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Fungal infections are detrimental for viticulture since they may reduce harvest yield and
wine quality. This study aimed to characterize the effects of bunch rot and powdery
mildew on wine aroma by quantification of representative aroma compounds using Stable
Isotope Dilution Analysis (SIDA). For this purpose, samples affected to a high degree
by each fungus were compared with a healthy sample in each case; to this aim, the
respective samples were collected and processed applying identical conditions. Thereby,
the effects of bunch rot were studied in three different grape varieties: White Riesling, Red
Riesling and Gewürztraminer whereas the influence of powdery mildew was studied on
the hybrid Gm 8622-3. Analyses revealed that both fungal diseases caused significant
changes in the concentration of most target compounds. Thereby, the greatest effects
were increases in the concentration of phenylacetic acid, acetic acid and γ-decalactone
for both fungi and all grape varieties. Regarding other compounds, however, inconsistent
effects of bunch rot were observed for the three varieties studied.
Keywords: Stable Isotope Dilution Analysis (SIDA), γ-decalactone, acetic acid, phenylacetic acid

INTRODUCTION
Botrytis cinerea and Erysiphe necator are two fungi responsible for two vineyard diseases with high
negative commercial impact: bunch rot (B. cinerea) and powdery mildew (E. necator). However,
B. cinerea may also positively impact wine quality under special climatic conditions producing
noble rot; in the wake of this process, highly valued botrytized wines are achieved.
Numerous studies previously addressed the impact of these fungi on wine quality in general,
however, less work focused on wine aroma quality specifically. Overall, most literature addressed
the aroma of the three most important examples of sweet botrytized wines: Sauternes (Bailly et al.,
2006, 2009; Sarrazin et al., 2007; Campo et al., 2008), Amarone (Genovese et al., 2007; Fedrizzi et al.,
2011; Tosi et al., 2012), and Tokaji Aszú (Schreier et al., 1976; Miklosy et al., 2000, 2004; Miklosy
and Kerenyi, 2004). On the other hand, the effects of the negative form of B. cinerea, i.e., bunch rot
and sour rot have been addressed in only a few investigations (Zoecklein et al., 2000; Meneguzzo
et al., 2006; Barata et al., 2011; Ky et al., 2012). Thereby, generation of earthy off-odors has been
described as consequence of bunch rot and has been attributed to the appearance of geosmin,
2-methylisoborneol and 1-octen-3-one, amongst others (La Guerche et al., 2005, 2006, 2007).
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2-methylpropanoic acid (isobutanoic acid) from SAFC
(Steinheim, Germany), and 4-hydroxy-3-methoxybenzaldehyde
(vanillin) from ABCR (Karlsruhe, Germany). The isotopically
labeled standards were purchased from the following suppliers
given in parentheses: 3,4-2 H2 -3-methyl-1-butanol (2 H2− isoamyl
alcohol),
1,3,4,5,6-2 H5 -2-phenylethanol,
3-(methyl-2 H3 2
2
thio)-propanal ( H3 -methional), 5,5,6,6- H4 -y-decalactone,
6,7-2 H2 -y-undecalactone (Aromalab, Freising, Germany),
6,6,6-2 H3 -hexanoic acid, 3,3,3-2 H3 -2-methylpropanoic acid
(2 H3 -isobutanoic acid), and 2 H6 -ethanol (CDN Isotopes,
Pointe-Claire, Quebec, Canada), 1,2-13 C2 -butanoic acid,
α,β-13 C2 –phenylacetic acid, 13 C1 -acetic acid, and 4-hydroxy-3methoxy-13 C6− benzaldehyde (13 C6 -vanillin) (Sigma-Aldrich,
Steinheim, Germany).

On the other hand, powdery mildew infection was studied
in relation to wine quality by analyzing classic oenological
parameters, namely harvest yield, total soluble solids, color
and acidity, and/or performing sensory tests (Pool et al., 1984;
Gadoury et al., 2001; Stummer et al., 2003, 2005; Calonnec
et al., 2004). Thereby it was observed that this disease may
cause a reduction in harvest yield, but also lower total soluble
solids content, a less intense juice color and higher acidity have
been reported as negative side-effects. Furthermore, in some
studies, powdery mildew was related to the generation of offnotes that were described as earthy, dusty and reminiscent of
mushroom (Darriet et al., 2002; Stummer et al., 2005). To
the best of our knowledge, the effects of powdery mildew on
wine aroma composition have been studied by Aroma Extract
Dilution Analysis (AEDA) only once (Darriet et al., 2002).
This study showed that two of the most important odorants
in must, produced of diseased grapes, 1-octen-3-one and (Z)1,5-octadien-3-one, were enzymatically reduced during (wine)
fermentation to less odorous compounds, namely 3-octanone,
and (Z)-5-octen-3-one. In addition, an unidentified fishymushroom-like smelling odorous zone was detected. However,
a direct comparison between powdery mildew-affected samples
and their respective healthy controls is, to the best of our
knowledge, not yet reported in literature.
The aroma body constitutes the primary quality factor of wine.
Consequently, it is important to understand the parameters that
influence aroma composition of this highly valued product. Wellestablished analytical approaches are at hand in modern aroma
analysis to relate the odorant composition of wine to its sensory
profile: Gas Chromatography-Olfactometry (GC-O) techniques
allow the screening for the aroma active constituents amongst a
large number of volatile compounds and ranking according to
their relative intensities as is done e.g., by AEDA (Grosch, 2001).
This strategy is commonly complemented by sensory evaluations
and quantification of the main odorous constituents, as well
as reconstitution experiments, especially when the aim is the
confirmation of the complete aroma spectrum.
This article is based on our previous study where effects
of bunch rot and powdery mildew on wine aroma have been
evaluated by comparative AEDA and sensory tests (Lopez Pinar
et al., 2017). Thereby, the aim of the present study is to
validate the olfactometric observations by means of quantitative
determinations.

