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ABSTRACT: While Brettanomyces can metabolize nonesterified hydroxycinnamic acids found in grape musts/wines (caffeic, p-
coumaric, and ferulic acids), it was not known whether this yeast could utilize the corresponding tartaric acid esters (caftaric, p-
coutaric, and fertaric acids, respectively). Red wines from Washington and Oregon were inoculated with B. bruxellensis, while
hydroxycinnamic acids were monitored by HPLC. Besides consuming p-coumaric and ferulic acids, strains I1a, B1b, and E1
isolated from Washington wines metabolized 40−50% of caffeic acid, a finding in contrast to strains obtained from California
wines. Higher molar recoveries of 4-ethylphenol and 4-ethylguaiacol synthesized from p-coumaric and ferulic acids, respectively,
were observed in Washington Cabernet Sauvignon and Syrah but not Merlot. This finding suggested that Brettanomyces either
(a) utilized vinylphenols formed during processing of some wines or (b) metabolized other unidentified phenolic precursors.
None of the strains of Brettanomyces studied metabolized caftaric or p-coutaric acids present in wines from Washington or
Oregon.
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■ INTRODUCTION

Brettanomyces has been regarded by some as the most severe
microbiological threat to wine quality1 causing serious financial
losses each year.2 As part of its metabolism, Brettanomyces
utilizes hydroxycinnamic acids to produce ethylphenols (i.e.,
volatile phenols) which have been sensorily described as
“barnyard,” “leather,” “horse sweat,” and others.3−5 Biochemi-
cally, the hydroxycinnamic acids are first decarboxylated into
vinylphenols, which are subsequently reduced to ethyl-
phenols.3,6 Biosynthesis is dependent on many factors including
the strain and energy source such as glucose or ethanol.7−13

As reviewed by Conde et al.,14 hydroxycinnamic acids
(caffeic, p-coumaric, or ferulic acids) are located in the vacuoles
of the skin and pulp cells of grapes, primarily as esters of tartaric
acid (caftaric, p-coutaric, or fertaric acids, respectively). Once a
must is prepared and during the course of fermentation, tartaric
acid can be hydrolyzed to form the nonesterified acids with
concentrations varying according to cultivar, vintage, and
winemaking conditions.15−18 Analyzing Merlot grapes from
Washington, Nagel et al.16 reported that the average
concentrations of caftaric, p-coutaric, and fertaric acids were
59.2, 16.9, and 3.2 mg/L, respectively. Furthermore, concen-
trations of caftaric and p-coutaric acids decreased 34% to 61%
during fermentation and subsequent storage of Cabernet
Sauvignon and Merlot wines.15 In a recent study, Ginjom et
al.18 calculated p-coutaric/p-coumaric acids molar ratios to vary
from 0.6 to 2.1 depending on cultivar and fermentation
temperature.
While Brettanomyces possess enzymatic activity to act on a

number of esters19 including the ethyl esters of hydroxycin-
namic acids,20 it is not known whether tartaric acid esters can
serve as substrates. If Brettanomyces are able to metabolize
tartaric acid esters, these compounds could represent a large

pool of precursors available for conversion to volatile phenols.
In fact, Nikfardjam et al.21 postulated that those grape cultivars
with high amounts of hydroxycinnamic acids could be more
prone to Brettanomyces infections, although specific precursors
were not studied. As such, the objective of this study was to
determine utilization of red wine hydroxycinnamic acids by
strains of B. bruxellensis isolated from Washington and
California.

■ MATERIALS AND METHODS
Strains and Starter Cultures. For the first experiment, B.

bruxellensis strains B1b, B5, E1, and I1a were originally isolated from
Washington wines as described by Jensen et al.22 All strains were
maintained in glycerol at −70 °C as well as being streaked on WL
medium (Oxoid, Hampshire, England). Starter cultures were prepared
by transferring a single colony into 100 mL of YM broth (Difco,
Sparks, MD) containing 5% v/v ethanol and adjusted to pH 3.8. After
a week of growth, 1 mL of culture was transferred to additional YM
broth containing 10% v/v ethanol to improve acclimation to wine
conditions. Cells were harvested by centrifugation (4200g, 15 min)
after an additional week of incubation, washed in 0.1% w/v peptone,
and resuspended in additional peptone. Wines were inoculated, in
triplicate, at initial populations of 105 to 106 cfu/mL and monitored
over a nine-week period by spiral plating with an Autoplate 4000
(Spiral Biotech, Bethesda, MD) on WL agar. All plates were incubated
at 26 °C prior to counting.

