phenylpropanoid metabolism in
V. vinifera berries and wine

Stressor

Ozone
Stomatal conductance
Karrikins
Volatile phenols
a
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pathway) since salicylic acid is postulated to be formed
not only via benzoic acid, but also via iso-chorismic acid
(Dempsey et al. 2011). While some microorganisms can produce guaiacol from ferulic and/or vanillic acids (Witthuhn
et al. 2012; Ito et al. 2016), including bacteria isolated from
wine corks (Ãlvarez-Rodri-Guez et al. 2003), such transformations have not been reported in plants. Eugenol, while
not commonly associated with smoke taint, is produced during the combustion/oxidation of lignin. In basil (Ocimum
basilicum L.), eugenol is a product of the phenylpropanoid
pathway, with ferulic acid as a precursor (Lewinsohn et al.
2000). Smoke-exposed V. vinifera berries may contain a
total (i.e., free and glycosidically bound) guaiacol load of
up to 2 µg/mL (Dungey et al. 2011), which is approximately
a 1000-fold change over the endogenous levels for most
varietals of V. vinifera (note that Shiraz contains naturally
higher concentrations of guaiacol (Wirth et al. 2001)). Given
the putative origins of endogenous VPs in V. vinifera, it is
plausible that changes in phenylpropanoid metabolism occur
following exposure to wildland fire smoke due to the influx
of high concentrations of free VPs.
In planta and in wine, VPs can be present in their free,
sensory-active forms, but more dominantly they have been
reported as an array of non-volatile glycoconjugates (Hayasaka et al. 2013) (VP-glycosides). It was recently demonstrated in V. vinifera that the glucosylation of VPs (e.g.,
guaiacol, syringol, 4-methylguaiacol, cresols, and phenol)
can occur via a glycosyltransferase (UGT72B27) that also
recognizes trans-resveratrol as a substrate (Härtl et al. 2017)
(Fig. 1). Therefore, an influx of exogenous VPs may not only
impact VP biosynthetic pathways, but may also alter the
metabolism of other secondary metabolites. For example, a
shift in UGT72B27 enzyme activity to the glycosylation of
VPs may impact the concentration of resveratrol in smokeexposed berries since the glycosylation of polyphenolics is
known to impact their stability (Regev-Shoshani et al. 2003),
and in the case of phytoalexins such as resveratrol, their
bioactivity (Pezet et al. 2004).
Separate from changes due to exogenous chemicals that
may end up being concentrated in plant tissues (e.g., VPs
in V. vinifera berries), smoke exposure can elicit changes
in secondary metabolism via alternate mechanisms, albeit
with a continued emphasis on polyphenolics (Table 1). For
Metabolite classa
1

2

3

x
x
x

x
x

x
x

x

4

x

5

6

x

x
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x

1 anthocyanins; 2 proanthocyanidins; 3 flavonoids; 4 hydroxycinnamates; 5 stilbenoids; 6 phenolic acids
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Fig. 1  The phenylpropanoid metabolites in V. vinifera that could
potentially be impacted by smoke exposure. A glycosyltransferase
(UGT72B27) that acts on resveratrol and VPs is shown to illustrate
the potential changes to stilbene metabolism from an influx of exog-

enous VPs. Names in bold typeface are compounds for which analytical standards were obtained. Only primary modifications (e.g., 3-O-βd-glucosylation of flavonoids and anthocyanidins) have been shown
for simplicity

instance, ozone, a powerful oxidant and a known elicitor
of plant defense mechanisms (Sandermann et al. 1998),
is produced during wildland fires and can travel in smoke
plumes for thousands of kilometers (Brey and Fischer
2016). Ozone can induce metabolic changes associated
with stilbenoids, lignins, catechins, salicylic acid, anthocyanins and flavonoids (Sandermann et al. 1998; Carvalho
et al. 2015; Bellincontro et al. 2017), with some of these
metabolic changes sustained for months in species of pine
(Sandermann et al. 1998). Ozone exposure is also associated with changes in stomatal conductance, likely due to
the induction of abscisic acid biosynthesis (Heath 2008),
which can lead to changes in anthocyanin and flavonoid
metabolism (Cramer 2010; Ferrandino and Lovisolo
2014). Finally, wildland fires produce karrikins, a class of
plant growth hormones that predominantly impact seed
germination, petiole structure and leaf growth (Morffy
et al. 2016). However, karrikins may also decrease abscisic acid concentrations (Chiwocha et al. 2009), which can
precipitate changes in polyphenolic metabolism. It should
be noted that karrikins may only have a measurable impact
on plants within or in close proximity to a burn zone, as
they are likely transported in aerosols due to their lower
volatility and water solubility (Chiwocha et al. 2009).

