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Simulation of Pilsner-type beer aroma using 76 odor-active compounds

Toru Kishimoto,* Shigekuni Noba, Nana Yako, Minoru Kobayashi, and Tetsuya Watanabe
Research Laboratories for Alcohol Beverages, Asahi Breweries Ltd., 1-1-21 Midori, Moriya-City, Ibaraki 302-0106, Japan

Received 14 February 2018; accepted 21 March 2018
Available online 19 April 2018
* Correspond
E-mail add

1389-1723/$
https://doi.or
Gas chromatography-olfactometry (GC-O) analyses of the aroma components extracted from Pilsner-type beer were
performed. The concentrations of all 76 components, that were identified after the GC-O analyses, were accurately
quantitated. The aroma compounds were then used in the following aroma simulation experiments, with ethanol and
water as matrices. The odorants with higher odor intensity in GC-O analysis and odor activity values (OAVs) were
selected first, and the selected 25 odorants were used in an aroma simulation experiment. The results of sensory analysis
showed that the simulation model using 25 odorants exhibited unbalanced characteristics and lacked the malty/cereal,
estery characteristics, the total amount of aroma, and the similarity compared to the reference Pilsner-type beer.
Addition of the 24 odorants, which were identified through the fractionations of whole aroma extract of beer and
expected to complement the malty/cereal characteristic, could not improve the aroma quality of the simulation model.
The aroma simulation experiments using 76 odorants indicated that the synergistic contributions of the multiple
odorants, with no independent contribution to the overall characteristics (including sub-threshold components) and
with no reminiscence of beer aroma, were necessary for the construction of beer aroma.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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This study investigated how aroma components contribute to
the overall aroma of Pilsner-type beer through the construction of
aroma simulation models. If a complete aroma simulation model is
constructed using only the chemical components, the investigation
of the contribution of each component becomes possible by
omission of components from the aroma simulation model,
although more than 660 constituents have been reported so far for
beer (1).

Many studies have been performed to reveal the odorants that
contribute to the beer aroma, using gas chromatography-
olfactometry (GC-O) analysis (2,3) and by evaluating their odor
activity value (OAV) which is the ratio of a component’s concen-
tration to its odor threshold (4,5).

Forty years ago, Meilgaard evaluated the sensorial contribution
of single volatiles to beer flavor by calculating the OAVs of 239 beer
constituents on the basis of quantitative data and the odor
thresholds determined for beer (6). In an investigation by Fritsch,
40 constituents were revealed as the odor-active odorants in a
Bavarian Pilsner-type beer by aroma extraction dilution analysis
(AEDA), with the highest flavor dilution (FD) factors found for ethyl
octanoate, (E)-b-damascenone, 2- and 3-methylbutanoic acid and
4-hydroxy-2,5-dimethyl-3(2H)-furanone (7). The quantitation of
26 odorants with higher FD factors by stable isotope dilution
analysis (SIDA) followed by the determination of their odor
thresholds in water revealed their OAVs. Ethanol, (E)-b-dam-
ascenone, (R)-linalool, acetaldehyde, ethyl butanoate, ethyl
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2-methylpropanoate and ethyl 4-methylpentanoate showed the
highest OAVs.

According to the general consensus on off-flavors, normally a
single compound above the threshold value, such as 3-methyl-2-
butene-1-thiol (8), (E)-2-nonenal (9), 2-sulfanyl-3-methyl-1-
butanol (10) and 2,4,6-trichloroanisole (11), contributes to the
heterogeneous characteristics of beer off-flavors.

In contrast, when discussing the savory characteristics of foods,
the contributing components are complicated and the contribu-
tions of sub-threshold components have been reported.
Kurobayashi et al. (12) investigated the flavor-enhancing effects of
the volatile constituents at sub-threshold levels in celery. In their
research, the samples were prepared by adding celery fractions to
chicken broth at a concentration such that their distinct odors were
not detected. They found that the volatile compounds in celery
enhanced the complex flavor of chicken broth more than the
nonvolatile compounds. The results of the sensory evaluation
revealed that sedanenolide, 3-n-butylphthalide and sedanolide
contribute to the complex flavor of chicken broth, and sedanenolide
was most effective. In an investigation by Miyazawa et al. (13), they
used a mixture including maple lactone and carboxylic acids in the
sensory difference test in order to quantify the interaction, where
the stimuli were controlled by air-dilution olfactometry. They
found that the addition of sub-threshold carboxylic acids increased
the statistical probability of identification in the test, and it was
revealed that a positive interaction (synergistic effect) occurred
between the odorants at perithreshold concentrations in the
mixture.