As part of a second experiment, additional strains of B. bruxellensis
(493, 495, 496, 497, 607, 613, 614, 615, 616, 635, and 643) were
provided by E.&J. Gallo Winery (Modesto, CA) and maintained in
glycerol stored at −80 °C. Starter cultures were prepared as previously
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described except harvested cells were resuspended in 0.1% w/v
peptone for inoculation into wine at 103 to 104 cfu/mL.
Wines. In a first experiment, commercially prepared wines of

Cabernet Sauvignon (pH 3.79; 13.7% v/v alcohol), Merlot (pH 3.71;
13.4% v/v alcohol), and Syrah (pH 3.69; 13.1% v/v alcohol) were
obtained from a Washington winery, while Pinot noir (pH 3.57; 12.2%
v/v alcohol) originated from a winery located in Oregon. Residual SO2
was removed by the addition of equimolar amounts of H2O2 (J.T.
Baker, Phillipsburg, NJ), while ethanol concentrations were stand-
ardized to 12.8% v/v by the addition of Milli-Q water and/or 200-
proof ethanol. Additionally, 0.5% w/v glucose (J.T. Baker, Phillipsburg,
NJ), 0.5% w/v fructose (Spectrum, Gardena, CA), and 0.1% w/v yeast
extract (Difco, Sparks, MD) were added to all wines to limit potential
differences in nutrient composition. Finally, the pH of all four wines
was adjusted to 3.94 through the addition of 5 N NaOH. After
additions, wines were sterile-filtered through 0.22 μm PVDF filters
(Millipore, Bedford, MA) prior to the addition of 0.1% w/v autoclaved
suspension cellulose (Sigma-Aldrich, St. Louis, MO). While wines
were stirred, 100 mL aliquots were transferred into sterile milk dilution
bottles using a varistaltic dispenser pump before inoculation.
Uninoculated wines serves as controls.
In a second experiment, a Pinot noir wine was produced using

grapes obtained from the Woodhall Vineyard at Oregon State
University (Alpine, OR). Once harvested, the grapes were stored at
4 °C overnight before being crushed/destemmed, pooled, and
distributed (60 L) into 100 L stainless steel tanks. No SO2 additions
were made. Each lot was inoculated with an active dry form of
Saccharomyces cerevisiae strain VQ-15 (Lallemand, Montreál, Canada)
rehydrated according to manufacturer’s specifications to yield 106 cfu/
mL. For fermentation, the tanks were placed into a room held at 27 °C
with punch downs performed twice daily. Upon completion of
alcoholic fermentation (<2 g/L reducing sugar) as confirmed with
Clinitest tablets (Bayer, Morristown, NJ), wines were pressed and cold
settled at 4 °C for 48 h. After filtration through 3.0 μm nominal filter
sheets (Beco K-1, Langenlonsheim, Germany), the wines were
sequentially filtered through 1.0 μm nylon and then 0.45 μm
polyethersulfone cartridges (G. W. Kent, Ypsilanti, MI) before being
dispensed into sterile 4 L glass carboys for storage at 4 °C. When
needed, 150 mL were dispensed into sterilized milk dilution bottles
using a varistaltic pump before inoculation. The wine pH was 3.89,
while the ethanol concentration was 13.4% v/v. Additional nutrients
were not added to these wines prior to inoculation with Brettanomyces.
Hydroxycinnamic Acid Analyses. For experiments involving

strains of Brettanomyces obtained from Washington, changes in
concentrations of hydroxycinnamic acids were monitored by

