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ABSTRACT: Application of the aroma extract dilution analysis (AEDA) on a distillate prepared from freshly squeezed juice of
Dornfelder grapes revealed (3Z)-hex-3-enal and trans-4,5-epoxy-(2E)-dec-2-enal with the highest flavor dilution (FD) factors. In
contrast, in the final Dornfelder wine prepared thereof, the highest FD factors were found for 2-phenylethyl acetate, 2-phenylethan-
1-ol, and (E)-β-damascenone. However, for example, among others, (3Z)-hex-3-enal no longer appeared as an important odorant.
To monitor the olfactory changes occurring in single processing steps from Dornfelder grapes to the final wine, selected odorants in
grape juice, must, and young as well as aged wine from the same batch of Dornfelder grapes were quantitated. In particular, (3Z)-
hex-3-enal and hexanal decreased considerably during mashing, while, as to be expected, the concentrations of yeast metabolites, e.g.,
odor-active alcohols and esters, drastically increased during fermentation. To reveal the influence of barrel aging, the odorants of the
same Dornfelder wine aged in either barrique barrels or steel tanks were compared.
KEYWORDS: Dornfelder grapes, Dornfelder red wine, barrique barrel, steel tank, stable isotopically substituted odorants

■ INTRODUCTION
Besides color and taste, aroma is undoubtedly the most
important quality attribute of wine, and thus, the identification
of odorants has been a research topic in numerous investigations
in the past, as documented in a selection of literature data.1−7

The results showed that, in particular, the grape variety, the
fermentation process, and the storage in barrels are key
parameters influencing the overall aroma of the final wine.

Several studies have already been undertaken to clarify the
odorants of different grape varieties. Beak et al.8 and Fan et al.9

analyzed the odorants in grapes of the varieties Muscadine,8

Cabernet Gernischt,9 Cabernet Sauvignon,9 Cabernet Franc,9

and Merlot9 by gas chromatography−olfactometry (GC−O).
Unexpectedly, Fan et al.9 identified the same odor-active
compounds in all examined grape varieties, but their
concentrations varied, thereby indicating that the characteristic
odors of the different varietals depended upon quantitative
rather than qualitative differences in the odor-active com-
pounds.

In particular, the well-known amino acid metabolism, known
as the Ehrlich degradation, leads to the formation of a certain
group of potent odorants in many alcoholic beverages, such as
wine, e.g., alcohols, aldehydes, and esters.4,10,11 Hernańdez-Orte
et al.12 added selected amino acids to grape juice, for example,
phenylalanine, and observed that the content of 2-phenylethan-
1-ol was higher in the fermented grape juice supplemented with
the amino acid than in the grape juice without the addition.
Besides the amino acid metabolism, further odorants present in
the final wine were either transferred directly from the grape
juice or were formed from odorless precursors in grapes, such as
glycosides and S-conjugates. The hydrolysis of glycosides can
occur either enzymatically during fermentation or by acid

hydrolysis during aging. Ugliano and Moio13 found that the
yeast-driven enzymatic hydrolysis of glycosides was the major
formation pathway for linalool and geraniol, while an acid
hydrolysis led, among other compounds, to the generation of
terpinen-4-ol and (E)-β-damascenone. In a last step of
winemaking, storage in oak barrels has a huge influence on the
aroma of the wine,4 and wines stored in oak, especially in
barrique barrels, are commonly rated by the consumer to be of
higher quality. For example, Jarauta et al.14 compared the
volatiles of red wine that was stored in oak barrels to the same
wine stored in stainless-steel tanks. Aging in oak affected many
volatiles, including (4R,5R)-5-butyl-4-methyloxolan-2-one
(whiskey lactone and oak lactone) and 4-hydroxy-3-methox-
ybenzaldehyde (vanillin), which are considered as key oak-
derived compounds.4

To summarize, numerous studies have been published on the
odor-active compounds of red wine, and also, the influence of
single manufacturing steps on changes in wine volatiles has been
reported. However, to the best of our knowledge, no data are
available on changes of important odorants in Dornfelder grape
juice on the way from grape juice to the final wine by application
of the sensomics concept for the identification of odorants.15

Most previous studies were focused on either one single step of
the manufacturing process or only a few odorants. Therefore, the
aim of the present study was, first, to characterize the odorants in
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a freshly squeezed Dornfelder grape juice and in a steel tank-
aged wine produced thereof. Second, monitoring the concen-
tration of selected odorants during wine production using the
same batch of grapes should be performed, and finally, major
odorants in red wine of the same vintage and vineyard either
stored in barrique barrels and steel tanks should be compared to
elucidate the influence of the oak material on the odorant
spectrum.

■ MATERIALS AND METHODS
Samples. Dornfelder samples were obtained from a wine grower in

the Rheinhessen region (Germany). Grape juice odorants were
analyzed between 1 and 4 days after harvest of the fruits. For mash
preparation, grapes were pressed, the mash was kept for 24 h, and a non-
yeasted must was received after pressing. For wine preparation,
Saccharomyces cerevisiae yeast was added to the non-pasteurized mash,
and the material was fermented for 2 weeks. The fermented mash was
pressed to obtain a young wine, of which one half was directly analyzed.
The second half was filled in used French oak barrels and stored for 7
months. Another batch of young Dornfelder wine from the same grapes
was stored in either steel tanks for 6 months or barrique barrels for 17
months. The barrique barrels (225 L) were made of French oak, and the
barrels had already been used twice. Storage took place in a dark cellar at
an average of 12 °C.
Reference Odorants. Synthetic reference compounds for odorants

2−8, 10−28, 30−32, 34, 36−40, and 42−44 were obtained from
Merck (Darmstadt, Germany); compounds 9 and 35 were purchased
from Lancaster (Mühlheim, Germany); compound 29 was a gift from
Symrise (Holzminden, Germany); compound 41 was a gift from the
Australian Wine Research Institute (AWRI, Adelaide, Australia); and
compound 33 was synthesized as detailed in the literature.16