Synthesis of 2 H5 -Ethyl Butanoate and
2 H -Ethyl 2-Methylbutanoate
5
2H

butanoate and 2 H5 -ethyl 2-methylbutanoate were
synthesized in the following way: [2 H6 ]-ethanol (25 mmol, 1.30
g) and concentrated sulfuric acid (1 mmol, 0.098 g) were mixed
with either butanoic acid (5 mmol, 0.44 g) to give 2 H5 -ethyl
butanoate or 2-methylbutanoic acid (5 mmol, 0.51 g) to give 2 H5 ethyl 2-methylbutanoate; the mixtures were stirred at 90◦ C for 2
h. To obtain the final products, 50 mL of sodium carbonate water
solution (0.5 mol/L) were added, and the resulting mixtures were
extracted thrice with 50 mL of dichloromethane. After vigorous
shaking, the organic phase was separated from the aqueous
phase using a separatory funnel. The combined organic phases
were dried over anhydrous sodium sulfate. The products were
concentrated using a R-114 rotary evaporator (Buechi, Essen,
Germany) without application of vacuum at 50◦ C to a final
volume of approximately 50 mL. The identity of the synthesized
compounds was confirmed by mass spectrometry. For 2 H5 -ethyl
butanoate the following data was obtained: MS-EI: 43 (100), 71
(91), 93 (68), 41 (49), 39 (48), 42 (41), 74 (31), 40 (27), 91 (23), 106
(15), 92 (14), 67 (12), 56 (11), 69 (11); MS-CI: 122 (100, M++1 ),
121 (18), 71 (10). For 2 H5 -ethyl 2-methylbutanoate the following
data was obtained: MS-EI: 107 (100), 57 (87), 41 (48), 75 (37), 39
(26), 88 (19), 56 (18), 120 (17), 76 (12); MS-CI: 136 (100, M++1 ),
135 (21).

Wine Samples
The effects of bunch rot were studied in three grape varieties:
White Riesling, Red Riesling and Gewürztraminer. In the case
of powdery mildew, the hybrid Gm 8622-3 was analyzed.
Sample selection and grape harvest procedures have already
been described in our previous study (Lopez Pinar et al., 2016).
In brief, samples affected by the fungus to a very high degree
were compared with their respective healthy control. In each
case, the pairs of samples were collected separately, but both
were harvested and processed identically. The degree of fungal
infection of the grape berries was visually assessed as described
in our previous study (Lopez Pinar et al. (2016), providing
photographs with representative examples of grapes affected
with bunch rot and powdery mildew). Grapes were crushed,
pressed in a pneumatic press and left to settle with 50 mg/L SO2
for approximately 24 h at 10◦ C, followed by filtering through

MATERIALS AND METHODS
Chemicals
Dichloromethane and anhydrous sodium sulfate were
purchased from VWR (Darmstadt, Germany) whereas sulfuric
acid and sodium carbonate were from Roth (Karlsruhe,
Germany). The reference substances were obtained from the
following suppliers: acetic acid, 2-phenylethanol, 3-methyl-1butanol (isoamyl alcohol), hexanoic acid, phenylacetic acid,
ethyl 2-methylbutanoate, γ-decalactone, γ-undecalactone,
2-methylbutanoic acid and 3-(methylthio)-propanal (methional)
were from Sigma-Aldrich (Steinheim, Germany), butanoic acid
and ethyl butanoate from Fluka (Steinheim, Germany),
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filter paper. The grape musts were subsequently fermented at
17◦ C for 2–3 weeks in 20 L glass balloons by inoculation of
the reactivated pure yeast culture (20 g/hL) Lalvin EC 1118
(Lallemand, Vienna, Austria). After fermentation, wines were
racked and the content of SO2 was adjusted to achieve a
final concentration of approximately 50 mg/L free SO2 . Finally,
samples were filled in brown glass bottles which were closed with
screw caps. The wines were stored for approximately 1 year at
room temperature. Residual sample material from opened bottles
was kept at −80◦ C if required.

Scientific, Fisons Instruments, Mainz-Kastel, Germany) as the
analytical capillary column. An uncoated, deactivated fused silica
capillary column was used as precolumn (2–3 m, 0.53 mm).
The carrier gas was helium and the flow rate was 1 mL/min.
The temperature program used was as follows: the initial 40◦ C
were held for 2 min, then the temperature was raised at 8◦ C/min
until 240◦ C, and held for 5 min. Injection volume was 1 µL.
EI-mass spectra were generated in full scan mode (m/z range
40–400) at 70 eV ionization energy. The scan rate was 3.94
scan/s.

Determination of Basic Oenological
Parameters

Two-Dimensional High Resolution Gas
Chromatography–Mass
Spectrometry/Olfactometry
(HRGC–GC–MS/O)

Residual sugar, titratable acidity and alcoholic content (v/v) were
determined using a Winescan FT-2 Fourier Transform Infrared
Spectrometer (FTIR) (Foss, Hillerød, Denmark) as described
previously (Patz et al., 1999, 2004).