aseptically collecting 5 mL samples and adding 40 mg/L chlorogenic
acid (Acros Organics, Geel, Belgium) as the internal standard. Samples
were immediately frozen at −10 °C until phenolic acid purification
using neutral Bakerbond SPE C18 column (J. T. Baker, Phillipsburg,
NJ) and subsequently through a preconditioned acidic SPE column.
The columns were preconditioned according to the methods of
Jaworski and Lee.23 Wines were adjusted to pH 7.0 using 5 N NaOH
and filtered through a 0.45 μm PVDF syringe filter (Whatman,
Piscataway, NJ) before 3 mL was then passed through the
preconditioned neutral SPE column. The neutral column was washed
with Milli-Q water (4 mL) with the effluent acidified to pH 2.0 using
0.1 N HCl prior to being passed through a preconditioned acidic SPE
column. Phenolic acids were eluted using 2 mL of methanol (J.T.
Baker, Phillipsburg, NJ) which was concentrated to approximately 0.5
mL using a Rotavapor R-210 equipped with a heating bath at 32 °C
(Buchi, Flawil, Switzerland).

A HPLC-DAD unit with detection set at 320 nm (Agilent 1100
series, Wilmington, DE) was used to analyze samples as described by
Lee and Finn.24 Phenolic compounds were identified based on UV−
visible spectra and retention times of known standards (caftaric,
caffeic, p-coumaric, and ferulic acids) obtained from Sigma-Aldrich (St.
Louis, MO). When standards were not available (i.e., p-coutaric acid),
retention times were used from Lee and Scagel25 and verified with
UV−visible spectra.26 Calibration curves were prepared for caffeic, p-
coumaric, and ferulic acids in 10% v/v ethanol. Calibration graphs
were prepared by plotting the ratios of the standard peak areas to the
internal standard peak area versus the ratios of the standard
concentrations to the internal standard concentration. The curves
(five data points) were linear with R2 values higher than 0.999. Caftaric
acid was quantified using the caffeic acid curve, whereas p-coutaric acid
was quantified using the p-coumaric acid curve.

For experiments involving California strains, hydroxycinnamic acids
were quantified by HPLC-DAD as described by Burns and Osborne.27

Compounds were monitored at 320 nm and identified by UV−visible
spectra and retention times of known standards as previously
described.

Other Chemical Analyses. Concentrations of 4-ethylphenol and
4-ethylguaiacol were analyzed using the method described by Jensen et
al.22 Free and total SO2 was measured by the aeration/oxidation
method, alcohol was measured using an ebulliometer (AllaFrance,
Chemille,́ France), while volatile acidity relied on a R&D 80 Cash still
(Research and Development Glass Products, Berkeley, CA) as
described by Edwards and Watson.28

Statistical Analyses. Significant sources of variation were
evaluated using one-way analysis of variance (ANOVA) followed by

Figure 1. HPLC chromatogram of commercially prepared Pinot noir wine 63 days after no inoculation (A) or inoculation with B. bruxellensis strain
E1 (B). Peak identifications: (1) caftaric acid, (2) p-coutaric acid, (3) internal standard chlorogenic acid, (4) caffeic acid, (5) p-coumaric acid, (6)
ferulic acid, and (u) unknown.
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Tukey’s honestly significant difference for mean comparison. Paired
comparisons between p-coumaric acid/ferulic acid consumed and 4-
ethylphenol/4-ethylguaiacol produced were performed using Student’s
t test. All tests of significance were conducted at a probability level of p
≤ 0.05 using Minitab (State College, PA) and XLSTAT (New York,
NY) statistical software.