Since wildland fires can often blanket vineyards in
smoke for days or weeks, smoke-exposed V. vinifera
vines have a high probability of displaying atypical metabolic profiles. While not an exhaustive examination of the
chemical constituents of smoke and their potential impacts
on plant metabolism, the abiotic stressors associated with
smoke exposure that have been discussed herein all impact
the phenylpropanoid pathway. Such changes in V. vinifera berries are critical to understand since the associated
metabolites are integral to the color (via co-pigmentation),
mouth feel (i.e., astringency), aroma characteristics and
putative health benefits of wine. Owing to the impact
of these factors on consumer preference, we tested the
hypothesis that exposing V. vinifera vines to the smoke
from wildland fires would effect changes in phenylpropanoid metabolism that would be carried to wines made
from smoke-exposed berries. To answer this question,
ultrahigh performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (uHPLC-QToF) was used
to interrogate V. vinifera cv. Pinot noir berries and wines
from three vineyards following exposure of the vines to
simulated wildland fire smoke.
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Materials and methods
Chemicals and general details
The following chemicals were purchased from SigmaAldrich (Saint Louis, MO, USA): methanol (MeOH),
isopropanol (IPA), acetonitrile (ACN), ethanol, hexane,
ethyl acetate (EtOAc), acetic acid, sodium chloride,
ammonium formate, potassium phosphate, magnesium
sulfate, glucose, fructose, tartaric acid, malic acid, phenol, 2-methoxyphenol (guaiacol), 2,6-dimethoxyphenol
(syringol), 2-methoxy-4-methylphenol (4-methylguaiacol),
catechin, 2-methoxy-4-ethylphenol (4-ethylguaiacol),
4-ethylphenol, 2-methoxy-4-allylguaiaicol (eugenol),
2-methylphenol (o-cresol), 4-methylphenol (p-cresol),
d 3-guaiacol, d 4-4-ethylphenol and d 5-4-ethylguaiacol,
ferulic acid, sinapic acid, chlorogenic acid, p-coumaric
acid, salicylic acid, vanillic acid, gallic acid, 4-hydroxybenzoic acid and chlorogenic acid. Caftaric acid was
obtained from Carbosynth Ltd. (Compton, Berkshire,
UK). Kaempferol, d7-o-cresol, d7-p-cresol, syringic acid,
d 4-4-hydroxybenzoic acid, d 3-ferulic acid, resveratrol,
13
C6-resveratrol, and piceid were obtained from Toronto
Research Chemicals (Toronto, ON, Canada). Cinnamic
acid (95% pure by NMR) was synthesized in-house.
Aspergillus niger β- d -glucosidase (EC 3.2.1.21; 40 U/
mL), α-l-arabinofuranosidase (EC 3.2.1.55; 300 U/mL),
Escherichia coli β-d-glucuronidase (EC 3.2.1.31; 250,000
U/mL) and Selenomonas ruminantium β-d-xylosidase (EC
3.2.1.37; 500 U/mL) were purchased from Megazyme
(Bray, County Wicklow, Ireland). All solvents used were
HPLC grade and all chemicals and enzymes were used as
received. Ethanol in wine was quantitated using the Megazyme Ethanol Assay Kit as directed by the manufacturer
(Burlington, ON, Canada).
Type 1 water was provided by a Barnstead E-Pure water
purification system (Thermo Fisher Scientific; Waltham,
MA, USA). Weighing was performed using an Adventure
Pro AV264 analytical balance (Ohaus Corporation, Pinebrook, NJ, USA). A Mettler Toledo FE20 FiveEasy pH
meter was used to measure pH. An Allegra X-12R centrifuge (Beckman Coulter, Mississauga, ON, Canada), a
Spectrafuge 24D microcentrifuge (Mandel; Guelph, ON,
Canada) and a Savant SPD121P SpeedVac concentrator
connected to a Savant RVT5105 refrigerated vapor trap
(Thermo Fisher Scientific) were used for sample preparation. Strata-X SPE (1 mL/30 mg) cartridges were purchased from Phenomenex (Torrance, CA, USA).
Target and isotopic internal standard (ISTD) stock solutions (Table S1) were prepared in IPA or 1:1 IPA:H2O at
1.0–10.0 mg/mL and stored at − 20 °C. A combined target
mix and a combined ISTD mix were prepared at 100 µg/
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mL in IPA and stored at − 20 °C. A 100 ng/mL retention
time standard in H2O was prepared fresh daily from these
stocks.

Field trials
Vines used for this study were allocated for our use by the
viticulturalists at the three participating vineyards. Twenty
Pinot noir vines at each of two vineyards (located near
49.7694° N, 119.5306° W [V1] and 49.7904° N, 119.5418°
W [V2]) were split into two sample groups: ten vines for
the control group that did not receive any smoke exposure
and ten vines that were exposed to experimentally produced
smoke (vide infra). At another vineyard (near 49.8428° N,
119.5661° W [V3]), six control and three smoke exposed
vines were used. The intent was to use 20 total vines at V3,
but at harvest it was discovered that the 20 vines allocated
by the vineyard contained two varietals. Specific viticultural
details are summarized in Table 2. Within a sample group
at a given vineyard, each vine was considered a biological
replicate for the purposes of statistical analysis.
All of the clusters from a given vine were collected at
commercial maturity (see Table 2 for harvest metrics), with
the harvest from each vine kept in separate polyethylene
bags and stored on ice, until sample processing. Approximately 6 kg of berries were harvested from each sample
group at V1 and V2, while approximately 3 kg was harvested
from the control group and 1.5 kg was harvested from the
smoke-exposed group at V3.
Fuel for the generation of smoke was collected from Pinus
ponderosa (P. ponderosa) forests located near 49.9398°N,

Table 2  Viticultural metrics for the field trials reported herein
Parameter

V1

V2

V3

Year planted
Clone
Root stock
Row orientation
Vine spacing (m)
Size (ac)
Yield (T/ac)
Clusters/vine
°Brix*
TA
pH