Simulation experiments of Pilsner-type beer aroma were
performed in the current study, using the odorants at the con-
centrations as they were in the reference beer. The contributions
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of the odorants, with no independent contributions to the overall
aroma characteristics, were examined through the simulation
tests.

MATERIALS AND METHODS

Reference beer A commercial Pilsner-type beer containing 5.2% (v/v) of
alcohol, with a bitterness unit (14) of 20.0 B.U., was obtained from Ibaraki plant of
Asahi Breweries, Ltd. (Ibaraki, Japan) immediately after production. Within the
frame of current study, this commercial Pilsner-type beer was assigned as the
reference beer and was examined throughout the experiments.

Chemicals The stable isotopes, sotolon-13C2 (77), trans-4,5-epoxy-(E)-2-
decenal-d2 (78), 1-octen-3-one-d3 (79), 2-acetyl-1-pyrroline-d4 (80), 2-sulfanyl-3-
methylbutanol-d8 (81), 3-methyl-2-buten-1-thiol-d6 (82), benzyl mercaptan-d5

(83), methional-d3 (84), (E)-2-nonenal-d2 (85), 2-aminoacetophenone-d5 (86), 2-
methoxy-d3-phenol (87), 2-methyl-d3-3-furanthiol (88), 3-sulfanyl-1-hexanol-d5

(89), (E,E)-2,4-decadienal-d4 (90), linalool-d5 (91), geraniol-d2 (92), citronellol-d2

(93), b-ionone-d3 (94), benzaldehyde-d6 (95), g-hexalactone-d5 (96), g-
nonalactone-d7 (97), dimethyl trisulfide-d6 (98), n-hexyl acetate-d3 (99), n-hexyl
alcohol-d2 (100), nonanoic acid-d3 (101), vanillin-d3 (102) and (Z)-1,5-octadiene-
3-one-d2 (110) were purchased from aromaLAB AG (Freising, Germany). Ethyl
acetate (1), 2-methylbutanal (2), 3-methylbutanal (3), ethyl propionate (4), ethyl
2-methylpropanoate (5), 2,3-butanedione (6), ethyl butanoate (7), 2,3-
pentanedione (8), ethyl 2-methylbutanoate (9), ethyl 3-methylbutanoate (10),
hexanal (11), 2-methyl-1-propanol (12), isoamyl acetate (14), ethyl 4-
methylpentanoate (15), 3-methyl-1-butanol (16), ethyl hexanoate (17), 1-octen-3-
one (18), 2-methyl-3-furanthiol (19), dimethyl trisulfide (22), 2,3,5-
trimethylpyrazine (23), 2-sulfanylethyl acetate (24), ethyl octanoate (25),
methional (26), furfural (27), decanal (29), (E,E)-2,4-heptadienal (30),
benzaldehyde (31), (R)-linalool (33), (E,Z)-2,6-nonadienal (34), benzyl mercaptan
(35), butanoic acid (36), phenylacetaldehyde (38), 3-sulfanyl-3-methyl-1-butanol
(39), 3-methylbutanoic acid (40), methionol (41), g-hexalactone (42), citronellol
(44), (E,E)-2,4-decadienal (45), 2-phenylethyl acetate (46), (E)-b-damascenone
(47), cyclotene (48), hexanoic acid (50), geraniol (51), guaiacol (52), ethyl 3-
phenylpropionate (53), 2-phenylethyl alcohol (54), g-octalactone (55), b-ionone
(56), maltol (57), g-nonalactone (59), furaneol (60), octanoic acid (61),
homofuraneol (62), ethyl cinnamate (63), sotolon (64), 4-vinylguaiacol (65), 2-
aminoacetophenone (66), maple furanone (67), decanoic acid (68), 9-decenoic
acid (69), 4-vinylphenol (70), indole (71), 3-methylindole (72), vanillin (74), 3-
phenylpropionic acid (75), raspberry ketone (76), (�)-borneol (103), 1-hexanethiol
(104), 2,3-hexanedione (105), 2-methyl-3-propylpyrazine (106), methyl
propionate (107), pentanal (108) and b-damascone (109) were purchased from
SigmaeAldrich (St Louis, MO). 2-Acetyl-1-pyrroline (20), (E)-2-nonenal (32) and
2-sulfanyl-3-methyl-1-butanol (37) were purchased from BOC Sciences (Shirley,
NY, USA). 3-Methyl-2-butene-1-thiol (13), 2-ethyl-3,5(6)-dimethylpyrazine (28),
3-sulfanylhexyl acetate (43), 3-sulfanyl-1-hexanol (49) and phenylacetic acid (73)
were purchased from Penta Manufacturing Company (Livingston, NJ, USA). (Z)-1,5-
Octadien-3-one (21) and trans-4,5-epoxy-(E)-2-decenal (58) were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). A solution of retention index
standard including the mixture of C7eC33 n-alkanes was purchased from Restek
(Bellefonte, PA, USA).