Two-dimensional gas chromatographic analyses were carried out
for quantification of trace constituents and specifically for those
compounds that could not be fully resolved due to interferences
from coeluting substances during one dimensional GC-MS
analysis (Table 1). The system consisted of two Varian 450-GCs
(Varian, Darmstadt, Germany) combined with a Saturn 2200
MS (Varian). The first GC was equipped with a Gerstel multicolumn switching system MCS 2 and connected to the second
GC by a Gerstel cryo-trap system CTS 1 (Gerstel). The system
was further equipped with a Gerstel CIS 3 injection system and
Gerstel MPS 2 auto sampler (Gerstel). The analytical capillaries

High Resolution Gas
Chromatography–Mass Spectrometry
(GC–MS)
Mass spectra were recorded using a 5975C MSD quadrupole
system combined with a 7890A GC system (Agilent
Technologies, Waldbronn, Germany). The instrument was
equipped with a Gerstel CIS 4 injection system and a Gerstel
MPS 2 auto sampler (Gerstel, Duisburg, Germany), and a
DB-FFAP (30 m, 0.25 mm, film thickness 0.25 µm; J&W

TABLE 1 | Parameters of the quantification method including isotopically labeled standards, selected ions, calibration factors, ionization mode, instruments on which the
measurements were performed and volume (ml) of wine extracted to quantify the respective aroma compounds.
Measurementsa

Ionization
mode

GC-MS

EI

Volume wine
extracted (ml)b
1

Odorant

Ion m/z

Acetic acid

60

2-Phenylethanol

91

Internal standard

13 C -Acetic acid
1
1,3,4,5,6-2 H5 -2-

Ion m/z

Calibration line
equation

R2

61

y = 0.9354x + 0.0687

0.999

96

y = 2.1240x + 0.0371

0.996

72

y = 2.0352x + 0.4604

0.995

Phenylethanol

5

60

2 DIM GC-MS

EI

CI

3-Methyl-1-butanol
(Isoamyl alcohol)

70

3,4-2 H2 -3-Methyl-1-butanol

Butanoic acid

73

1,2-13 C2 -Butanoic acid

75

y = 7.3461x + 0.8346

0.999

Hexanoic acid

99

6,6,6-2 H3 -Hexanoic acid

102

y = 0.9377x + 0.1185

0.995

2-Methylpropanoic acid
(Isobutanoic acid)

88

3,3,3-2 H3 -2Methylpropanoic acid

91

y = 1.1928x − 0.0988

0.999

Ethyl butanoate

88

1,1,2,2,2-2 H5 -Ethyl
butanoate

93

y = 0.83x + 0.067

0.996

Phenylacetic acid

136

α,β-13 C2 –Phenylacetic acid

138

y = 0.9327x − 0.0176

0.999

4-Hydroxy-3methoxybenzaldehyde
(Vanillin)

151

4-Hydroxy-3-methoxy13 C -benzaldehyde
6

157

y = 0.964x − 0.005

0.998

Ethyl
2-methylbutanoate

102

1,1,2,2,2-2 H5 -Ethyl
2-methylbutanoate

107

y = 1.081x + 0.1283

0.994

3-(Methylthio) propanal
(Methional)

105

3-(Methyl-2 H3 -thio)
propanal

108

y = 0.8634x + 0.0659

0.998

γ-Decalactone

171

5,5,6,6-2 H4 -γ-Decalactone

175

y = 1.5782x − 0.4605

0.996

γ-Undecalactone

167

6,7-2 H2 -γ-Undecalactone

169

y = 1.1267x + 0.0478

0.991

a Instruments
b Volume

on which the measurements for the quantifications were performed.
(ml) of wine extracted to quantify the respective aroma compounds.
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used were a DB-FFAP capillary (30 m, 0.32 mm, film thickness
0.25 µm; J&W Scientific) in the first oven and a Rxi R -5HT (30 m,
0.25 mm, film thickness 0.25 µm; Restek, Homburg, Germany)
in the second oven. At the end of the capillary, the effluent
was split between a sniffing port and a FID, or a MS, in the
first and second oven, respectively, using two deactivated but
uncoated fused silica capillaries (100 cm, 0.20 mm). Application
of the samples to the GC system was performed at 40◦ C using
the cold-on-column technique. The GC temperature programs
were as follows: the initial 40◦ C were held for 2 min, then the
temperature was raised at 8◦ C/min until 240◦ C (for DB-FFAP
measurements) or 250◦ C (for Rxi R -5HT measurements) were
reached; the final temperature was then held for 5 min. The flow
rate of the helium carrier gas was 2.0 mL/min. The FID and
the sniffing port were held at 240 and 260◦ C, respectively. Mass
spectra were generated at 70 eV ionization energy in electron
ionization (EI) mode (m/z range 30–300) or in the positive
chemical ionization (CI) mode with methanol as the reactant gas
(m/z range 35–300).

The selected ions of the labeled and unlabeled compounds
were monitored by one- or two-dimensional GC-MS (cf.
Table 1), and their intensities recorded in relation to each other.
The absolute concentrations were then calculated based on these
relative intensities and the amount of labeled standard that had
been added in each case, and were corrected by using calibration
factors obtained from the mixtures of labeled and unlabeled
compounds (cf. Table 1) as described in Spitzer et al. (2013).
Analyses were performed per triplicate in each case.

Statistical Analyses
The statistical significance of the effects of the two fungal diseases
on the concentrations of the target aroma compounds was
analyzed based on a comparison of the mean quantitative values
from affected and unaffected samples using Student’s t-test. Data
were evaluated with regard to a significance level of p < 0.05 and
p < 0.01.