■ RESULTS

Metabolism of the red wine hydroxycinnamic acids was
monitored as illustrated in chromatograms presented in Figure
1. While Figure 1A is that of an uninoculated Pinot noir wine,
Figure 1B is representative of those wines inoculated with B.
bruxellensis. For all wines, caftaric, p-coutaric, caffeic, p-
coumaric, and ferulic acids were present in varying quantities,
while fertaric acid was not detected in any wines. Additional
unidentified peaks were also noted in some wines; in particular,
a single peak (retention time = 41 min) formed in a few wines.
For example, the peak was observed in Pinot noir inoculated
with strain E1 but not the same wine with I1a. As this unknown
peak was not noted in any of the control wines stored under the
same conditions as inoculated wines, it appears to be a
unknown byproduct of some Brettanomyces strains.
B. bruxellensis strain B5 behaved similarly in the four wines

from Washington where populations slowly declined up to day
63 (Figure 2). Even though culturable populations were
recovered during this period, B5 exhibited little utilization of
the nonesterified hydroxycinnamic acids. For example, <15%
(≤0.60 mg/L) of the p-coumaric acid was metabolized from
each wine. In Pinot noir and Cabernet Sauvignon wines, this

strain consumed only 8.4% (1.2 mg/L) and 2.4% (0.36 mg/L)
of caffeic acid, respectively, while concentrations of this
hydroxycinnamic acid remained unchanged in the Syrah or
Merlot wines. However, B5 utilized a small amount of ferulic
acid from the Merlot wine only, approximately 4.4% or 0.076
mg/L.
In contrast to B5, strain I1a eventually entered log growth in

all four wine cultivars. After approximately seven days,
populations peaked around day 30 in excess of 107 cfu/mL
(Figure 3), while utilization of p-coumaric and ferulic acids
commenced by day 14 and was completed by day 30. Overall,
this strain converted 96−98% p-coumaric acid and 37−78% of
ferulic acid depending on cultivar. In addition, I1a also
metabolized caffeic acid but lagged behind the utilization of
p-coumaric and ferulic acid. In the Syrah wine, concentrations
of caffeic acid declined from 12.4 to 6.84 mg/L within 28 days
and then remained relatively unchanged. A similar trend was
also observed in the other wines where I1a transformed 43−
53% of caffeic acid in Cabernet Sauvignon, Merlot, or Pinot
noir. Neither caftaric nor p-coutaric acids present in these wines
were metabolized by I1a.
Similar to I1a, B1b (Figure 4) and E1 (Figure 5) entered

exponential growth and reached populations of >107 cfu/mL.
Unlike I1a, these strains began converting all three non-
esterified hydroxycinnamic acids relatively quickly. Decreases in
the concentrations of the caffeic, p-coumaric, and ferulic acids
were observed by day 7 and continued until populations
reached stationary phase. While most of the p-coumaric and

Figure 2. Culturability of B. bruxellensis strain B5 and changes in concentration of caffeic, caftaric, p-coumaric, p-coutaric, or ferulic acids in Cabernet
Sauvignon (A), Merlot (B), Syrah (C), or Pinot noir (D) commercial wines.
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ferulic acids were metabolized (94−98%), both strains only
transformed 52−71% of the caffeic acid. One exception is strain
B1b inoculated into the Cabernet Sauvignon wine where 87%
of the p-coumaric acid was consumed. Although B1b and E1
utilized a large portion of the nonesterified hydroxycinnamic
acids, conversion of caftaric or p-coutaric acid was not observed.
An additional 11 strains of B. bruxellensis originally isolated

from California wines were assessed for their abilities to
metabolize hydroxycinnamic acids during growth in the
noncommercial Oregon Pinot noir wine. All strains grew well
and reached populations in excess of 5 × 106 cfu/mL within 36
days (data not shown). However, no changes were observed in
the concentrations of caftaric, p-coutaric, or caffeic acids after
56 days compared to the uninoculated control (Table 1). In
addition, although this wine contained a relatively low
concentration of p-coumaric acid (≈1 mg/L), only 24− 40%
was metabolized by these strains. This finding was in contrast
to three of the Washington strains (I1a, B1b, and E1) where
>94% of this compound was metabolized regardless of the wine
(Figures 3−5).
Strains B5, I1a, B1b, and E1 produced 4-ethylphenol and 4-

ethylguaiacol in the commercially prepared wines (Table 2)
with concentrations dependent on yeast strain and cultivar.
Overall, the greatest amounts of volatile phenols were produced
by I1a, B1b, and E1 with far lesser amounts by B5. Volatile
acidity was also produced following the same trend, with the
highest concentration being 0.99 g/L present in Cabernet
Sauvignon wine inoculated with B1b.