GC-O analysis and identification of the odorants Odorants were extracted
overnight gently from 1 L of the reference Pilsner-type beer using 0.5 L of CH2Cl2
so as not to make an emulsion. The CH2Cl2 extracts were then distilled using a
solvent-assisted flavor evaporation (SAFE) apparatus to remove non-volatile
compounds, and dried over anhydrous sodium sulfate for 30 min (referred to as
extract P), with reference to an existing study (15). The 400 mL of distilled
CH2Cl2 extracts were concentrated using a Kuderna-Danish evaporative
concentrator to 1 mL. GC-O analysis of the concentrated extract was performed
by CharmAnalysis (DATU Inc., Geneva, NY, USA) equipped with a DB-WAX
capillary column (Agilent Technologies, Santa Clara, CA, USA; length, 30 m;
i.d., 0.25 mm; film thickness, 0.25 mm), under a constant carrier helium gas flow
of 1 mL/min (16). The rate of humidified air flow into the sniff port was set at
20 L/min at 40�C. The oven temperature was programmed to rise from 35�C, at
which it was held for 10 min, to 230�C at a rate of 3�C/min. The concentrates of
1 mL volume were injected into the testing apparatus with the inlet temperature
set at 230�C in splitless mode. The original concentrate of odor extract was
diluted stepwise with dichloromethane to 4n (where n ¼ 0e5). The quantitative
responses to the eluting aromas were generated using Charmware (DATU Inc.)
to yield the Charm values. A series of alkanes (C7eC33) was also analyzed using
a flame ionization detector (FID) equipped in the CharmAnalysis to establish the
Kovats retention indices (RIs). Identifications of the compounds were performed
by comparing their odor qualities, Kovats retention indices (RIs) and mass
spectra with those of authentic compounds on a DB-WAX column (Agilent
Technologies; length, 30 m; i.d., 0.25 mm; film thickness, 0.25 mm) for GC
coupled to quadrupole mass spectrometry (GC/MS; Agilent 7890B-MSD5977B,
Agilent Technologies).
Fractionation of the aroma extracts from beer Odorants were extracted
overnight gently from 2.5 L of the reference Pilsner-type beer using 1.25 L of CH2Cl2
so as not to make an emulsion. The CH2Cl2 extracts were then distilled using a SAFE
apparatus, and dried over anhydrous sodium sulfate for 30 min (referred to as
extract Q). The 1 L of distilled CH2Cl2 extracts were concentrated to 10 mL using a
Kuderna-Danish evaporative concentrator. It was checked that the original aroma
characteristics were recovered in the concentrated extract. The filler for the
fractionation column, 250 g of aminopropyl group-modified silica gel (Wakogel
50NH2; Wako, Osaka, Japan), was suspended in 500 mL of CH2Cl2 and packed into
the column (40 mm i.d. � 500 mm length, Kiriyama ICL-A40-500). The 10 mL
aroma extract concentrate was applied to the fractionation column, and then
fractionated using CH2Cl2/methanol as the eluent. A mixture containing 500 mL of
CH2Cl2/methanol was used for the elution of 1 fraction, where the
CH2Cl2:methanol ratio ranged from 100:0 by volume for the fraction referred to as
Q-No. 1, then 70:1 for Q-No. 2, 50:1 for Q-No. 3, 40:1 for Q-No. 4, 30:1 for Q-No. 5,
20:1 for Q-No. 6, and 10:1 for Q-No. 7 and 8. 500 mL of the eluted fraction was
then concentrated to 1 mL. The concentrated eluates were evaluated by GC-O
analysis.