Stable Isotopically Substituted Odorants. The synthesis of
several internal standards was performed as recently described.17 In
addition, the following compounds were synthesized as detailed in the
literature: (2H4)-8,18 (2H2)-pent-1-en-3-one,19 (2H2)-1020 using a
modified Lindlar catalyst,21 (2H2−4)-1418 using oct-3-yn-1-ol (Merck)
as an educt, (2H3)-15,22 (2H2)-20,23 (2H2)-21,24 (2H3)-25,25 (2H4)-
33,26 and (2H4)-39.27

Gas Chromatography−Olfactometry (GC−O). GC−O was
performed using a Carlo Erba gas chromatograph type 5160 Mega
series (Milano, Italy). The fused silica columns used were either an
Agilent DB-FFAP or Agilent DB-5 column, both 30 m × 0.32 mm inner
diameter, 0.25 μm film (Waldbronn, Germany). The initial oven
temperature of 40 °C was held for 2 min, followed by a gradient of 6 °C/
min. The final temperature of 230 °C (DB-FFAP) or 250 °C (DB-5)
was held for 5 min. The injection volume was 1 μL. For GC−O, the
effluent was split 1:1 by volume at the end of the column by means of a
Y-shaped glass splitter and two deactivated fused silica capillaries (50
cm × 0.25 mm inner diameter). One half was conveyed to a flame
ionization detector (FID) held at 240 °C, and the other half was
conveyed to a heated sniffing port (250 °C). The method was
performed as previously described.17

Gas Chromatography−Mass Spectrometry (GC−MS). For
compound identification, 0.5 μL of the distillate was analyzed by means
of a Hewlett-Packard 5890 Series II gas chromatograph (Heilbronn,
Germany) connected to a Finnigan MAT 95 sector field mass
spectrometer (Bremen, Germany). The fused silica columns used
were either an Agilent DB-FFAP or Agilent DB-5 column, both 30 m ×
0.25 mm inner diameter, 0.25 μm film. The oven temperature program
was comparable to the GC−O analyses. Mass spectra were generated in
the electron ionization (MS−EI) mode at 70 eV with a scan range ofm/
z 35−300. The Thermo Scientific Xcalibur software (Dreieich,
Germany) was used for the evaluation of the mass spectra.

For compound quantitation, either a one-dimensional GC−MS
system or a two-dimensional heart-cut GC−GC−MS system was used.
As a one-dimensional instrument, a Varian CP 3800 gas chromatograph
(Darmstadt, Germany) equipped with a CTC Analytics Combi PAL
autosampler (Zwingen, Switzerland) was connected to a Varian Saturn
2000 mass spectrometer operated in the chemical ionization (MS−CI)
mode with methanol as the reagent gas. The Agilent DB-FFAP column,
30 m × 0.25 mm inner diameter, 0.25 μm film, was operated as
described above. The injection volume was 2 μL. The Varian MS
Workstation software was used for the evaluation of the mass spectra.
As a two-dimensional heart-cut instrument, a GC−GC−MS system
with a Thermo Trace GC Ultra gas chromatograph equipped with a
CTC Analytics Combi PAL autosampler was coupled to a Varian CP
3800 as the second gas chromatograph. The fused silica column in the
first gas chromatograph was the Agilent DB-FFAP column, 30 m × 0.32
mm inner diameter, 0.25 μm film, as described above, and an Agilent
DB-1701 column, 30 m × 0.25 mm inner diameter, 0.25 μm film, was
installed in the second gas chromatograph. The column end in the first
gas chromatograph was connected to a Thermo moving column stream
switching (MCSS) device, and the column end in the second gas
chromatograph was connected to a Varian Saturn 2200 mass
spectrometer operated in the MS−CI mode with methanol as the
reagent gas. The oven temperature programs were comparable, as
mentioned above. The injection volume was 2 μL. The Varian MS
Workstation software was used for the evaluation of the mass spectra.
Isolation of Volatiles. The grape juice was obtained by means of a

Philips Viva Collection, HR 1832/00 kitchen squeezer (Hamburg,
Germany). Immediately after squeezing, an aqueous saturated calcium
chloride solution (100 mL) was added to avoid enzymatic reactions.
Volatiles were isolated by extraction with diethyl ether followed by
application of the solvent-assisted flavor evaporation (SAFE).28 The
distillate was concentrated to 1 mL. The detailed workup procedure
applied to all samples was performed as previously described for red
wine.17

Aroma Extract Dilution Analysis (AEDA). The concentrated
volatile fractions were stepwise-diluted 1:2 with diethyl ether, and each
diluted sample was subjected to GC−O. Each odorant was assigned a
flavor dilution (FD) factor, representing the dilution factor of the
highest diluted sample in which the odorant was detected during GC−
O analysis. The analysis was carried out as previously described.17

Odorant Quantitation. Various amounts of the respective sample
(0.05−500 mL) were used depending upon the amounts of the target

Table 1. Internal Standards, Quantifier Ions, and Calibration Lines Used for the Quantitation of Selected Odorants

quantifier ions (m/z)

odorant standard analyte standard calibration line equation R2

8 (2H4)-8 101 105 y = 1.0684x − 0.0831 0.999
9 (2H2)-pent-1-en-3-one 99 87 y = 0.6232x + 0.0171 1.000
10 (2H2)-10 81 83 y = 1.0143x − 0.0385 1.000
14 (2H2−4)-14 129 131−133 y = 1.1183x − 0.0306 1.000
15 (2H3)-15 153 156 y = 0.9712x − 0.0815 0.998
20 (2H2)-20 141 143 y = 1.1087x − 0.2196 0.997
21 (2H2)-21 137 139 y = 1.0381x − 0.1298 0.999
25 (2H3)-25 89 92 y = 0.9595x + 0.2309 0.999
33 (2H4)-33 139 143 y = 0.9294x + 0.0968 1.000
39 (2H4)-39 123 127 y = 0.7666x + 0.0060 1.000
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compounds estimated in preliminary experiments. The samples were
spiked with defined amounts of the stable isotopically substituted
odorants (resulting in concentrations of 1−5 μg/mL of each compound
in the extract). After equilibration for 30 min, the volatiles and internal
standards were extracted with diethyl ether and isolated by SAFE,28 as
described above. Compounds were analyzed using either the one-
dimensional GC−MS system (11, 16, 22−24, 31, and 42) or the heart-
cut GC−GC−MS system (2, 4−5, 7−10, 13−15, 17, 20−21, 25, 28−
30, 32−36, 38−40, and 43−44).