Using data presented in Table 2 and Figures 2−4,
concentrations of nonesterified hydroxycinnamic acids and
the respective product of being metabolized (i.e., volatile
phenols) were expressed on a micromolar basis. Here,
individual strain values pooled in order to compare
nonesterified hydroxycinnamic acid consumed against the
respective volatile phenol produced (Figure 6). For both
Cabernet Sauvignon and Syrah, the concentrations of p-
coumaric and ferulic acids consumed were significantly lower
than the corresponding volatile phenol, 4-ethylphenol or 4-
ethylguaiacol, respectively. While significantly lower amounts of
ferulic acid compared to 4-ethylguaiacol were observed for the
Pinot noir, this was not noted for p-coumaric acid/4-
ethylphenol. No significant differences were observed between
p-coumaric acid/ferulic acid consumed and 4-ethylphenol/4-
ethylguaiacol synthesized in the Merlot wine.

■ DISCUSSION

B. bruxellensis strains B5, I1a, B1b, and E1 inoculated into
selected cultivars of wine exhibited a range of growth
characteristics. While B5 slowly declined over 60 days to
populations approaching 30 cfu/mL, strains I1a, B1b, and E1,
achieved culturability in excess of 107 cfu/mL. Even though all
strains were inoculated at similar initial populations, a longer
lag period was exhibited by I1a in comparison to B1b or E1.
Similarly, Fugelsang and Zoecklein29 reported differences
between the growth rates and stationary phase populations
among the studied strains of B. bruxellensis. While Medawar et

Figure 3. Culturability of B. bruxellensis strain l1a and changes in concentration of caffeic, caftaric, p-coumaric, p-coutaric, or ferulic acids in Cabernet
Sauvignon (A), Merlot (B), Syrah (C), or Pinot noir (D) commercial wines.
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al.30 reported an increasing lag in growth with increasing
ethanol concentrations, ethanol concentrations in all wines had
been standardized to 12.8% v/v and SO2 removed so
differences in growth in the present study were not due to
these factors.
Differences in the amount of the nonesterified hydroxycin-

namic acids metabolized by different strains of B. bruxellensis

were in agreement with other studies.9,11,29,31 Overall, the
strains studied expressed preferential metabolism of p-coumaric
acid as opposed to caffeic or ferulic acids. For example, strains
I1a, E1, and B1b, utilized 96−98% of the available p-coumaric
acid, whereas only 37−78% of the caffeic or ferulic acid was
converted. In contrast, the 11 strains originally from California
only metabolized 24−40% of the p-coumaric acid and none of

Figure 4. Culturability of B. bruxellensis strain B1b and changes in concentration of caffeic, caftaric, p-coumaric, p-coutaric, or ferulic acids in
Cabernet Sauvignon (A), Merlot (B), Syrah (C), or Pinot noir (D) commercial wines.

Figure 5. Culturability of B. bruxellensis strain E1 and changes in concentration of caffeic, caftaric, p-coumaric, p-coutaric, or ferulic acids in Cabernet
Sauvignon (A) or Merlot (B) commercial wines.
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the caffeic acid in the Pinot noir prepared at Oregon State
University. Concentrations of p-coumaric acid in the Pinot noir
from Oregon were low compared to other wines, possibly
through partial condensation of vinylphenols with anthocya-
nins.32 Using strains from Australia, Harris et al.33 demon-
strated complete uptake of p-coumaric acid, 80−100%
conversion of ferulic acid, and only 25% utilization of caffeic
acid. However, Godoy et al.34 noted that their strains exhibited
a 20% greater specificity for caffeic acid compared to p-
coumaric acid. While Edlin et al.6 reported that differences in
the specificity of cinnamate decarboxylase between strains of B.
anomalus, it is not known whether this variation is also valid for