Quantitation of hop-derived terpenoids 33, 44, 47, 51 and 56 The
extraction of hop-derived terpenoids was conducted with reference to an existing
study (17), using the stir-bar sorptive extraction (SBSE, Gerstel, Germany) method
followed by the quantitation using GC/MS (Agilent 7890B-MSD5977B, Agilent
Technologies). Internal analytical standards 91, 93, 92, 94 and 109 were used for
the quantitation of 33, 44, 51, 56 and 47, respectively.

Quantitation of 6 and 8 The extraction and separation of the odorants were
conducted with reference to an existing study (18), using headspace GC equipped
with a VF-624 ms capillary column (60 m length � 0.32 mm i.d.; film
thickness, 1.8 mm; Agilent Technologies), followed by the detection with an
electron capture detector (mECD), using a compound 105 as the internal analytical
standard.

Quantitation of volatile thiols 19, 24, 35, 37, 39, 43 and 49 The extraction
of volatile thiols was performed with reference to an existing study (15), using a
strongly basic anion-exchanger resin (Dowex 1) and sodium p-
hydroxymercuribenzoate (pHMB). The quantitation of 19 and 24 were conducted
by a GC/MS system, equipped with a DB-XLB column for 19, and a DB-5MS
capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies) for 24. Internal analytical standards 88 and 104 were used for the
quantitation of 19 and 24, respectively. The GC/MS system was operated in the
electron ionization (EI) mode with selection ion monitoring (SIM) at m/z 114 for
19 and m/z 60 for 24.

The quantitation of 35, 37 and 39 were performed using a GC triple quadrupole
mass spectrometer (Agilent 7010 Triple Quadrupole GC/MS System, Agilent Tech-
nologies) equipped with a DB-WAX capillary column (30 m length � 0.25 mm i.d.;
film thickness, 0.25 mm; Agilent Technologies). A compound 83 was used for the
quantitation of 35, and a compound 81was used for the quantitation of 37 and 39 as
internal analytical standards. The system was operated in the multiple reaction
monitoring (MRM) mode, with the precursor ion to the product ion set at m/z
124 / 91 for 35, 120 / 89 for 37, and 120 / 86 for 39.

The quantitation of 43 and 49 were performed by multidimensional (MD)-GC/
MS using an Agilent 6890 GC (Agilent Technologies) equipped with a DB-5MS
capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies) as the first column, a multicolumn switching system (MCS2; Gerstel,
Mulheim a/d Ruhr, Germany), and an Agilent 6890 GC coupled to MSD5973N
quadrupole mass spectrometer equipped with a DB-WAX capillary column (30 m
length x 0.25 mm i.d.; film thickness, 0.25 mm; Agilent Technologies) as the second
column. An internal analytical standard 89 was used for the quantitation of 43 and
49. The system was operated in EI mode with SIM at m/z 116 for 43 and m/z 134 for
49.

Quantitation of 13, 15 and 22 The extraction and quantitation of odorants
were conducted with reference to an existing study (15), using the large volume
dynamic headspace (LVDH) method with an Entech 7100A system (Entech, Simi
Valley, CA), followed by quantitation using a GC/MS system equipped with a DB-1
capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies). Internal analytical standards 82, 98 and 107 were used for the
quantitation of 13, 22 and 15, respectively. The GC/MS system was operated in EI
mode with SIM at m/z 102 for 13, m/z 101 for 15, and m/z 126 for 22.