–
–
–
NW–SE
1.3
1.74
2.8
20–30
23.8
8.6
3.34

2000
67
101/14
N-S
1.3
1.75
2.4
10–15
24.1
6.6
3.48

2005
777
3309/144
N-S
1.3
0.13
3.5
12–16
24.2
7.8
3.35

All vines were trained to vertical shoot positions. Age, clone and root
stock details were not available for V1
TA titratable acidity
*The °Bx for the control and smoke-exposed groups were the same
(p > 0.05), so mean values from all biological replicates at each vineyard were reported here
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119.3968°W and 49.8183°N, 119.4373°W. An amalgamated
P. ponderosa fuel source was prepared by combining soil
organic matter (SOM; 50% w/w, 6% moisture), needles
(20% w/w, 39% moisture) and bark (30% w/w; cut into 3 cm
pieces, 6% moisture). The fuel mixture was stored in a polyethylene bag under ambient conditions. Each smoke application consumed 1.5 kg of the amalgamated fuel source.
Vines were subjected to two 60 min smoke exposures,
separated by 48 h. Details of the modular enclosure used for
smoking are reported elsewhere (Noestheden et al. 2018b).
The smoke enclosure covered 12 vines, with the vines at
each end used as buffers to allow for differential smoke
exposure at the extremes of the enclosure. The central ten
vines were used as the smoke-exposed sample group. The
control group vines were on rows adjacent to the smokeexposed group in each vineyard. The smoke enclosure was
fitted with a 4-m chimney that exhausted the experimentally produced smoke away from the adjacent control groups.
Relative humidity (> 25%) and temperature (< 30 °C) in the
enclosure were monitored using an AirBeam wearable air
monitor (HabitatMap; NY, USA). Smoke exposure occurred
early in the day (~ 6:00 am), approximately 7 days after the
onset of veraison, which was determined visually by the viticultural staff at each vineyard.

Sample preparation
On the same day as sample collection, the harvested berries from each vine were destemmed and mixed together to
create a homogenous distribution of all the clusters from a
single vine. Approximately 150 g of the berries intended for
GC–MS/MS and uHPLC-QToF analyses were prepared by
homogenizing whole berries (HMG) in a Black & Decker
BL2010BGC commercial blender (Stanley, Black & Decker;
New Britain, CN, USA) for 60 s. All HMG samples were
stored at − 20 °C in 50 mL polypropylene tubes (Sarstedt;
Nümbrecht, Germany) for up to six months prior to analysis.
For microvinifications, ten samples (100 g/sample) of each
biological replicate from each vineyard each were stored at
− 20 °C in polyethylene bags. After setting aside the berries
intended for microvinifications, the remaining berries from
each sample group for a given vineyard were pooled (e.g.,
berries from all control vines at V1 were pooled separately
from smoke exposed berries at V1) and stored in polyethylene bags at − 20 °C for up to 6 months prior to larger
fermentations.
Berry and wine extracts targeting free and acid-labile VPs
were prepared using published procedures (Noestheden et al.
2018b). Solid-phase extraction (SPE) was adapted from published procedures (Pe et al. 2008; Ferreiro-González et al.
2014). SPE method development was carried out using V.
vinifera cv. Merlot berries harvested in 2016 from vineyards in the Okanagan Valley of British Columbia, Canada

and Cabernet Franc wine produced in the Okanagan Valley in 2014. Strata-X SPE cartridges were conditioned with
2 × 1 mL MeOH and 2 × 1 mL H2O. Berry and wine samples were fortified with ISTD at 100 ng/mL and acidified
with 10% (v/v) 1 N HCl. The acidified sample (1 mL) was
loaded on the conditioned SPE cartridge. Samples were
washed with 2 × 1 mL H
 2O and subsequently eluted with
1 mL MeOH containing 25 mM ammonium formate. Eluents were dried in vacuo at 35 °C and reconstituted in 0.1%
acetic acid. Samples were then centrifuged at 12,000×g for
10 min and the supernatant was passed through a 0.2-µm
polyethersulfone syringe filter. All samples were analyzed
without dilution and after 20-, 200- and 500-fold dilutions
directly in 1.8-mL amber glass vials, with 0.1% acetic acid
fortified with ISTD at 100 µg/L as the diluent. All samples
were analyzed without further work-up.
Precision of the extraction in berries and wine were tabulated from five replicate samples fortified at 200 ng/mL
with the mixture of analytical standards (vide supra). Note
in berries, gallic acid, syringic acid, kaempferol-3-O-β-dglucopyranoside and kaempferol were fortified at 4200 ng/
mL and diluted 20-fold prior to analysis due to the high
incurred concentration of these compounds in berries. Similarly, in wine, caftaric acid, vanillic acid and syringic acid
were fortified at 4200 ng/mL. Application of the developed
method was performed on the berries and wines from V1,
V2 and V3.
Exo-glycosidase digests (β- d -glucosidase, α- l arabinofuranosidase, β-d-glucuronidase and β-d-xylosidase)
were performed on extracted berry samples (100 µL) per
the procedure outlined by Noestheden et al., with the omission of buffer control reactions since they were previously
shown to not influence the digests in the absence of enzyme
(Noestheden et al. 2018a).