RESULTS

Quantification by Means of Stable Isotope
Dilution Analysis (SIDA)

Basic Oenological Parameters
Three basic oenological parameters were analyzed: residual sugar,
titratable acidity and alcoholic percentage (Table 2).
Residual sugar was higher in the sample infected by bunch rot
than in the corresponding healthy sample of the White Riesling
and Red Riesling varieties, but in Gewürztraminer, residual sugar
was moderately lower in the affected sample. In contrast to this, a
much lower level of residual sugar was observed in the powdery
mildew-affected sample.
Titratable acidity decreased moderately in the samples affected
by bunch rot for White Riesling and Red Riesling. However, the
Gewürztraminer sample again showed a different tendency with
titratable acidity being higher in the affected sample. On the other
hand, acidity in the powdery mildew-affected sample was lower
than in the healthy sample.
Finally, the alcohol level was higher in all four fungiaffected samples in comparison to their respective healthy
samples.

In the first step, the isotopically labeled compounds dissolved
in dichloromethane were mixed to the wine samples containing
the odorant at comparable concentrations, as determined in
preliminary experiments. Volumes of wines employed in the
analyses were 1, 5, and 60 mL, respectively, depending on
the concentrations of the compounds in the wine samples (cf.
Table 1). For subsequent extraction of the volatile compounds,
wine samples were mixed with dichloromethane in the ratio
1:1 (v/v), or 1:5 (v/v) in case that the volume of extracted
wine was only 1 mL. These mixtures were stirred for 1 h
at room temperature, and then submitted to solvent assisted
flavor evaporation (SAFE) (Engel et al., 1999). The obtained
dichloromethane phases were separated in each case, and
dried over anhydrous sodium sulfate. Finally, each extract was
concentrated to a final volume of 100 µL at 51◦ C by means of
Vigreux distillation followed by micro-distillation.

TABLE 2 | Some basic oenological parameters of the wine samples analyzed in the current study: grape varieties were White Riesling, Red Riesling, Gewürztraminer and
the hybrid Gm 8622-3; grapes were grouped according to their health status in three groups: completely healthy, minor fungus infection and infected by Botrytis bunch
rot or Powdery mildew, respectively.
Sample
Bunch rot

White Riesling

Red Riesling
Gewürztraminer

Powdery mildew

Gm 8622-3

Residual sugar (g/L)

Titratable acidity (g/L)

Alcohol (% v/v)
11.6

Healthy

HW

1.0

10.2

Intermediate state

IW

5.9

9.3

13.9

Bunch rot affected

BW

6.4

9.1

13.6

Healthy

HW

1.8

10.4

11.3

Bunch rot affected

BW

3.8

9.4

13.6

Healthy

HW

1.8

7.5

11.8

Bunch rot affected

BW

1.3

8.3

12.4

Healthy

HW

10.4

9.2

12.9

Powdery mildew affected

PW

5.0

8.1

13.5

The presented data are the result of one single measurement.
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Quantification

In the White Riesling bunch rot-affected sample, however, the
concentration did not vary from that in the healthy sample
or in the sample infected to an intermediate state. Lastly,
powdery mildew infection did not lead to any relevant differences
in the concentration of this compound. Bunch rot effects on
the concentration of 2-phenylethanol differed among the three
varieties studied: it was increased (p < 0.05) in the White
Riesling bunch rot-affected sample, unchanged in Red Riesling,
and decreased (p < 0.01) in Gewürztraminer. In addition, a
significant rise (p < 0.01) in concentration of this substance
occurred in case of powdery mildew infection.
With regard to the ester substance group, variable results
were obtained. Bunch rot led to an increase (p < 0.01) of
ethyl butanoate in Red Riesling, a decrease (p < 0.01) in
Gewürztraminer, whereas its concentration in White Riesling was
not affected. Powdery mildew, on the other hand, caused no
significant changes in the concentration of this compound. In
addition, bunch rot caused a significant decrease (p < 0.05) of
ethyl 2-methylbutanoate in White Riesling. However, significant
effects on the concentration level of this substance were neither
observed in the remaining varieties nor in the sample affected by
powdery mildew.
Finally, γ-undecalactone was neither affected by bunch rot nor
by powdery mildew.