Peak areas of the analytes (8−10, 14−15, 20−21, 25, 33, and 39)
and the respective internal standards were calculated from the extracted
ion chromatograms using the quantifier ions detailed in Table 1. The

concentration of each target compound was then calculated from the
area counts of the analyte peak, the area counts of the standard peak, the
amount of Dornfelder sample used, and the amount of standard added,
by employing a calibration line equation (Table 1). To obtain the
calibration line equation, solutions of the reference analyte and
standard were mixed in different concentration ratios and analyzed
under the same conditions followed by linear regression. Detailed
information, e.g., on quantifier ions, for compounds 2, 4−5, 7, 11, 13,
16−17, 22−24, 28−32, 34−36, 38, 40, and 42−44 are given in the
previous publication.17

Compound 1 was quantitated enzymatically using an ultraviolet
(UV) test kit (R-Biopharm, Darmstadt, Germany).

Table 2. Twenty Two Important Odorants (FD Factor of ≥16) in the Volatile Fraction of Dornfelder Grape Juice

numbera odorantb odorc RId DB-FFAP FD factore

2 ethyl 2-methylpropanoate fruity 968 32
8 hexanal green, grassy 1087 256
9 hex-1-en-3-one pungent 1106 4096
10 (3Z)-hex-3-enal green, grassy 1139 ≥8192
12 (2E)-hex-2-enal green apple 1214 16
14 octanal citrusy 1279 32
15 3-isopropyl-2-methoxypyrazine pea, earthy 1430 2048
16 acetic acid vinegar 1445 512
18 3-sec-butyl-2-methoxypyrazine bell pepper, earthy 1496 128
19 3-isobutyl-2-methoxypyrazine green bell pepper, earthy 1518 128
20 (2E)-non-2-enal fatty 1527 256
21 linalool floral 1545 128
26 (R)-carvone mint 1714 128
29 (E)-β-damascenone cooked apple 1809 1024
30 2-methoxyphenol smoky 1864 256
31 2-phenylethan-1-ol floral, honey 1909 16
33 trans-4,5-epoxy-(2E)-dec-2-enal metallic 2004 ≥8192
36 4-hydroxy-2,5-dimethylfuran-3(2H)-one caramel 2042 128
38 4-allyl-2-methoxyphenolf clove 2167 16
41 rotundonef pepper 2256 32
43 phenylacetic acid honey 2570 128
44 4-hydroxy-3-methoxybenzaldehyde vanilla 2575 4096

aAll odorants were consecutively numbered according to their retention time on the DB-FFAP column. bEach odorant was identified by comparing
its retention indices on two fused silica columns of different polarity (DB-FFAP and DB-5), its mass spectrum obtained by GC−MS, as well as its
odor quality perceived during GC−O to data obtained from authentic reference compounds analyzed under equal conditions. cOdor quality as
perceived at the sniffing port during GC−O. dRetention index: calculated from the retention time of the compound and the retention times of
adjacent n-alkanes by linear interpolation. eFlavor dilution factor: dilution factor of the highest diluted sample prepared from the concentrated
volatile fraction in which the odorant was detected during GC−O by three panelists. fAn unequivocal mass spectrum of the compound could not be
obtained; identification was based on the remaining criteria detailed in footnote b.

Table 3. Concentrations, OTCs, and OAVs of 12 Major Odorants in Dornfelder Grape Juice

numbera odorant concentrationb (μg/L) OTCc (μg/kg) OAVd

10 (3Z)-hex-3-enale 91 0.12 760
29 (E)-β-damascenone 3.4 0.0060 570
8 hexanal 880 2.4 370
2 ethyl 2-methylpropanoate 30 0.089 340
9 hex-1-en-3-one 0.087 0.00069 130
21 linaloolf 71 0.58 120
15 3-isopropyl-2-methoxypyrazine 0.28 0.0039 72
20 (2E)-non-2-enal 4.4 0.19 23
14 octanal 16 3.4 4.7
33 trans-4,5-epoxy-(2E)-dec-2-enal 0.59 0.22 2.7
30 2-methoxyphenol 1.5 0.84 1.8
44 4-hydroxy-3-methoxybenzaldehyde 65 53 1.2

aAll odorants were consecutively numbered according to their retention time on the DB-FFAP column. bMeans of 2−3 repetitions; standard
deviations were ≤15%. cOrthonasal odor threshold concentration in water according to the Leibniz-LSB@TUM odorant database.29 dThe odor
activity value was calculated as ratio of the concentration to the odor threshold concentration. eConcentration refers to a Dornfelder grape juice of
the consecutive year. fOdor threshold concentration of the racemate.
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Table 4. Important Odorants (FD Factor of ≥16) in the Volatile Fraction of Dornfelder Wine Aged in Steel Tanks