Vinification
Microvinifications of pre-weighed samples (100 g) for each
biological replicate and sample group (control and smokeexposed), at each vineyard, were performed as described by
Noestheden et al. (Noestheden et al. 2018b). These fermentations yielded 30–50 mL of wine with an alcohol content
of 13.4–13.8% (v/v) for all vineyards and sample groups.
Replicate fermentations of one sample were performed and
the resulting chemical analysis demonstrated good precision
among the technical replicates (data not shown), suggesting
that for the vines evaluated herein, biological and fermentative variability were minimal. Therefore, each biological
replicate, for each sample group at each vineyard was fermented in singlicate, with statistical calculations based on
biological replicates only, rather than technical and biological replicates (e.g., at V1 there were ten biological replicate
fermentations for each sample group).
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Larger fermentations (~ 5 kg) were performed for each
sample group from V1 using destemmed and pooled berries
that were stored at − 20 °C for approximately 6 months prior
to fermentation. The berries remaining after removing samples for compositional analysis and microvinifications from
V3 were insufficient to perform larger fermentations. Likewise, the ambiguity of the VP compositional data from V2
(vide infra) suggested that the most meaningful data would
be obtained from larger fermentations and sensory analyses
of the berries from V1. As such, larger fermentations of the
berries from V2 were not performed. Prior to fermentation,
the pooled berries from V1 were thawed and crushed, with
sodium metabisulfite added for a final S
 O2 content in the
must of 50 mg/L. The must was added with all solids to a
10-L glass carboy and 50 mL of Saccharomyces cerevisiae
Ba-11 in sterile water (1 OD at 600 nm) was added and the
carboys were fitted with airlocks. Fermentation proceeded
for 7 days on skins with daily agitation, and then the solids were removed by gravity filtration. Fermentation in the
filtrate was stopped 8 days later, at which point the wines
contained 0°Bx. The resulting wines were stored at 4 °C in
carboys for 4 days, then 50 mL of chitosan fining agent was
added to help clarify the wine, after which the wines stood
for another 7 days. The wines were racked off into fresh
carboys and cold stabilized at 4 °C for 1 month, before being
racked off again and bottled in 750-mL green bottles, sealed
with natural cork closures and stored in the dark at ambient temperature for 4 months before use in sensory studies.
The final yield of wine for the 5 kg fermentations from V1
was ~ 2.5 L per sample group with alcohol content of 13.5%
(v/v) for both sample groups.

Analytical sample analysis
Berry and wine extracts targeting free and acid-labile VPs
were analyzed as per Noestheden et al. (Noestheden et al.
2018b), except the MS/MS parameters were adapted to
include phenol as an additional target compound (Table S2).
The color density and hue of the wines were measured
according to Mazza et al. (Mazza et al. 1999).
uHPLC was performed using an Agilent 1290 Infinity system (Agilent Technologies; Santa Clara, CA, USA)
equipped with a 1290 Infinity binary pump, 1290 Infinity
autosampler and a 1290 Infinity thermostated column compartment. A needle wash solution of 2:1:1 IPA:MeOH:H2O
was used, with a 3 s wash during each injection cycle. Phenylpropanoid metabolites (Table S1) were analyzed using a
20-µL injection on a Luna Omega C18 50 × 2.1 mm, 1.6 µm
column (40 °C). The aqueous mobile phase was 0.4% acetic acid and the organic mobile phase was 0.4% acetic acid
in MeOH for the analysis of all compound classes except
anthocyanins. For anthocyanins, the aqueous mobile phase
was 1.0% formic acid and the organic mobile phase was
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1.0% formic acid in ACN. Gradient conditions are summarized in Table S3.
Compound detection after chromatographic separation
was performed using an Agilent 6530 QToF mass spectrometer equipped with a Jet Stream electrospray ionization (ESI)
source. Full scan data (10,000 resolution at m/z 118.0863;
20,000 resolution at m/z 622.0287) was acquired from 65
to 1000 m/z at scan rate of 1 Hz. Reference ions (negative mode—119.0362 and 980.0163 m/z; positive mode—
121.0509 and 922.0098 m/z) were added in post-column
at 6 µL/min. For compounds without analytical standards,
collision-induced dissociation (CID) experiments were performed using collision energies (CE) of 0–40 V to aid with
metabolite annotation. MS/MS spectra were collected from
50 to 1000 m/z at a scan rate of 2 Hz. MS instrument parameters are summarized in Table S4.

Wine sensory analysis
Informal sensory trials were conducted using a balanced reference duo-trio format with 23 experienced wine panelists
(11 females and 12 males between the ages of 23–65). For
sensory analysis, three samples were presented to panelists
in 15 mL aliquots in three-digit-coded clear wine glasses
at ambient temperature. Wines were presented using a balanced, randomized presentation order (i.e., AAB, ABA,
BAB, BBA, where A denotes the control group and B
denotes the smoke-exposed group). Panelists were asked to
smell, then taste and expectorate the full 15 mL of wine in
each glass. To minimize carry-over of flavors, panelists were
asked to rinse their mouths with water between samples.
After completing the informal duo-trio test, a group discussion format was used to identify attributes that differentiated
the control and smoke-exposed sample groups.

Phenylpropanoid metabolite database
A combinatorial database was constructed using the chemical formulae of V. vinifera phenylpropanoid metabolites in
their free forms and conjugated to a variety of glycosides and
esters reported in berries and wine (Table S5). This yielded
an exact monoisotopic mass database containing more than
230 compounds comprising more than 150 unique m/z entries
(e.g., one entry was used for catechin and epicatechin since
they are isobaric). Anthocyanins were limited to the evaluation of β-d-glucopyranosides since this is the dominant form
in V. vinifera cv. Pinot noir berries and wine and the acylated
anthocyanins found in other varietals are not present in Pinot
noir (Mazza et al. 1999). This combinatorial database was used
to interrogate berry and wine samples, with defined data quality objectives used to remove entries with poor matches and to
assign retention times to putative matches (including chromatographically resolved isobars). An aggregate smoke-exposed
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berry sample and a commercial wine were used to mitigate
biological variance during the reduction of the initial database. After curation, 77 unique mass and retention time pairs
remained (Table S1).
Definitive metabolite identification and retention time
matches were made using analytical standards when possible.
When analytical standards were not used, a combination of
QToF–MS CID, enzymatic analyses, retention time comparisons
(e.g., glycosides should elute earlier than their corresponding
aglycones under reverse phase conditions, etc.) and comparison
with the reported behavior of the putative metabolites facilitated
metabolite annotation (Table S8) were utilized. For compounds
where the nature of the conjugate was ambiguous using these
techniques, but a comparison showed differences between treatment groups (Fig. 3), the identities were changed to unknowns.