In order to characterize the effects of both fungi on the
concentration of the selected aroma compounds, wine samples
affected to a high degree by bunch rot (BW) or powdery mildew
(PW) were compared with healthy ones (HW) of the same
variety. Each pair of samples was collected and processed under
identical conditions. In case of White Riesling, an additional
intermediate state of bunch rot-infection (IW) was included
(Table 3). Target odorants were selected based on our previous
study where the main changes in odorant profile with fungi
infection were elaborated by means of aroma extract dilution
analyses and odorant identification studies (Lopez Pinar et al.,
2017). Thereby, marker substances representative for acids,
esters, alcohols, lactones and aldehydes were selected.
First, quantification experiments revealed that the most
abundant odorants in the wine samples were isoamyl alcohol
and acetic acid: both compounds were found in all samples at
concentrations between 100 and 900 µg/g.
In the following, fungi effects on the respective odorant
concentrations are presented. First and foremost, concentrations
of phenylacetic acid and γ-decalactone were significantly
increased (p < 0.01) by both fungi. Thereby, their concentrations
in the fungi-infected samples increased by a factor of ∼2–5
in comparison to the corresponding healthy samples. White
Riesling was the sole exception where no significant change in γdecalactone concentration was observed. In addition, acetic acid
roughly doubled in concentration, in case of bunch rot infection
(p < 0.05) whereas powdery mildew effects were only moderate
(< factor 1.5).
Apart from that, vanillin concentration doubled in the
Gewürztraminer bunch rot affected sample (p < 0.01). In
contrast, its concentration remained unaffected in White Riesling
and Red Riesling varieties and in the sample affected by powdery
mildew.
In addition, the concentrations of methional were differently
affected by both fungal infections. It was decreased (p < 0.05)
by bunch rot in Red Riesling and Gewürztraminer, being lower
by a factor of about 1.5–3. In contrast to this, its concentration
was not affected in White Riesling variety. On the other hand,
the concentration of methional doubled due to powdery mildew
infection (p < 0.01).
The concentrations of several other compounds were also
affected by both fungal diseases, but only moderately. Thereby,
the changes described below were smaller than a factor of 2.
In the group of the cheesy smelling acids, inconsistent effects
were recorded. Isobutanoic acid concentrations were higher
(p < 0.05) in all four fungi-affected samples than in their
corresponding healthy samples. In contrast to this, hexanoic acid
concentrations decreased (p < 0.05) due to bunch rot infection,
however, only in Red Riesling variety. Powdery mildew did not
cause any significant effects on the concentration of this acid.
Likewise, bunch rot induced a decline (p < 0.01) in butanoic acid
in Gewürztraminer. Meanwhile, butanoic acid concentration was
neither affected in the remaining bunch rot-affected samples nor
in the sample affected by powdery mildew.
In the group of alcohols, isoamyl alcohol concentrations were
lower (p < 0.05) in the Red Riesling and Gewürztraminer samples
affected by bunch rot than in the corresponding healthy samples.
Frontiers in Chemistry | www.frontiersin.org

DISCUSSION
The influence of bunch rot on wine oenological parameters
differed among the grape varieties studied: in Gewürztraminer
bunch rot-affected sample, residual sugar was lower and titratable
acidity higher than in the corresponding healthy sample. White
and Red Riesling, however, showed the opposite trend. Moreover,
alcoholic contents were higher in the samples affected by bunch
rot in all three varieties, but the increase was less pronounced in
Gewürztraminer. These variations may be directly linked to the
different levels of total soluble solids (◦ Brix) in the corresponding
grape musts (Lopez Pinar et al., 2016): in White and Red Riesling,
◦ Brix were increased due to bunch rot infection by 25.6 and
26.7%, respectively. In Gewürztraminer ◦ Brix only increased by
7.7%.
On the other hand, bunch rot and powdery mildew infection
induced significant changes in the concentrations of most studied
aroma compounds; nevertheless the majority of these changes
was only in a range of about a factor 1.5–2.
Both fungal diseases caused a significant increase in acetic acid
concentrations; thereby, bunch rot effects were more pronounced
than the changes induced by powdery mildew. Generally, the
content of this compound increases with the degree of oxidation
and is also related to a higher production of the oxidative enzyme
laccase induced by B. cinerea (Slomczynski et al., 1995; Pezet,
1998). Additionally, bunch rot and powdery mildew infected
grapes are susceptible to secondary infections (Steel et al., 2013),
such as acetic acid bacteria, which convert ethanol into acetic
acid (Cleenwerck and De Vos, 2008; Raspor and Goranovič,
2008).
Moreover, isobutanoic acid concentration was increased
in all fungi-affected samples. This compound is formed by
deamination of branched amino acids (Lilly et al., 2006),
5

August 2017 | Volume 5 | Article 57

3-Methyl-1-butanol (Isoamyl alcohol)

203.0 ± 8.7

Frontiers in Chemistry | www.frontiersin.org
0.6 ± 0.0
0.2 ± 0.0

0.2 ± 0.0

γ-Undecalactone

1.7 ± 0.3

3-(Methylthio)-propanal (Methional)