B. bruxellensis which would provide an explanation for these
results.
Concentrations of tartaric acid esters of the hydroxycinnamic

acids found in the commercially prepared wines were similar to
the concentrations previously reported by Nagel et al.,16

although fertaric acid was not found in the wines. However,
none of the strains were able to metabolize these esters, either
the caftaric or p-coutaric acids. As Hixson et al.20 reported that
the yeast could utilize ethyl coumarate and ethyl ferulate, it is
possible that esterase enzymes may be specific only toward
ethyl esters. In any case, it appears that tartaric acid esters are
not metabolized by Brettanomyces under wine conditions.
Strains I1a, B1b, and E1 generated concentrations of 4-

ethylphenol and 4-ethylguaiacol well above the reported
sensory thresholds in red wine of 605 μg/L and 110 μg/L,
respectively.3 Here, I1a formed 4,110 μg/L 4-ethylphenol in
Syrah and 1040 μg/L 4-ethylguaiacol in Merlot. Although B5
also utilized some p-coumaric and ferulic acids, the
concentrations of 4-ethylphenol and 4-ethylguaiacol produced
were below sensory thresholds, suggesting that declining yet
viable populations is not as important as actively expanding
populations regarding synthesis of volatile phenols.
Comparing precursor to product, the amounts of non-

esterified hydroxycinnamic acids consumed were generally
significantly less compared to the molar concentration of
volatile phenols formed for Cabernet Sauvignon, Syrah, and
Pinot noir. While Pinot noir only exhibited significant
differences in ferulic acid/4-ethylguaiacol, no differences were
observed between precursor/products for Merlot. These data
suggest that Brettanomyces may have metabolized vinylphenols
that were formed during alcoholic and/or malolactic

Table 1. Changes in Concentrations of Caffeic, Caftaric, p-
Coumaric, or p-Coutaric Acids in a Noncommercial Oregon
Pinot Noir Wine 56 days after Inoculation with Various
Strains of B. brwcellensisa

strain
number

caffeic acid
(mg/L)

caftaric acid
(mg/L)

p-coumaric acid
(mg/L)

p-coutaric acid
(mg/L)

none 2.70a 26.3a 1.04a 7.46a

493 2.74a 26.0a 0.77b 7.29a

495 2.69a 26.3a 0.70b 7.39a

496 2.76a 26.1a 0.79b 7.41a

497 2.66a 26.1a 0.72b 7.34a

607 2.58a 26.1a 0.65b 7.31a

613 2.58a 25.7a 0.74b 7.28a

614 2.55a 25.8a 0.72b 7.30a

615 2.55a 25.9a 0.72b 7.29a

616 2.58a 25.9a 0.70b 7.26a

635 2.68a 26.1a 0.70b 7.33a

643 2.57a 25.9a 0.62b 7.25a

aMeans within a column with different superscripts are significant at p
≤ 0.05.

Table 2. Chemical Analysis of Commercially Prepared Wines
without and with Inoculation of B. bruxellensis Strains B5,
I1a, B1b, or E1a

wine
strain

inoculated
volatile

acidity (g/L)
4-ethylphenol

(μg/L)

4-
ethylguaiacol

(μg/L)

Cabernet
Sauvignon

none 0.83cde 7.1f nd

B5 0.87bcd 53.4f 21.1f

I1a 1.1a 3570bcd 1020a

B1b 0.99b 3220de 759bcd

E1 0.94bc 3420cd 734cd

Merlot none 0.39l nd nd
B5 0.40kl 95.8f 31.4f

I1a 0.68fghi 3810abc 1040a

B1b 0.67ghi 3810abc 947ab

E1 0.61hij 3930abc 860abc

Syrah none 0.58ij 34.3f 7.7f

B5 0.57ij 91.7f 17.3f

I1a 0.84cde 4110ab 492e

B1b 0.73efgh 4160a 454e

Pinot noir none 0.57ij nd nd
B5 0.53jk 102f 21.9f

I1a 0.74defg 2790e 606de

B1b 0.80def 2850e 536e

aMeans within a column with different superscripts are significant at p
≤ 0.05. nd = not detected.