Software and data processing
GC–MS/MS data was processed using the Xcalibur (v 3.0.63)
and TraceFinder (v 3.2.512.0) software packages (Thermo Scientific). uHPLC-Q-ToF data acquisition and processing were
carried out using the MassHunter Workstation software suite
(Agilent Technologies), with version numbers as follows: Data
Acquisition Workstation (v B.06.01, Service Pack 1), Qualitative Analysis (v B.07.00, Service Pack 2), Quantitative Analysis (v B.07.00).
The MassHunter find-by-formula algorithm was used to
search a combinatorial exact mass database containing the
compounds in Table S1 and additional potential conjugates
(Table S5). Extracted ion chromatograms were generated with
a ± 10 ppm mass window and Gaussian smoothing was applied
prior to integration with the Agile2 integration algorithm. The
initial combinatorial database was curated using V. Vinifera cv.
Cabernet franc berries as a test case, with the following data
quality objectives implemented: (1) ± 10 ppm mass accuracy;
(2) find-by-formula score > 40; and (3) logical retention time
based on comparisons to analytical standards and literature
values.
Data reduction and statistical calculations using chromatographic peak areas were performed using Microsoft Excel
(Microsoft Corporation; Redmond, WA, USA), R (release
3.4.4; R Core Team, Boston, MA, USA) and BoxPlotR
(Spitzer et al. 2014). Control versus smoke-exposed data for
all metabolites analyzed were compared using a Mann–Whitney U test (α = 0.05).

Results and discussion
Smoke‑tainted berries and wine
The concentration of free VPs and acid-labile VP conjugates in V. vinifera cv. Pinot noir berries and wine made

from those berries demonstrated significant increases
when comparing the control versus smoke-exposed sample groups for V1 and V3 (Fig. 2, S1 and S2). More specifically, the data for guaiacol, 4-methylguaiacol and the
cresols showed strong correlations between smoke exposure and a significant increase in their respective concentrations. This was consistent with previous reports that
performed similar field trials (Kennison et al. 2007, 2009;
Noestheden et al. 2018b). Interestingly though, the data
indicate that concentrations of both free phenol and acidlabile phenol conjugates were present at concentrations
that far exceeded previous work (Hayasaka et al. 2010). It
was hypothesized that the fuel used to generate the smoke
could be the dominant influence on this result, which
would support the regionality of smoke taint that has been
discussed elsewhere (Kelly et al. 2012; Noestheden et al.
2018a, b).
V2 presented differently from the other two vineyards—
while there was discrimination between control and
smoke-exposed sample groups based on the VPs evaluated, especially for the wines, the number of statistically
significant differences were less than those observed for
V1 and V3 (Fig. 2, S1 and S2). The concentrations of
VPs without documented endogenous metabolic origins
(e.g., 4-methylguaiacol and cresols) suggested that the
control vines were also exposed to smoke. Experimentally, this could have occurred if smoke from the treatment
of smoke-exposed vines impacting the control vines on
the adjacent row. However, the prevailing winds during
smoke application did not direct the smoke to the control
vines from the 4 m chimney that was used to vent smoke
away from the control vines, making it unlikely that the
observed levels of VPs would be reached in the control
vines from smoke exposure. The cause of this result is still
under investigation.
The free VPs measured in the wines were, generally,
below established aroma perception thresholds (Kennison
et al. 2007), while the acid-labile VP conjugates (i.e., glycosidically bound VPs) were present at concentrations that
could impact the retronasal ‘ashy’ taste associated with
smoke taint (Mayr et al. 2014). Given these ambiguous
analytical results, a sensory evaluation of the wine produced from the 5 kg fermentations of V1 berries was conducted to confirm the presence of perceptible smoke taint.
The results demonstrated 70% (16/23) of participants correctly discriminated the two groups in an informal balanced
reference duo-trio trial. The impact of the VPs associated
with Brett-taint also possesses measurable sensory effects
when present at sub-threshold concentrations, so this result
is consistent with previous findings (Tempere et al. 2016).
While it was not possible to deconvolute the influence of
the color (vide infra; due to the use of clear wine glasses)
on these results, a discussion of the differentiating attributes

13

Planta

4-methylguaiacol

guaiacol
200

VP (ng/g)

VP (ng/g)

80
60
40
20

smoked
matrix
vineyard

- + B

V1

+ - + - + - + - +
B
W*
B*
W*

W*

V2

V3

150
100
50

smoked
matrix
vineyard

VP (ng/g)

VP (ng/g)

60
40
20

matrix
vineyard

- + B

V1

- + - +
W*
B

V1

V2

- +
W

-

+

B*

V3

-

+

W*

phenol

o-cresol
80

smoked

- +
B*

+ - + - + - + - +
B
W*
B*
W*

W*

V2

V3

150
100
50

smoked
matrix
vineyard

- + - + - + - + - + - +
B*
W*
B
W*
B*
W*
V1

V2

V3

Fig. 2  Representative box–whisker plots of free VPs in control (−)
and smoke-exposed (+) Pinot noir berries (b) at commercial maturity and wines (W) after primary fermentation. Data were tabulated
from up to ten biological replicates for each treatment group (see
Table S6). Center lines show medians, box limits indicate the 25th

and 75th percentiles, whiskers extend to 1.5 times the interquartile
range from the 25th and 75th percentiles, points beyond these ranges
were assigned as outliers (not shown). Additional free VP data can be
found in Fig. S1. *Statistical difference from respective control samples (Mann–Whitney U test, α = 0.05)

of these wines indicated that the majority of panelists identified a strong retronasal ashy aftertaste in the wine made
from smoke-exposed berries, which is one of the hallmark
sensory descriptors of smoke tainted wines (Parker et al.
2012). An increase in perceived acidity in the wine made
from smoke-exposed berries was also identified by the panelists as an important differentiator between sample groups.
While this evaluation was informal in nature due to limitations in the experimental design, this result still provides
important context to the phenylpropanoid metabolite evaluation conducted herein. Without a demonstrable sensorial
difference between the control and smoke-exposed groups,
the relevance of changes in phenylpropanoid metabolites
would be difficult to resolve from other viticultural and/or
enological variables. Given the free VP measurements and
sensory evaluation results for V1, it was hypothesized that
wines produced from the berries of the smoke-exposed sample group at V3 could also present as different from control
group wines due to the higher concentration of VPs detected
in berries and wines from V3 compared to V1. Due to the
ambiguity regarding the free VPs in V2, large ferments of
these berries were not performed.