numbera odorantb odorc RId DB-FFAP FD factore

2 ethyl 2-methylpropanoate fruity 968 2048
3 butane-2,3-dione butter 989 512
4 ethyl butanoate fruity 1039 512
5 ethyl 2-methylbutanoate fruity 1054 1024
6 pentane-2,3-dione butter 1057 16
7 ethyl 3-methylbutanoate fruity 1072 64
11 2- and 3-methylbutan-1-olf malty 1213 4096
13 ethyl hexanoate fruity 1237 64
15 3-isopropyl-2-methoxypyrazineg pea, earthy 1430 1024
16 acetic acid vinegar 1445 64
17 3-(methylsulfanyl)propanal cooked potato 1456 64
19 3-isobutyl-2-methoxypyrazineg green bell pepper, earthy 1518 64
21 linalool floral 1545 16
22 2-methylpropanoic acid sweaty, cheesy 1565 16
23 butanoic acid sweaty, cheesy 1627 256
24 2- and 3-methylbutanoic acidf sweaty 1666 512
25 3-(methylsulfanyl)propan-1-ol cooked potato 1714 64
27 pentanoic acid sweaty 1734 32
28 2-phenylethyl acetate floral, honey 1809 ≥8192
29 (E)-β-damascenone cooked apple 1809 ≥8192
30 2-methoxyphenol smoky 1864 32
31 2-phenylethan-1-ol floral, honey 1909 ≥8192
34 5-pentyloxolan-2-one coconut 2026 256
36 4-hydroxy-2,5-dimethylfuran-3(2H)-one caramel 2042 128
37 2-ethyl-4-hydroxy-5-methylfuran-3(2H)-oneg caramel 2082 16
38 4-allyl-2-methoxyphenol clove 2167 1024
40 3-hydroxy-4,5-dimethylfuran-2(5H)-one seasoning 2211 4096
42 decanoic acid soapy 2273 16
43 phenylacetic acid honey 2570 512
44 4-hydroxy-3-methoxybenzaldehyde vanilla 2575 16

aAll odorants were consecutively numbered according to their retention time on the DB-FFAP column. bEach odorant was identified by comparing
its retention indices on two fused silica columns of different polarity (DB-FFAP and DB-5), its mass spectrum obtained by GC−MS, as well as its
odor quality perceived during GC−O to data obtained from authentic reference compounds analyzed under equal conditions. cOdor quality as
perceived at the sniffing port during GC−O. dRetention index: calculated from the retention time of the compound and the retention times of
adjacent n-alkanes by linear interpolation. eFlavor dilution factor: dilution factor of the highest diluted sample prepared from the concentrated
volatile fraction in which the odorant was detected during GC−O by three panelists. fThese odorants were not separated on the fused silica column
used for AEDA; the FD factor refers to the mixture. gAn unequivocal mass spectrum of the compound could not be obtained; identification was
based on the remaining criteria detailed in footnote b.

Table 5. Concentrationsa (μg/L) of Selected Odorants in Dornfelder Grape Juice, Must, and Young and Oak Wood-Aged Wine
Taken from the Same Batch of Grapes

numberb odorant juice must young wine aged wine

8 hexanal 1300 66 ndc ndc

31 2-phenylethan-1-ol 100 500 35000 28000
10 (3Z)-hex-3-enal 91 ndc ndc ndc

21 linalool 48 5.2 14 50
44 4-hydroxy-3-methoxybenzaldehyde 25 40 11 110
7 ethyl 3-methylbutanoate 7.8 4.2 11 12
2 ethyl 2-methylpropanoate 3.4 0.93 16 83
30 2-methoxyphenol 1.9 0.61 2.0 6.0
29 (E)-β-damascenone 1.7 <0.1 1.1 1.4
40 3-hydroxy-4,5-dimethylfuran-2(5H)-one <0.1 0.18 1.0 2.5
24 2- and 3-methylbutanoic acidd ndc 140 1700 800
11 2- and 3-methylbutan-1-old ndc ndc 340000 280000

aMeans of 2−3 repetitions; standard deviations were ≤12%. bAll odorants were consecutively numbered according to their retention time on the
DB-FFAP column. cNot detected during GC−O analysis. dThese odorants were not separated on the fused silica column used for quantitation; the
concentration refers to the mixture.
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■ RESULTS AND DISCUSSION
Important Odorants in a Dornfelder Grape Juice. The

distillate of Dornfelder grape juice obtained by solvent
extraction and SAFE distillation28 was submitted to an AEDA,
which allowed for the localization of 22 odor-active compounds
with FD factors ranging from 16 to ≥8192 (Table 2).
Preliminary structural assignments were achieved by comparing
the linear retention indices (RIs) and odor descriptions of the
odorants recorded during AEDA to published data compiled in
the Leibniz-LSB@TUM odorant database.29 Structure pro-
posals were then confirmed by analyzing the corresponding
authentic reference compounds in an appropriate dilution by
GC−O and GC−MS. The approach allowed for the structural
assignment of all odor-active compounds (Table 2). High FD
factors were determined for green, grassy smelling (3Z)-hex-3-
enal (10) and metallic smelling trans-4,5-epoxy-(2E)-dec-2-enal
(33). (3Z)-Hex-3-enal has already been reported as volatile in
other grape varieties,30 whereas to our knowledge, trans-4,5-
epoxy-(2E)-dec-2-enal has not been mentioned in grape juice

before. With somewhat lower FD factors, hex-1-en-3-one (9;
pungent), 4-hydroxy-3-methoxybenzaldehyde (44; vanilla-like),
3-isopropyl-2-methoxypyrazine (15; pea-like, earthy), and (E)-
β-damascenone (29; cooked apple-like) were identified. Ten
further odorants were detected with FD factors ranging from
512 to 128: acetic acid (16; vinegar-like), hexanal (8; green,
grassy), (2E)-non-2-enal (20; fatty), 2-methoxyphenol (30;
smoky), 3-sec-butyl-2-methoxypyrazine (18; bell pepper-like,
earthy), 3-isobutyl-2-methoxypyrazine (19; green bell pepper-
like, earthy), linalool (21; floral), (R)-carvone (26, mint-like), 4-
hydroxy-2,5-dimethylfuran-3(2H)-one (36; caramel-like), and
phenylacetic acid (43; honey-like). The entire results of the
identification are summarized in Table 2. Apart from trans-4,5-
epoxy-(2E)-dec-2-enal and hex-1-en-3-one, all identified com-
pounds have already been mentioned in other grape
varieties.8,9,30−34 However, the odor contributions of these
volatiles were only partially confirmed in previous studies.