Quantitation of 2, 3, 11, 26, 27, 29 and 31 The extraction and quantitation of
odorants were conducted with reference to an existing study (19), using solid-phase
microextraction (SPME) with an on-fiber derivatization system using o-(2,3,4,5,6-
pentafluorobenzyl) hydroxylamine hydrochloride (PFBOA), followed by
quantitation using a GC/MS system equipped with a DB-5MS capillary column
(30 m length � 0.25 mm i.d.; film thickness, 0.5 mm; Agilent Technologies). A
compound 108 was used for the quantitation of 2, 3, 11, 29, and a compound 84
for the quantitation of 26, and a compound 95 for the quantitation of 27 and 31
as an internal analytical standard. The GC/MS system was operated in EI mode
with SIM at m/z 266 for 2, m/z 281 for 3, m/z 239 for 11 and 29, m/z 299 for 26, m/
z 291 for 27, and m/z 301 for 31.

Quantitation of 30, 32, 34, 38 and 45 The extraction of odorants was
conducted with reference to an existing study (20), using SBSE with in situ
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derivatization of PFBOA. The quantitation of odorants were performed using the
MRM mode of a GC triple quadrupole mass spectrometer system (Agilent 7000C
GC/MS Triple Quad system, Agilent Technologies) equipped with a DB-WAX
capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies). A compound 85 was used for the quantitation of 30, 32, 34, and a
compound 90 was used for the quantitation of 38, 45 as an internal analytical
standard. The system was operated in MRM mode, with the precursor to product
ion values set at m/z 305 / 181 for 30, 335 / 181 for 32, 333 / 181 for 34,
315 / 181 for 38, and 347 / 181 for 45.

Quantitation of 1, 4, 12, 14, 16, 17, 25, 46 and 54 The extraction of odorants
using carbon disulfide was conducted with reference to an existing study (21),
followed by the quantitation using a GC/MS system equipped with a DB-WAX
capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies). A compound 99 was used for the quantitation of 1, 4, 14, 17, 25, 46,
and a compound 100 was used for the quantitation of 12, 16, 54 as the internal
analytical standards. The GC/MS system was operated in EI mode with SIM at m/z
88 for 1, m/z 102 for 4, m/z 74 for 12, m/z 87 for 14, m/z 70 for 16, m/z 99 for 17,
m/z 127 for 25, m/z 104 for 46, and m/z 122 for 54.

Quantitation of 20, 23, 28, 71 and 72 1 L of reference beer including internal
analytical standards was distilled using SAFE apparatus, after which the odorants
were extracted using 0.5 L of CH2Cl2. The extract was concentrated to 1 mL using a
Kuderna-Danish evaporative concentrator. The quantitation of the odorants in the
concentrated extract were performed using a GC/MS system equipped with a DB-
17 capillary column (30 m length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent
Technologies). A compound 80 was used for the quantitation of 20, and a
compound 106 was used for the quantitation of 23, 28, 71, 72 as the internal
analytical standards. The GC/MS system was operated in EI mode with SIM at m/z
83 for 20, m/z 81 for 23, m/z 136 for 28, m/z 90 for 71, and m/z 131 for 72.

Quantitation of 5, 7, 9, 10, 41, 42, 52, 53, 55, 57, 59, 60, 63, 66 and 76 The
odorants were extracted by liquid�liquid extraction using CH2Cl2. A 300 mL sample
of reference beer, containing 60 g of ammonium sulfate and internal analytical
standards, was extracted by stirring gently with 100 mL of CH2Cl2 for 1 h at room
temperature. The CH2Cl2 layer was then separated and dried with anhydrous
sodium sulfate for 30 min and concentrated to 100 mL by N2 gas purging. The
quantitation of the odorants in the concentrated extract were performed using a
GC/MS system equipped with a DB-WAX capillary column (60 m
length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent Technologies). A
compound 99 was used for the quantitation of 5, 7, 9, 10, 53, 63, a compound 100
for the quantitation of 41, 57, a compound 96 for the quantitation of 42, 76, a
compound 97 for the quantitation of 55, 59, a compound 103 for the quantitation
of 60, a compound 86 for the quantitation of 66, and a compound 87 for the
quantitation of 52 as the internal analytical standards. The GC/MS system was
operated in EI mode with SIM at m/z 116 for 5, m/z 88 for 7 and 10, m/z 102 for 9,
m/z 128 for 60, m/z 106 for 41, m/z 124 for 52, m/z 178 for 53, m/z 100 for 55, m/z
126 for 57, m/z 85 for 42 and 59, m/z 176 for 63, m/z 120 for 66, and m/z 107 for 76.