demonstrate the applicability of the analytical methods
developed to evaluate phenylpropanoid metabolites. Two
methods were developed to accommodate differences in the
separation behavior of anthocyanins compared to other phenylpropanoid compound classes under reverse phase conditions (Flamini et al. 2015). The two methods also facilitated
optimal detection of the different analyte classes since the
formal positive charge of anthocyanins is ideally suited to
positive mode electrospray ionization, while the other phenylpropanoid metabolites evaluated herein are better suited
to negative mode ionization (Downey and Rochfort 2008;
Flamini et al. 2015). Both methods demonstrated suitable
peak shapes and chromatographic resolution (Figure S3).
Phenylpropanoid metabolites were extracted from berry
and wine samples using the same method, which was
adapted from published procedures (Pe et al. 2008; FerreiroGonzález et al. 2014), with the most notable changes being
acidification of the samples immediately before loading on
the SPE sorbent and elution with MeOH containing 25 mM
ammonium formate. These changes were implemented to
facilitate the retention of tartrate esters (e.g., caftaric acid)
while minimizing anthocyanin degradation (Downey et al.
2007) and facilitating subsequent elution of all compounds
from the extraction sorbent (data not shown). Suitable
precision of the extraction method (Table S7, n = 5) was
demonstrated for all compound classes in berries and wine
using the available analytical standards (Table S1). Analyte

Chromatography and sample preparation
Having produced wine with a strong ashy aftertaste, which
is one of the hallmarks smoke taint, it was necessary to
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recoveries were not evaluated due to the semi-quantitative
design of these studies.

Changes in phenylpropanoid metabolism
Using the curated exact monoisotopic mass database, the
V. vinifera cv. Pinot noir berries and wines from three vineyards were evaluated for differences in phenylpropanoid
metabolites as a function of treatment group (i.e., control
versus smoke-exposed). The results revealed 51 metabolites
that discriminated the control and smoke-exposed treatment groups from at least vineyard one (berries or wine;
Table 3). The differences observed covered all classes of
phenylpropanoids assayed herein, except for anthocyanins.
Included in the observed statistical differences (Mann–Whitney U test, α < 0.05) are metabolites with median ratios
( x̃ smoke−exposed ∕̃xcontrol ) ranging from 0.2 to 11, illustrating
bidirectional changes for phenylpropanoid metabolites in the
smoke-exposed sample group when compared to the control
group. Across all test conditions 35–52% of the phenylpropanoid metabolites monitored displayed a trend or a quantifiable statistical difference, depending on the matrix and
vineyard (Table 3).
Looking closer at the individual classes of phenylpropanoids
revealed generally poor correlations between the observed
changes in the berries and changes in the wines for each vineyard. This was not a surprising result, as primary fermentation
will change the phenylpropanoid metabolite profiles due to the
action of yeast and V. vinifera enzymes, among other possible
reactions (e.g., oxidation and reaction with sulfites). Owing
to this complexity, it is unlikely that definitive correlations
between phenylpropanoid metabolite profiles in berries could
be used to predict the presence of perceptible smoke taint in
wines, as has been reported (albeit with limited success) using
VP profiles (Parker et al. 2012). Notwithstanding these limitations, several meaningful observations were made from these
results (Table 3). For instance, compounds 6–12 are all flavonoids directly involved in the production of tannins, which are
the primary determinants of astringency in wine. Taking proanthocyanidin 1 as an example, a clear difference was seen from
a box–whisker plot for the wine produced from V3 (Fig. 3).
The other flavonoids and the hydroxycinnamates that possessed
demonstrable differences between sample groups (Table 3, 14,
16–19, 21, 23-26, 28, 30, 31, 33–36, 38, 39, 42, 44, 46), while
not having discrete sensorial properties themselves, can be
involved in co-pigmentation (Boulton 2001).
The stilbenoids were generally different between sample
groups when evaluating the berries at all three vineyards
(Table 3), but the differences were not maintained through
primary fermentation. This has potential implications for
consumer perceptions since resveratrol, the presumptive biologically active stilbenoid promoting human health (Petrovski et al. 2011), and piceid (the most abundant glucoside