To obtain deeper insight into the role of single odorants in the
overall olfactory profile, odorants with high FD factors (at least
from FD of 64) were selected for quantitation using one- or two-
dimensional GC−MS systems. Stable isotopically substituted
odorants were employed as internal standards. The results
(Table 3) revealed concentrations ranging between very low
concentrations of 0.087 μg/L for hex-1-en-3-one and high
concentrations of 880 μg/L for hexanal, showing the highest
amounts. The second highest concentration was determined for
the second green, grassy smelling aldehyde (3Z)-hex-3-enal,
followed by linalool and 4-hydroxy-3-methoxybenzaldehyde.

To assess the odor potency of the individual juice odorants,
odor activity values (OAVs) were then calculated. Orthonasal
odor threshold concentrations (OTCs) in the grape juice were
approximated using OTCs in water. For 12 of the quantitated
odor-active compounds, an OAV of above 1 was calculated; only
these odorants are listed in Table 3. Green, grassy smelling (3Z)-
hex-3-enal showed the highest OAV, followed by cooked apple-
like smelling (E)-β-damascenone. Further OAVs of >100 were
found for hexanal, fruity smelling ethyl 2-methylpropanoate,
hex-1-en-3-one, and linalool. The high OAVs of green, grassy
smelling aldehydes (3Z)-hex-3-enal and hexanal fully correlate
with results of an olfactory profile analysis of the grape juice, with
the green, grassy attribute predominating (data not shown).
Both compounds are well-known constituents of fruits and leafy
vegetables and are known to be formed by enzymatic reactions
from linolenic and linoleic acids, respectively.35

Identification of Important Odorants in a Dornfelder
Red Wine Stored in Steel Tanks. The volatile fraction of a
Dornfelder wine aged in steel tanks was isolated by solvent
extraction and SAFE distillation.28 Application of the AEDA
resulted in 30 odor-active compounds with FD factors ranging
from 16 to ≥8192 (Table 4). Structural assignments were
achieved as described above for the juice and allowed for the
identification of all odor-active compounds (Table 4). High FD
factors were determined for floral, honey-like smelling 2-
phenylethyl acetate (28) and 2-phenylethan-1-ol (31), for
cooked apple-like smelling (E)-β-damascenone (29), for malty
smelling alcohols 2- and 3-methylbutan-1-ol (11), and for
seasoning-like smelling 3-hydroxy-4,5-dimethylfuran-2(5H)-
one (40). With somewhat lower FD factors, ethyl 2-
methylpropanoate (2; fruity), ethyl 2-methylbutanoate (5;
fruity), 3-isopropyl-2-methoxypyrazine (15; pea-like, earthy),
and 4-allyl-2-methoxyphenol (38; clove-like) were identified.
Seven further odorants were detected with FD factors ranging
from 512 to 128: butane-2,3-dione (3; buttery), ethyl butanoate

Figure 1. Changes in the concentrations of selected alcohols, ethyl
esters, and acids during manufacturing of Dornfelder red wine.
Concentrations are given in Table 5. Standard deviations were ≤12%.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c06234
J. Agric. Food Chem. 2022, 70, 13979−13986

13983

https://pubs.acs.org/doi/10.1021/acs.jafc.2c06234?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06234?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06234?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06234?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c06234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(4; fruity), 2- and 3-methylbutanoic acid (24; sweaty),
phenylacetic acid (43; honey-like), butanoic acid (23; sweaty,
cheesy), 5-pentyloxolan-2-one (34; coconut-like), and 4-
hydroxy-2,5-dimethylfuran-3(2H)-one (36; caramel-like)
(Table 4). The number of identified odorants was smaller in
the steel tank-aged wine compared to the barrel-aged wine
analyzed in our previous publication on Dornfelder wine,17 but
most of the compounds were identical. This aspect will be
discussed below.
Changes in the Concentrations of Selected Odorants

in Single Steps of the Manufacturing Process of a
Dornfelder Wine. A comparison of the odorants in the
Dornfelder grape juice (Table 2) to those in the Dornfelder wine
(Table 4) showed large differences. Therefore, to visualize the
impact of single steps in the entire manufacturing process on the
overall olfactory profile, selected odorants of different chemical
classes were quantitated in a Dornfelder grape juice, must, and
young and oak wood-aged wine, taken from the same batch of
grapes. Volatiles from the individual samples were isolated and
quantitated using stable isotopically substituted odorants as
internal standards. The highest concentration in this batch of
Dornfelder grape juice was detected for hexanal (1300 μg/L)
(Table 5). The concentration of the second green, grassy
smelling compound, (3Z)-hex-3-enal, was determined with 91
μg/L in the juice. Both aldehydes decreased during the
manufacturing process, and while (3Z)-hex-3-enal was only
detected in the juice, hexanal decreased by a factor of 20 during
mashing but was no longer detectable in the wine. This was
probably due to a reduction to hexan-1-ol during alcoholic