1.2 ± 0.3*

2.4 ± 0.3

18.6 ± 1.2

1.7 ± 0.4

2.7 ± 0.7

11.6 ± 1.9*

0.2 ± 0.1

1.0 ± 0.0

21.6 ± 0.6**

0.2 ± 0.1

2.3 ± 0.3*

0.2 ± 0.0

1.1 ± 0.2

41.4 ± 2.1*

666.7 ± 9.0**

202.9 ± 13.8

BW

2.2 ± 0.4

3.4 ± 0.9

11.9 ± 3.6

0.1 ± 0.0

0.8 ± 0.1

9.9 ± 1.6

0.2 ± 0.0

1.3 ± 0.0

0.2 ± 0.0

1.7 ± 0.2

35.8 ± 2.6

443.8 ± 7.8

213.1 ± 20.0

HW

0.8 ± 0.1*

4.0 ± 0.4

4.8 ± 0.1

0.2 ± 0.0

3.9 ± 0.1**

21.5 ± 1.9**

0.3 ± 0.0**

2.1 ± 0.2*

0.2 ± 0.0

1.2 ± 0.3*

28.7 ± 3.7

861.1 ± 21.1**

142.1 ± 11.1**

BW

Red Riesling

Bunch rot effects

1.3 ± 0.0

2.3 ± 0.1

3.8 ± 0.2

0.1 ± 0.0

0.9 ± 0.0

11.9 ± 0.8

0.3 ± 0.0

1.7 ± 0.1

0.2 ± 0.0

2.1 ± 0.3

14.2 ± 0.3

346.9 ± 3.4

195.1 ± 20.4

HW

0.9 ± 0.1*

5.6 ± 0.6**

3.8 ± 0.3

0.1 ± 0.0

2.5 ± 0.2**

32.5 ± 0.3**

0.2 ± 0.0**

2.7 ± 0.1**

0.1 ± 0.0**

1.3 ± 0.5

12.0 ± 0.3**

726.3 ± 66.8*

130.8 ± 8.6*

BW

Gewürztraminer

0.4 ± 0.0

2.2 ± 0.3

7.3 ± 0.6

0.1 ± 0.0

0.3 ± 0.0

1.6 ± 0.0

0.3 ± 0.0

1.9 ± 0.1

0.2 ± 0.0

1.8 ± 0.4

19.3 ± 0.2

285.0 ± 5.4

205.6 ± 16.4

HW

PW

1.0 ± 0.1**

3.3 ± 0.4

7.5 ± 0.2

0.1 ± 0.0

0.8 ± 0.1**

8.6 ± 0.3**

0.3 ± 0.0

2.6 ± 0.0**

0.2 ± 0.0

1.9 ± 0.2

23.6 ± 0.3**

314.9 ± 8.4*

201.7 ± 20.4

Gm 8622-3

Powdery mildew effects

Comparison of healthy samples with samples affected by bunch rot or powdery mildew, respectively. Bunch rot effects were investigated in White Riesling, Red Riesling and Gewürztraminer, whereas powdery mildew effects were
studied in the hybrid Gm 8622-3.
The results were obtained from independent triplicate treatments.
*Concentration of the substance in the respective bunch rot or powdery mildew-affected sample was significantly different (p < 0.05) in comparison to the corresponding healthy sample.
**Differences between bunch rot or powdery mildew-affected sample and the corresponding healthy samples were highly significant (p < 0.01).

3.0 ± 0.8

4-Hydroxy-3-methoxy benzaldehyde (Vanillin)

Ethyl 2-methylbutanoate

17.8 ± 2.7

9.9 ± 1.1

8.3 ± 0.3
1.3 ± 0.3

Phenylacetic acid

γ-Decalactone

2.2 ± 0.2*
0.2 ± 0.1

1.3 ± 0.1

0.2 ± 0.1

0.2 ± 0.0

0.2 ± 0.0

Butanoic acid

0.8 ± 0.1

29.3 ± 4.4

2-Methylpropanoic acid (Isobutanoic acid)

0.9 ± 0.1

474.1 ± 20.6*

195.7 ± 18.1

IW

White Riesling

Ethyl butanoate

32.8 ± 0.8

404.0 ± 7.4

2-Phenylethanol

µg/kg

µg/g

HW

Hexanoic acid

Acetic acid

Units of
concentration

TABLE 3 | Results of the quantification experiments.
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being a metabolic strategy of the fungi to utilize nitrogen
for their metabolism (Mencarelli and Tonutti, 2013). The
same mechanism might be related to the remarkable rise in
phenylacetic acid levels, which is likely to be related to the
deamination of phenylalanine (Somers et al., 2005). Moreover,
the higher content of phenylacetic acid may be part of a defense
mechanism of the plant against fungal infections since this
compound is known to be an auxin with a reported antifungal
activity (Wightman and Lighty, 1982; Hwang et al., 2001). Indeed,
it has been reported that fungal infections may cause a rise in
auxin levels (Hare, 1966).
In addition, concentration of γ-decalactone increased
significantly due to bunch rot and powdery mildew infection,
being in agreement with previous reports of an increase of
lactones caused by noble rot, thereby playing an important role
in the aroma of the so called botrytized wines (Schreier et al.,
1976; Miklosy and Kerenyi, 2004; Miklosy et al., 2004). However,
an increase of lactones due to powdery mildew infection has,
to the best of our knowledge, not been previously reported. On
the other hand, the level of γ-undecalactone was not affected.
The reasons for this differential effect are not clear as such
pattern has not been reported before, but might be related to
a differential metabolism of lactones with even carbon atom
numbers.
Bunch rot effects on several aroma compounds from the esters
and alcohols group varied among the varieties studied. These
divergences cannot be directly related to simple relationships.
Indeed, the formation of alcohols and esters in the course of
fermentation is influenced by a complex combination of grape
composition, yeast metabolism and winemaking conditions
(Carrau et al., 2010; Antalick et al., 2015). Yeast strain and
fermentation conditions were the same for all varieties in the
present study; accordingly, the differences can only be due to
different metabolic processes or differences in general infection
susceptibility of the investigated varieties. Furthermore, bunch
rot is mainly related to B. cinerea, but there might be other
secondary infections involved (Steel et al., 2013). In this way,
possible differences in the microbial flora may have caused these
variations. Surely, this issue should be investigated in more detail
in future studies.
To summarize our findings, this study aimed to complement
the results obtained by olfactometric evaluations as reported
in our previous publication (Lopez Pinar et al., 2017).
Accordingly, the most relevant outcomes are briefly summarized
in the following. The greatest effects were an increase of
the concentrations of acetic acid, phenylacetic acid and
γ-decalactone in the bunch rot-affected samples, which confirms
the corresponding increases in their FD (flavor dilution)
factors as observed via AEDA in our previous study. The
concentration of phenylacetic acid was also increased by
powdery mildew to a relevant extent which is in line with
a higher FD factor in the affected sample. In comparison
to that, y-decalactone concentration only roughly doubled
due to powdery mildew infection, and this change was not
mirrored in a relevant change in FD factor as it was not

Frontiers in Chemistry | www.frontiersin.org

sufficiently pronounced. Commonly it needs to be stated
that AEDA is an olfactory screening approach that may be
prone to some variation, commonly in the range of about
one or sometimes even two FD factors between individual
sample runs. Accordingly, this example clearly demonstrates
that AEDA can never fully replace absolute quantification
experiments. Apart from that, aroma compounds may result
in rather unpredictable sensory effects when being combined
in mixtures and different ratios. Additive, synergistic and
suppressive effects together with complex peripheral and
perceptual modulation and processing steps may lead to sensory
perceptions that are, at times, hard to directly correlate with
the respective underlying odorants (Buettner and Beauchamp,
2010). Accordingly, future studies need to expand on these
aspects if aiming at gaining a fundamental understanding of
aroma changes induced by microbial processes as described in
the current study.