of resveratrol in V. vinifera) remained unchanged between
sample groups after primary fermentation (Fig. 3).
Similar to the stilbenoids, the phenolic acids showed
more differences in berries than in wine. While it was tempting to draw inference to the impact of exogenous guaiacol
from smoke exposure based on the benzoic acid results at
V2 (70; Fig. 3), ambiguity remains regarding the origin of
this difference. This could be due in part to the overall lower
levels of total VPs from the field trials reported herein when
compared to previous results (Dungey et al. 2011), with the
exception of phenol and its glyconjugates (Hayasaka et al.
2010), since lower exposure to exogenous VPs would limit
the observable (and perhaps temporally stable) changes in
phenylpropanoid metabolism. Changes in p-hydroxybenzoic acid (Fig. 3) could follow on from the changes in their
hydroxycinnamic acid precursors (Fig. 1). This could also
explain the five- and 11-fold increases (Table 3) for protocatechuic acid (55) and its’ glucoside (54), respectively, which
were the largest increases observed.
It was interesting to note that despite having an overt
difference in wine color between the control and smokeexposed treatment groups for the wines from V1 used in the
sensory trial (vide supra), the anthocyanins evaluated were
not statistically different. Moreover, the micro-fermentations
of the same berries did not display overt color differences.
Kennison et al. reported color differences between wines
made from control and smoke-exposed berries (Kennison
et al. 2007), but did not specifically investigate the origin of
this color difference. To explore this further, the pH of the
wines used for sensory analysis and the microfermentations
were assessed, as were their hue and color density (Table 4).
The hue and color density data confirmed our visual assessment that the micro-fermentations had a different color
than the 5 kg fermentations and that there was a small (but
perceptible) difference in the color density between sample
groups for the 5 kg ferments. The pH data demonstrated
nominal differences between sample groups (for a given
vineyard) that would not account for the observed color differences based on the absorption characteristics of anthocyanins as a function of pH (Waterhouse 2002). Indeed, a
titration of the control group wine to match the pH of the
smoke-exposed group did not result in an overt color change
(data not shown). Since the observed color differences were
not related directly to anthocyanin metabolism or pH, it
was postulated that the differences between the preparation
and storage of the micro- and 5 kg fermentations were the
source of this color difference, a conclusion that was also
put forth by Kennison, et al. (Kennison et al. 2007). For
instance, cold stabilization and fining are known to impact
anthocyanin co-pigmentation factors (Boulton 2001) and
the observed changes in hydroxycinnamates involved in copigmentation (vide supra) support this as a plausible source
of the observed color difference. Further investigations into
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Table 3  Changes in
phenylpropanoid metabolites as
a function of smoke exposure

#

V1
B

6
7
8
9
10
11
12
14
16
17
18
19
21
23
24
25
26
28
30
31
Hydroxycinnamates 33
34
35
36
38
39
42
44
46
Phenolic acids
52
54
55
57
60
63
64
70
SB
74
78
80
Flavonoids
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Metabolite ID

Procyanidin 1
Procyanidin 2
Catechin
Procyanidin 3
Catechin-HexA
Procyanidin 4
Epicatechin
O-methylated flavonoid-β-d-glucopyranoside
Myricetin-3-O-β-d-glucopyranoside
Quercetin-β-d-glucuronide
Kaempferol-β-d-glucopyranoside
Quercetin-3-O-β-d-glucopyranoside
Quercetin-β-d-glucopyranoside
Apigenin-β-d-glucopyranoside
Kaempferol-3-O-β-d-glucopyranoside
Isorhamnetin-3-O-β-d-glucopyranoside
Syringetin-3-O-β-d-glucopyranoside
Quercetin
Isorhamnetin
Syringetin
Coutaric acid-β-d-glucopyranoside
Caftaric acid
Fertaric acid-β-d-glucopyranoside
Coutaric acid
Fertaric acid
p-coumaric acid-β-d-glucopyranoside
Ferulic acid-β-d-glucopyranoside
p-coumaric acid
Ferulic acid
Gallic acid
Protocatechuic acid-β-d-glucopyranoside
Protocatechuic acid
p-hydroxybenzoic acid-β-d-glucopyranoside
p-hydroxybenzoic acid
Syringic acid-β-d-glucopyranoside
Vanillic acid
Benzoic acid
Piceid
Resveratrol
cis-resveratrol-β-d-glucopyranoside

V2
W

0.5

1.7
0.5
0.6
1.1
2.3
1.4
1.9
2.6
1.8
2.1
0.4
0.3

1.6
1.5
1.7
0.5

V3

B

W

0.6
0.6
0.6
0.6
1.1
0.5
0.5
1.5

0.8
0.9

1.6
0.8

0.9
0.8

1.4
0.5
1.2
1.2

0.6
1.8

1.6
1.4
1.8

2.1
0.5
0.5
0.8
0.7

0.6
1.8
0.6

1.4
1.2
2.2

B

W

1.1
1.3
1.6
1.3
1.3

1.6
1.5
1.2
1.4
1.1
1.8
1.1
0.9

2.3
0.5
0.7
0.7
1.7
0.8
2.0
0.9
1.0
2.0

1.3

0.4

0.8

0.5
0.6

0.5
1.3
1.8
1.9

0.5

0.6

1.2
0.5

1.3
0.8

5.2
1.6
1.7

1.8

1.5

1.4

2.2

0.7

2.0

1.4

0.8
1.9
0.5
0.7
0.5

1.1
1.4
0.5
1.5
2.5
1.2
3.3
2.8

0.7
1.5
0.7
0.9
0.5

1.3
11
1.1
1.7
1.7

1.4
0.6
0.6
1.2

1.1
7.3
1.1
0.9
0.8
0.9

0.3
0.7
1.1

0.9
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Table 3  (continued)