fermentation.36 Besides hexanal and (3Z)-hex-3-enal, also the
concentrations of linalool, ethyl 3-methylbutanoate, ethyl 2-
methylpropanoate, 2-methoxyphenol, and (E)-β-damascenone
decreased during mashing, probably as a result of bioconversions
caused by grape enzymes (Table 5). By destruction of the grape
cells during mashing, the enzymes present in the cells are
released and an enhanced enzyme reaction is possible. For
example, Oliveira et al.37 traced the decrease of C6-aldehydes to
enzyme reactions, and Rapp et al.38 attributed the decrease of
ethyl esters to enzymatic reactions during mashing. During
fermentation, the concentrations of 2-phenylethan-1-ol, linalool,
ethyl 3-methylbutanoate, 2-methoxyphenol, (E)-β-damasce-
none, 3-hydroxy-4,5-dimethylfuran-2(5H)-one, 2- and 3-meth-
ylbutanoic acid, 2- and 3-methylbutan-1-ol, but also ethyl 2-
methylpropanoate increased (Table 5). 2-Phenylethan-1-ol and
2- and 3-methylbutan-1-ol are well-known compounds formed
by yeast metabolism and are undoubtedly formed by a
degradation of the respective parent amino acids 2-phenyl-
alanine, isoleucine, and leucine following the Ehrlich pathway.
Figure 1 shows the influence of the manufacturing process of
Dornfelder wine on the concentrations of odorants formed by
yeast fermentation. Except for ethyl 2-methylpropanoate, which
was predominately formed during aging, juice fermentation was
the main step in the formation of the odor-active alcohols, ethyl
esters, and acids.
Influence of Aging in Oak Barrels on Important

Odorants in Dornfelder Red Wine. Dornfelder wine
prepared from the same batch of grapes was aged in either
barrique barrels or steel tanks, and 26 major odorants were

Table 6. Concentrationsa (μg/L) of Odorants in Dornfelder Red Wine Aged in Either Barrique Barrels (BBA) or Steel Tanks
(STA)

numberb odorant BBA STA

16 acetic acid 560000 270000
11 2- and 3-methylbutan-1-old 350000 290000
31 2-phenylethan-1-ol 26000 21000
1 acetaldehyde 5000 3700
25 3-(methylsulfanyl)propan-1-ol 2500 95
24 2- and 3-methylbutanoic acidd 1500 1100
22 2-methylpropanoic acid 1400 1200
23 butanoic acid 1300 250
13 ethyl hexanoate 540 210
42 decanoic acid 450 190
44 4-hydroxy-3-methoxybenzaldehyde 260 8.6
4 ethyl butanoate 240 240
39 4-ethylphenol 92 3.1
32 (4R,5R)-5-butyl-4-methyloxolan-2-one 59 ndc

43 phenylacetic acid 51 32
36 4-hydroxy-2,5-dimethylfuran-3(2H)-one 19 9.6
28 2-phenylethyl acetate 16 86
34 5-pentyloxolan-2-one 15 12
7 ethyl 3-methylbutanoate 13 7.9
38 4-allyl-2-methoxyphenol 9.4 12
5 ethyl 2-methylbutanoate 7.6 6.6
40 3-hydroxy-4,5-dimethylfuran-2(5H)-one 7.4 1.1
30 2-methoxyphenol 6.9 3.1
35 4-ethyl-2-methoxyphenol 5.8 0.21
17 3-(methylsulfanyl)propanal 3.5 0.83
29 (E)-β-damascenone 2.7 3.2

aMeans of 2−3 repetitions; standard deviations were ≤16%. bAll odorants were consecutively numbered according to their retention time on the
DB-FFAP column. cNot detected during GC−O analysis. dThese odorants were not separated on the fused silica column used for quantitation; the
concentration refers to the mixture.
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quantitated (Table 6). The highest concentration was
determined for acetic acid in barrique barrels (560 mg/L)
compared to 270 mg/L in steel tanks. Similar data were found
for 2- and 3-methylbutan-1-ol (350 mg/L, barrique; 290 mg/L,
steel) and 2-phenylethan-1-ol (26 mg/L, barrique; 21 mg/L,
steel). Nearly all quantitated odorants increased as a result of the
oak wood contact. Only 2-phenylethyl acetate decreased. As to
be expected, the only compound exclusively detected in the
barrel aged wine was (4R,5R)-5-butyl-4-methyloxolan-2-one.
Otsuka et al.39 identified 4-[(3,4-dihydroxy-5-methoxy-
benzoyl)oxy]-3-methyloctanoic acid in oak wood and suggested
it as the precursor of 5-butyl-4-methyloxolan-2-one. Masson et
al.40 later clarified the pathway for the formation of 5-butyl-4-
methyloxolan-2-one. This component may occur in four
stereoisomers, but in oak wood, only two of them were
previously identified.41 According to Garde-Cerdań and Anciń-
Azpilicueta,42 (4R,5R)-5-butyl-4-methyloxolan-2-one is re-
garded as the most important volatile of oak wood extracting
into wine during barrel aging.

A further difference in the odorants between the steel tank and
the barrique barrel-aged wine was, for example, 3-
(methylsulfanyl)propan-1-ol, which increased by a factor of
more than 25 in the barrel wine (Table 6). Also, the amounts of
4-hydroxy-3-methoxybenzaldehyde, 4-ethylphenol, and 4-ethyl-
2-methoxyphenol increased nearly 30 times during barrel aging.
The higher concentrations of these three compounds in the
barrique wine are suggested to be a result of lignin degradation,
because the ring substitution of ferulic acid is common in all
compounds. The pyrolysis of lignin is well-known during barrel
toasting. Spillman et al.43 confirmed that, in oak barrels, 4-
hydroxy-3-methoxybenzaldehyde was formed as a lignin
degradation product, mainly during coopering. Chatonnet et
al.44 mentioned that 4-ethylphenol and 4-ethyl-2-methoxyphe-
nol might have a microbiological origin. They supposed that
these compounds were formed in wines during aging by some
yeast species belonging to the genus Brettanomyces in the
presence of hydroxycinnamic acid.