CONCLUSION
Quantification of representative odor compounds confirmed the
influence of bunch rot and powdery mildew on wine aroma.
The main differences in the concentration of individual marker
substances corresponded with differences as observed in the
previous AEDA experiments (Lopez Pinar et al., 2017).
The most important changes caused by both types
of infections were increases in the content of acetic
acid, phenylacetic acid and γ-decalactone. Moreover, the
quantification experiments confirmed the divergent effects of
bunch rot on several other aroma compounds from the substance
groups of alcohols and esters in the three varieties studied.
Future studies should address the potential influence of
secondary infections and the impact of varying climatic
conditions. In addition, it should be addressed how the specific
susceptibility of a specific variety influences the degree of
infection in relation to the associated changes in aroma and flavor
profile.
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Raspor, P., and Goranovič, D. (2008). Biotechnological applications of acetic
acid bacteria. Crit. Rev. Biotechnol. 28, 101–124. doi: 10.1080/073885508020
46749
Sarrazin, E., Dubourdieu, D., and Darriet, P. (2007). Characterization of key-aroma
compounds of botrytized wines, influence of grape botrytization. Food Chem.
103, 536–545. doi: 10.1016/j.foodchem.2006.08.026
Schreier, P., Drawert, F., Kerenyi, Z., and Junker, A. (1976).
Gaschromatographisch-massenpektrometrische untersuchung flüchtiger
inthaltssoffe des weines. Z. Lebensm. Unters. Forsch. 161, 249–258.
doi: 10.1007/BF01105811
Slomczynski, D., Nakas, P., and Tanenbaum, S. W. (1995). Production and
characterization of Laccase from Botrytis cinerea 61-34. App. Env. Microbiol.
61, 907–912.
Somers, E., Ptacek, D., Gysegom, P., Srinivasan, M., and Vanderleyden, J. (2005).
Azospirillum brasilense produces the auxin-like phenylacetic acid by using the
key enzyme for indole-3-acetic acid biosynthesis. App. Env. Microbiol. 71,
1803–1810. doi: 10.1128/AEM.71.4.1803-1810.2005
Spitzer, J., Klos, K., and Buettner, A. (2013). Monitoring aroma changes during
human milk storage at +4◦ C by sensory and quantification experiments. Clin.
Nutr. 32, 1036–1042. doi: 10.1016/j.clnu.2013.01.015