#

Metabolite ID

V1
B

Unknowns

13
43
48
51
53
58
71
72
73
75
76

U1
U2
U3
U4
U5
U6
U7
U8
U9
U10
U11

V2
W

1.6
0.7
0.4
1.6
1.4
1.4
2.4
1.7
1.3

1.3
1.4
0.4
0.7
0.4

V3

B

W

B

W

1.3
1.9
1.4
1.5
0.9

0.4

2.7
1.3

2.0

0.6

1.5

0.5
1.9
1.6

2.1
2.7
0.7

0.2

1.3
0.9

0.5
0.4

0.7
0.8

Statistical increases (bold) or decreases (italics) when comparing control and smoke-exposed sample
groups (Mann–Whitney U test, α = 0.05). The values visualize the ratio of medians ( x̃ smoke−exposed ∕̃xcontrol),
but it should be noted that the statistical differences exist between sample groups, not the ratio of medians.
Bold italic values indicate a trend in the data that did not meet the criteria for a statistical difference. Blank
cells were either not detected, or displayed no overt trends/statistical significance between treatment groups
Only database results with a significant difference in at least one treatment group are shown
Data were tabulated from up to ten biological replicates for each treatment group (see Table S9)
# The metabolite numbers assigned in Table S1, HexA uronic acid (not glucuronic acid based on enzyme
digests), SB stilbenoids

procyanidin 1

smoked
matrix
vineyard

- + B

V1

W

+ - + - + - + - +
B
W*
B
W*
V2

V3

- + - + - + - + - + - +
B*
W*
B*
W
B
W*
V1

V2

ferulic acid

smoked
matrix
vineyard

smoked
matrix
vineyard

- + B

V1

- + B

V1

W

W

quercetin

isorhamnetin-Glc

V3

- + B

V1

W

+ - + - + - + - +
B*
W*
B
W*
V2

ferulic acid-Glc

V3

piceid

+ - + - + - + - +
B
W*
B
W*

- + - + - + - + - + - +
B*
W
B*
W
B
W

benzoic acid

p-hydroxybenzoic acid

vanillic acid

+ - + - + - + - +
B*
W*
B
W

- + - + - + - + - + - +
B*
W
B
W*
B*
W

- + - + - + - + - + - +
B*
W*
B
W
B
W*

+ - + - + - + - +
B*
W
B
W*
V2

V2

V3

V3

- + B

V1

W

V1

Fig. 3  Representative box–whisker plots of phenylpropanoid metabolites in control (−) and smoke-exposed (+) Pinot noir berries (b) at
commercial maturity and wines (W) after primary fermentation. Data
were tabulated from up to ten biological replicates (see Table S9),
with berries obtained from three vineyards (V1–V3). Center lines

V2

V2

V3

V3

V1

V1

V2

V2

V3

V3

show medians, box limits indicate the 25th and 75th percentiles,
whiskers extend to 1.5 times the interquartile range from the 25th and
75th percentiles, points beyond these ranges were assigned as outliers
(not shown). *Statistical difference from respective control samples
(Mann–Whitney U test, α = 0.05)
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Table 4  Metrics pertaining to wine color
Vineyard treatment

n
pH
Color density
Hue

V1

V2

V3

–

+

–

+

–

+

10
3.5 ± 0.01 (3.6)
0.31 ± 0.026 (0.18)
0.55 ± 0.013 (0.75)

9
3.7 ± 0.02 (3.5)
0.36 ± 0.034 (0.14)
0.63 ± 0.048 (0.74)

10
3.7 ± 0.01
0.28 ± 0.032
0.68 ± 0.064

10
3.8 ± 0.01
0.29 ± 0.031
0.73 ± 0.117

6
3.5 ± 0.03
0.43 ± 0.06
0.50 ± 0.017

3
3.7 ± 0.03
0.34 ± 0.039
0.53 ± 0.009

Data are shown ± 1 standard error
Values in parentheses represent the 5 kg fermentations from V1 that were used for sensory analysis (n = 1)
No statistical differences (Mann–Whitney U test, α = 0.05) were observed between control (−) and smoke-exposed (+) treatment groups for a
given vineyard

the root cause of this color difference are warranted, since
understanding this phenomenon could help winemakers
manage the consistency and varietal characteristics of their
products when faced with using smoke-exposed berries.
Taken broadly, these results demonstrated that smoke exposure altered phenylpropanoid metabolism in V. vinifera cv.
Pinot noir berries. It also impacted the concentrations of phenylpropanoid metabolites in the resulting wines after primary
fermentation, although in most cases the absolute changes
observed differed between berry and wine. The changes
reported herein were observed after only 2 h of smoke exposure. While the overall density of the smoke during those 2
h (3 kg fuel consumed per 18 m3 containment around vines)
was likely higher than would be expected for all but the most
intense wildland fires, the fact that vineyard smoke exposure
from wildfires frequently occurs over days or even weeks suggests that the changes reported herein may be a conservative
view of the potential impact to phenylpropanoid metabolism.
Moreover, it is likely that the stage of berry development
when smoke exposure occurs will impact phenylpropanoid
metabolism, as has been reported for the relationship between
VP concentrations and berry development (Kennison et al.
2009) following smoke exposure. For example, berries were
harvested in the present study approximately 3 weeks after
smoke exposure. Given that length of time, acute changes
to phenylpropanoid metabolism may have returned to levels
observed in the control berries. The influence of viticultural,
environmental, clonal, rootstock and enological factors on
phenylpropanoids should be considered since these variables
may obscure underlying changes due to smoke exposure. Such
an effect could be partly responsible for the poor correlations
observed from berry to wine. These variables also precluded
any meaningful comparison of results between vineyards.

Conclusions
This study demonstrated changes in phenylpropanoid metabolites in berries and wine following the exposure of V. vinifera vines to simulated forest fire smoke. Some of the altered
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metabolites included are associated with astringency and
color in wine, both of which are important sensorial qualities
to wine producers and consumers. Future studies looking
at correlations between changes in phenylpropanoids and
specific sensory descriptions will help elucidate what impact
such metabolic changes may have on the sensorial properties
of wines made using smoke-impacted berries. As well, since
Pinot noir is an atypical red varietal in that it does not produce acylated anthocyanins (Mazza et al. 1999), an evaluation of other V. vinifera varietals to establish the generality
of these results would be prudent.
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