The following odorants only showed a slight increase during
barrique aging: acetic acid, butanoic acid, ethyl hexanoate,
decanoic acid, 4-hydroxy-2,5-dimethylfuran-3(2H)-one, 3-
hydroxy-4,5-dimethylfuran-2(5H)-one, 2-methoxyphenol, and
3-(methylsulfanyl)propanal (Table 6). Contrary, the concen-
trations of 2- and 3-methylbutan-1-ol, 2-phenylethan-1-ol, 2-
methylpropanoic acid, ethyl butanoate, 5-pentyloxolan-2-one, 4-
allyl-2-methoxyphenol, ethyl 2-methylbutanoate, and (E)-β-
damascenone were identical in wines prepared by both aging
procedures (Table 6).

The study confirmed for the first time the molecular
background of the huge olfactory changes occurring on the
way from grape juice to the final Dornfelder red wine.
Interestingly, of the selected quantitated odorants, only the
concentrations of linalool and (E)-β-damascenone were
identical in the grape juice and the final Dornfelder wine
prepared thereof. However, the amounts of the free compounds
present in the juice were degraded/lost during must preparation
but were then released during fermentation/aging from their
precursors in the juice. In general, the key steps in the formation
of the overall olfactory profile of Dornfelder red wine are the
significant reduction of the concentrations of both green, grassy
smelling aldehydes delivered from the juice as well as the
formation of yeast metabolites generated by amino acid
degradation. Aging in a steel tank did not show differences in
most of the major odorants of the Dornfelder red wine, but the

steel tank wine consequently did not contain odorants released
from the oak barrels, such as (4R,5R)-5-butyl-4-methyloxolan-2-
one.
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(2) Polásǩová, P.; Herszage, J.; Ebeler, S. E. Wine flavor: Chemistry in

a glass. Chem. Soc. Rev. 2008, 37, 2478−2489.
(3) Ebeler, S. E.; Thorngate, J. H. Wine chemistry and flavor: Looking

into the crystal glass. J. Agric. Food Chem. 2009, 57, 8098−8108.
(4) Parker, M.; Capone, D. L.; Francis, L.; Herderich, M. J. Aroma

precursors in grapes and wine: Flavor release during wine production
and consumption. J. Agric. Food Chem. 2018, 66, 2281−2286.

(5) Ruiz, J.; Kiene, F.; Belda, I.; Fracassetti, D.; Marquina, D.;
Navascués, E.; Calderón, F.; Benito, A.; Rauhut, D.; Santos, A.; Benito,
S. Effects on varietal aromas during wine making: A review of the impact
of varietal aromas on the flavor of wine. Appl. Microbiol. Biotechnol.
2019, 103, 7425−7450.

(6) de-la-Fuente-Blanco, A.; Ferreira, V. Gas chromatography
olfactometry (GC−O) for the (semi)quantitative screening of wine
aroma. Foods 2020, 9, 1892.

(7) Welke, J. E.; Hernandes, K. C.; Nicolli, K. P.; Barbará, J. A.;
Biasoto, A. C. T.; Zini, C. A. Role of gas chromatography and
olfactometry to understand the wine aroma: Achievements denoted by
multidimensional analysis. J. Sep. Sci. 2021, 44, 135−168.

(8) Baek, H. H.; Cadwallader, K. R.; Marroquin, E.; Silva, J. L.
Identification of predominant aroma compounds in Muscadine grape
juice. J. Food Sci. 1997, 62, 249−252.

(9) Fan, W.; Xu, Y.; Jiang, W.; Li, J. Identification and quantification of
impact aroma compounds in 4 nonfloral Vitis vinifera varieties grapes. J.
Food Sci. 2010, 75, S81−S88.

(10) Bueno, M.; Carrascon, V.; Ferreira, V. Release and formation of
oxidation-related aldehydes during wine oxidation. J. Agric. Food Chem.
2016, 64, 608−617.

(11) Cordente, A. G.; Curtin, C. D.; Varela, C.; Pretorius, I. S. Flavour-
active wine yeasts. Appl. Microbiol. Biotechnol. 2012, 96, 601−618.

(12) Hernández-Orte, P.; Ibarz, M. J.; Cacho, J.; Ferreira, V. Addition
of amino acids to grape juice of the Merlot variety: Effect on amino acid
uptake and aroma generation during alcoholic fermentation. Food
Chem. 2006, 98, 300−310.

(13) Ugliano, M.; Moio, L. Free and hydrolytically released volatile
compounds of Vitis vinifera L. cv. Fiano grapes as odour-active
constituents of Fiano wine. Anal. Chim. Acta 2008, 621, 79−85.

(14) Jarauta, I.; Cacho, J.; Ferreira, V. Concurrent phenomena
contributing to the formation of the aroma of wine during aging in oak
wood: An analytical study. J. Agric. Food Chem. 2005, 53, 4166−4177.

(15) Steinhaus, M. Gas chromatography−olfactometry: Principles,
practical aspects and applications in food analysis. In Advanced Gas

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c06234
J. Agric. Food Chem. 2022, 70, 13979−13986