Figure 6. Paired comparisons of p-coumaric acid or ferulic acid to their
respective products, 4-ethylphenol or 4-ethylguaiacol, based on pooled
data from three strains of Brettanomyces inoculated into four
commercial wines. Significant differences (p ≤ 0.05) between pairings
are indicated by “*”, while no significance is designated by “ns”.
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fermentations. Several microorganisms found in grape musts
and/or wines can synthesize 4-vinylphenol or 4-vinylguaiacol
from p-coumaric or ferulic acids, respectively, including
Acetobacter, Oenococcus oeni, Lactobacillus hilgardii, L. planta-
rum, L. brevis, Pediococcus pentosaceus, P. damnosus, and
Saccharomyces.3,35,36 While it is possible that some 4-vinyl-
phenol or 4-vinylguaiacol was produced in Cabernet Sauvignon
and Syrah wine but not in the Merlot, reasons for differences in
the Pinot noir are not understood. Alternatively, there may be
additional, unidentified phenolic precursors in some grape
cultivars but not others that are involved in volatile phenol
synthesis.
Given the much higher concentrations of caffeic acid

compared to p-coumaric or ferulic acids present in Washington
wines and that all regional strains tested could metabolize
nonesterified hydroxycinnamic acid, 4-ethylcatechol formed
from its metabolism may have more of a sensory impact than
previously thought. Furthermore, variability in the ability of B.
bruxellensis strains to degrade caffeic acid may result in large
variability in the concentration of 4-ethylcatechol in wines
regardless of the amount of caffeic acid present. Concentrations
of caffeic acid have been reported to range worldwide from 0.26
to 26 mg/L.37-40 Although less volatile than 4-ethylphenol or 4-
ethylguaiacol, Botha41 noted that 4-ethylcatechol suppressed
“berry-like” wine characters in Pinotage wine yet elevated
“Band-aid” sensory descriptors associated with 4-ethylphenol.
Alone, 4-ethylcatechol has been described as having a “spicy”,
“woody”, “smoky”, or “horsey” odor.42,43 Given the range of
sensory descriptors used for the different volatile phenols,
specific contributions of 4-ethylcatechol coupled to the others
require additional study.
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berg’ region. Eur. Food Res. Tech. 2009, 230, 333−341.
(22) Jensen, S. L.; Umiker, N. L.; Arneborg, N.; Edwards, C. G.
Identification and characterization of Dekkera bruxellensis, Candida
pararugosa, and Pichia guilliermondii isolated from commercial red
wines. Food Microbiol. 2009, 26, 915−921.
(23) Jaworski, A. W.; Lee, C. Y. Fractionation and HPLC
determination of grape phenolics. J. Agric. Food Chem. 1987, 35,
257−259.
(24) Lee, J.; Finn, C. E. Anthocyanins and other polyphenolics in
American elderberry (Sambucus canadensis) and European elderberry
(S. nigra) cultivars. J. Sci. Food Agric. 2007, 87, 2665−2675.
(25) Lee, J.; Scagel, C. F. Chicoric acid found in basil (Ocimum
basilicum L.) leaves. Food Chem. 2009, 115, 650−656.
(26) Baranowski, J. D.; Nagel, C. W. Isolation and identification of
the hydroxycinnamic acid derivatives in White Riesling wine. Am. J.
Enol. Vitic. 1981, 32, 5−13.
(27) Burns, T. R.; Osborne, J. P. Impact of malolactic fermentation
on color and color stability of Pinot noir and Merlot wine. Am. J. Enol.
Vitic. 2013, 64, 370−377.
(28) Edwards, C. G.; Watson, B. A. Basic Microbiological and
Chemical Analyses for Wine; Washington State University Cooperative
Extension EM047: Pullman, WA, 2013.
(29) Fugelsang, K. C.; Zoecklein, B. W. Population dynamics and
effects of Brettanomyces bruxellensis strains on Pinot noir (Vitis vinifera
L.) wines. Am. J. Enol. Vitic. 2003, 54, 294−300.
(30) Medawar, W.; Strehaiano, P.; Deĺia, M.-L. Yeast growth: Lag
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