Antalick, G., Seuklje, K., Blackman, J. W., Meeks, C., Deloire, A., and
Schmidtke, L. M. (2015). Influence of grape composition on red wine
ester profile: comparison between Cabernet Sauvignon and Shiraz cultivars
from Australian warm climate. J. Agric. Food Chem. 63, 4664–4672.
doi: 10.1021/acs.jafc.5b00966
Bailly, S., Jerkovic, V., Marchand-Brynaert, J., and Collin, S. (2006). Aroma
extraction dilution analysis of sauternes wines key role of polyfunctional thiols.
J. Agric. Food Chem. 54, 7227–7234. doi: 10.1021/jf060814k
Bailly, S., Jerkovic, V., Meuree, A., Timmermans, A., and Collin, S. (2009). Fate
of key odorants in Sauternes wines through aging. J. Agric. Food Chem. 57,
8557–8563. doi: 10.1021/jf901429d
Barata, A., Campo, E., Malfeito-Ferreira, M., Loureiro, V., Cacho, J., and Ferreira,
V. (2011). Analytical and sensorial characterization of the aroma of wines
produced with sour rotten grapes using GC-O and GC-MS: identification of key
aroma compounds. J. Agric. Food Chem. 59, 2543–2553. doi: 10.1021/jf104141f
Buettner, A., and Beauchamp, J. (2010). Chemical input–sensory output: diverse
modes of physiology-flavour interaction. Food Qual. Pref. 21, 915–924.
doi: 10.1016/j.foodqual.2010.01.008
Calonnec, A., Cartolaro, P., Poupot, C., Dubourdieu, D., and Darriet, P. (2004).
Effects of Uncinula necator on the yield and quality of grapes and wine. Plant
Patol. 53, 434–445. doi: 10.1111/j.0032-0862.2004.01016.x
Campo, E., Cacho, J., and Ferreira, V. (2008). The chemical characterization of the
aroma of dessert and sparkling white wines (Pedro Ximénez, Fino, Sauternes,
and Cava) by gas chromatography-olfactometry and chemical quantitative
analysis. J. Agric. Food Chem. 56, 2477–2484. doi: 10.1021/jf072968l
Carrau, F., Medina, K., Fariña, L., Boido, E., and Dellacassa, E. (2010). Effect
of Saccharomyces cerevisiae inoculum size on wine fermentation aroma
compounds and its relation with assimilable nitrogen content. Int. J. Food
Microbiol. 143, 81–85. doi: 10.1016/j.ijfoodmicro.2010.07.024
Cleenwerck, I., and De Vos, P. (2008). Polyphasic taxonomy of acetic acid bacteria:
an overview of the currently applied methodology. Int. J. Food Microbiol. 125,
2–14. doi: 10.1016/j.ijfoodmicro.2007.04.017
Darriet, P., Pons, M., Henry, R., Dumont, O., Findeling, V., Cartolaro, P., et al.
(2002). Impact odorants contibuting to the fungus type aroma from grape
berries contaminated by powdery mildew (Uncinula necator); incidence of
enzymatic activities of the yeast Saccharomyces cerevisiae. J. Agric. Food Chem.
50, 3277–3282. doi: 10.1021/jf011527d
Engel, W., Bahr, W., and Schieberle, P. (1999). Solvent assisted flavour
evaporation-a new and versatile technique for the careful and direct isolation
of aroma compounds from complex food matrices. Eur. Food Res. Technol. 209,
237–241. doi: 10.1007/s002170050486
Fedrizzi, B., Tosi, E., Simonato, B., Finato, F., Cipriani, M., Caramia, G., et al.
(2011). Changes in wine aroma composition according to botrytized berry
percentage: a preliminary study on Amarone wine. Food Technol. Biotechnol.
49, 529–535.
Gadoury, D., Seem, R., Pearson, R., and Wilcox, W. (2001). Effects of powdery
mildew on vine growth, yield, and quality of concord grapes. Plant Dis. 85,
137–140. doi: 10.1094/PDIS.2001.85.2.137
Genovese, A., Gambuti, A., Piombino, P., and Moio, L. (2007). Sensory properties
and aroma compounds of sweet Fiano wine. Food Chem. 103, 1228–1236.
doi: 10.1016/j.foodchem.2006.10.027
Grosch, W. (2001). Evaluation of the key odorants of food by dilution
experiments, Aroma models and omission. Chem. Senses 26, 533–545.
doi: 10.1093/chemse/26.5.533
Hare, R. C. (1966). Physiology of resistance to fungal diseases in plants. Bot. Rev.
32, 95–137. doi: 10.1007/BF02858657
Hwang, B. K., Lim, S. W., Kim, B. S., Lee, J. Y., and Moon, S. S. (2001). Isolation
and in vivo and in vitro antifungal activity of phenylacetic acid and sodium
phenylacetate from Streptomyces humidus. Appl. Env. Microbiol. 67, 3739–3745.
doi: 10.1128/AEM.67.8.3739-3745.2001
Ky, I., Lorrain, B., Jourdes, M., Pasquier, G., Fermaud, M., Geny, L., et al. (2012).
Assessment of grey mould (Botrytis cinerea) impact on phenolic and sensory
quality of Bordeaux grapes, musts and wines for two consecutive vintages. Aust.
J. Grape Wine Res. 18, 215–226. doi: 10.1111/j.1755-0238.2012.00191.x
La Guerche, S., Chamont, S., Blancard, D., Dubourdieu, D., and Darriet, P.
(2005). Origin of (−)-geosmin on grapes: on the complementary action of two

Frontiers in Chemistry | www.frontiersin.org

8

August 2017 | Volume 5 | Article 57

Lopez Pinar et al.

Fungi Influence on Wine Odorants

Zoecklein, B. W., Williams, J. M., and Duncan, S. E. (2000). Effect of sour rot on
the composition of white riesling (Vitis vinifera L) grapes. Small Fruits Rev. 1,
63–77. doi: 10.1300/J301v01n01_08

Steel, C. C., Blackman, J. W., and Schmidtke, L. M. (2013). Grapevine bunch rots:
impacts on wine composition, quality, and potential procedures for the removal
of wine faults. J. Agric. Food Chem. 61, 5189–5206. doi: 10.1021/jf400641r
Stummer, B. E., Francis, I. L., Markides, A. J., and Scott, E. S. (2003). The effect of
powdery mildew infection of grape berries on juice and wine composition and
on sensory properties of Chardonnay wines. Aust. J. Grape Wine Res. 9, 29–39.
doi: 10.1111/j.1755-0238.2003.tb00229.x
Stummer, B. E., Francis, L., Zanker, T., Lattey, K. A., and Scott, E. S. (2005). Effects
of powdery mildew on the sensory properties and composition of Chardonnay
juice and wine when grape sugar ripeness is standardised. Aust. J. Grape Wine
Res. 11, 67–76. doi: 10.1111/j.1755-0238.2005.tb00280.x
Tosi, E., Fedrizzi, B., Azzolini, M., Finato, F., Simonato, B., and Zapparoli, G.
(2012). Effects of noble rot on must composition and aroma profile of Amarone
wine produced by the traditional grape withering protocol. Food Chem. 130,
370–375. doi: 10.1016/j.foodchem.2011.07.053
Wightman, F., and Lighty, D. L. (1982). Identification of phenylacetic acid as
a natural auxin in the shoots of higher plants. Physiol. Plant. 55, 17–24.
doi: 10.1111/j.1399-3054.1982.tb00278.x

Frontiers in Chemistry | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer YL and handling Editor declared their shared affiliation, and
the handling Editor states that the process nevertheless met the standards of a fair
and objective review.
Copyright © 2017 Lopez Pinar, Rauhut, Ruehl and Buettner. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

9

August 2017 | Volume 5 | Article 57