13985

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephanie+Frank"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5853-4839
https://orcid.org/0000-0001-5853-4839
mailto:s.frank.leibniz-lsb@tum.de
mailto:s.frank.leibniz-lsb@tum.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Schieberle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4153-2727
https://orcid.org/0000-0003-4153-2727
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06234?ref=pdf
https://doi.org/10.1111/j.1755-0238.2005.tb00283.x
https://doi.org/10.1111/j.1755-0238.2005.tb00283.x
https://doi.org/10.1039/b714455p
https://doi.org/10.1039/b714455p
https://doi.org/10.1021/jf9000555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf9000555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b05255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b05255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b05255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00253-019-10008-9
https://doi.org/10.1007/s00253-019-10008-9
https://doi.org/10.3390/foods9121892
https://doi.org/10.3390/foods9121892
https://doi.org/10.3390/foods9121892
https://doi.org/10.1002/jssc.202000813
https://doi.org/10.1002/jssc.202000813
https://doi.org/10.1002/jssc.202000813
https://doi.org/10.1111/j.1365-2621.1997.tb03978.x
https://doi.org/10.1111/j.1365-2621.1997.tb03978.x
https://doi.org/10.1111/j.1750-3841.2009.01436.x
https://doi.org/10.1111/j.1750-3841.2009.01436.x
https://doi.org/10.1021/acs.jafc.5b04634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5b04634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00253-012-4370-z
https://doi.org/10.1007/s00253-012-4370-z
https://doi.org/10.1016/j.foodchem.2005.05.073
https://doi.org/10.1016/j.foodchem.2005.05.073
https://doi.org/10.1016/j.foodchem.2005.05.073
https://doi.org/10.1016/j.aca.2008.03.002
https://doi.org/10.1016/j.aca.2008.03.002
https://doi.org/10.1016/j.aca.2008.03.002
https://doi.org/10.1021/jf0481960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf0481960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf0481960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/9781788015752-00337
https://doi.org/10.1039/9781788015752-00337
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c06234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Chromatography in Food Analysis; Tranchida, P. Q., Ed.; Royal Society
of Chemistry: Cambridge, U.K., 2019; Chapter 9, pp 337−399,
DOI: 10.1039/9781788015752-00337.

(16) Schieberle, P.; Grosch, W. Potent odorants of the wheat bread
crumb differences to the crust and effect of a longer dough
fermentation. Z. Lebensm.-Unters. Forsch. 1991, 192, 130−135.

(17) Frank, S.; Wollmann, N.; Schieberle, P.; Hofmann, T.
Reconstitution of the flavor signature of Dornfelder red wine on the
basis of the natural concentrations of its key aroma and taste
compounds. J. Agric. Food Chem. 2011, 59, 8866−8874.

(18) Steinhaus, M.; Sinuco, D.; Polster, J.; Osorio, C.; Schieberle, P.
Characterization of the key aroma compounds in pink guava (Psidium
guajava L.) by means of aroma re-engineering experiments and
omission tests. J. Agric. Food Chem. 2009, 57, 2882−2888.

(19) Thorkildsen, J.Characterization of Key Aroma Compounds Formed
during Peroxidation of Bulk Fish Oil and Insights into Oxidation
Mechanisms; Verlag Deutsche Forschungsanstalt für Lebensmittelche-
mie: Freising, Germany, 2014.

(20) Fielder, S.; Rowan, D. D. The synthesis of 3,4-2H2-3Z-hexenal
and 6,6,6-2H3-3Z-hexenal. J. Labelled Compd. Radiopharm. 1995, 36,
465−470.

(21) Rajaram, J.; Narula, A. P. S.; Chawla, H. P. S.; Dev, S.
Semihydrogenation of acetylenes: Modified Lindlar catalyst. Tetrahe-
dron 1983, 39, 2315−2322.

(22) Semmelroch, P. Untersuchungen zur Objektivierung des Un-
terschieds im Aroma von Arabica- und Robusta-Kaffee; Verlag Deutsche
Forschungsanstalt für Lebensmittelchemie: Garching, Germany, 1995.

(23) Guth, H.; Grosch, W. Determination of soya-bean oil:
Quantification of primary flavour compounds using a stable isotope
dilution assay. Lebensm. Wiss. Technol. 1990, 23, 513−522.

(24) Steinhaus, M.; Fritsch, H. T.; Schieberle, P. Quantitation of (R)-
and (S)-linalool in beer using a solid-phase microextraction (SPME) in
combination with a stable isotope dilution assay (SIDA). J. Agric. Food
Chem. 2003, 51, 7100−7105.

(25) Sen, A.; Grosch, W. Synthesis of six deuterated sulphur
containing odorants to be used as internal standards in quantification
assays. Z. Lebensm.-Unters. Forsch. 1991, 192, 541−547.

(26) Kreissl, J.; Schieberle, P. Characterization of aroma-active
compounds in Italian tomatoes with emphasis on new odorants. J. Agric.
Food Chem. 2017, 65, 5198−5208.

(27) Pollnitz, A. P.; Pardon, K. H.; Sefton, M. A. Quantitative analysis
of 4-ethylphenol and 4-ethylguaiacol in red wine. J. Chromatogr. A
2000, 874, 101−109.

(28) Engel, W.; Bahr, W.; Schieberle, P. 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. 1999, 209, 237−241.

(29) Kreissl, J.; Mall, V.; Steinhaus, P.; Steinhaus, M. Leibniz-LSB@
TUMOdorant Database, Version 1.2; Leibniz Institute for Food Systems
Biology at the Technical University of Munich: Freising, Germany,
2022; https://www.leibniz-lsb.de/en/databases/leibniz-lsbtum-
odorant-database (accessed Feb 25, 2022).

(30) Perestrelo, R.; Barros, A. S.; Rocha, S. M.; Cam̂ara, J. S.
Optimisation of solid-phase microextraction combined with gas
chromatography-mass spectrometry based methodology to establish
the global volatile signature in pulp and skin of Vitis vinifera L. grape
varieties. Talanta 2011, 85, 1483−1493.

(31) Van Dongen, W. D.; Donders, J. J. H. VCF Volatile Compounds in
Food, Database, Version 16.9; BeWiDo B.V.: Reeuwijk, Netherlands,
2022; https://www.vcf-online.nl (accessed June 24, 2022).

(32) Lacey, M. J.; Allen, M. S.; Harris, R. L. N.; Brown, W. V.
Methoxypyrazines in Sauvignon blanc grapes and wines. Am. J. Enol.
Vitic. 1991, 42, 103−108.

(33) García, E.; Chacón, J. L.; Martínez, J.; Izquierdo, P. M. Changes
in volatile compounds during ripening in grapes of Aireń, Macabeo and
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