Quantitation of 48, 62, 64 and 67 The odorants including internal analytical
standards were extracted by liquid�liquid extraction using CH2Cl2 and concentrated
as described above. The quantitation of the odorants in the concentrated extract
were performed using a GC/MS system equipped with an InertCap Pure-WAX
capillary column (60 m length � 0.25 mm i.d.; film thickness, 0.25 mm; GL
Sciences, Tokyo, Japan) under a constant carrier helium gas flow of 1 mL/min 1 mL
of the concentrate was injected using the pulsed splitless mode. A compound 77
was used as the internal analytical standard. The GC/MS system was operated in
EI mode with SIM at m/z 112 for 48, m/z 142 for 62, m/z 128 for 64, and m/z 142
for 67.

Quantitation of 36, 40, 50, 61, 68, 69, 73 and 75 A 300 mL sample of
reference beer, containing 75 g of NaCl, 7.5 mL of 3 N HCl and an internal analytical
standard, was extracted with 150 mL of CH2Cl2 for 1 h at room temperature. The
CH2Cl2 layer was then separated and dried with anhydrous sodium sulfate for
30 min and concentrated to 1 mL by N2 gas purging. The quantitation were per-
formed using a GC/MS system equipped with a DB-FFAP capillary column (30 m
length � 0.25 mm i.d.; film thickness, 0.25 mm; Agilent Technologies). A
compound 101 was used as an internal analytical standard. The GC/MS system
was operated in EI mode with SIM at m/z 73 for 36, m/z 87 for 40, 50, m/z 115 for
61, m/z 172 for 68, m/z 152 for 69, m/z 136 for 73, and m/z 150 for 75.

Quantitation of 58 The extraction and quantitation of the odorants were
conducted with reference to an existing study (22). 1.6 mL of 0.2 M EDTAwas added
to 100 mL of beer containing a compound 78 as the internal analytical standard,
followed by degassing for 30 min using ultrasonic waves. The degassed sample
was added to a conditioned Inert Sep C18 column (1 g/6 mL, GL Sciences). Then,
the column was washed with 6 mL of 0.1 N NaHCO3 and then with 18 mL of
MilliQ water, followed by evaporation to dryness for 60 min. The odorants in the
column were extracted using 8 mL of pentane, followed by dehydration with
sodium sulfate. The extract was concentrated to 50 mL by N2 gas purging. The
quantitation of the odorants in the concentrated extract were performed using a
GC/MS system (Agilent 6890N-MSD5975C, Agilent Technologies) equipped with a
DB-5MS capillary column (60 m length � 0.25 mm i.d.; film thickness, 0.25 mm;
Agilent Technologies) under a constant carrier helium gas flow of 1 mL/min 1 mL
of the concentrate was injected using the pulsed splitless mode. The GC/MS
system was operated in the negative chemical ionization (NCI) mode using
methane gas, with an ion source temperature of 150�C, and a quadrupole
temperature of 150�C. The GC/MS system was operated in EI mode with SIM at
m/z 97.

Quantitation of 18 and 21 The extraction and quantitation of the odorants
were conducted with reference to an existing study (22). 1.6 mL of 0.2 M EDTA was
added to 100 mL of beer containing compounds 79 and 110 as the internal analytical
standard, followed by degassing for 30 min using ultrasonic waves. The degassed
sample was added to the conditioned Inert Sep C18 column (1 g/6 mL, GL
Sciences). The column was then washed first with 6 mL of 0.1 N NaHCO3 and then
with 18 mL of MilliQ water, followed by evaporation to dryness for 15 min. The
odorants in the column were extracted using 8 mL of methanol followed by
derivatization with PFBOA in a water bath maintained at 40�C for 2 h. Then, the
8 mL of derivatized extract was added to the conditioned Inert Sep C18 column
(1 g/6 mL, GL Sciences) followed by washing using 18 mL of MilliQ water and
drying for 60 min. The derivatized odorants in the column were extracted using
8 mL of pentane, followed by dehydration with sodium sulfate. The extract was
concentrated to 50 mL by N2 purging. The quantitation of the odorants in the
concentrated extract were performed using a GC triple quadrupole mass
spectrometer (Agilent 7010 Triple Quadrupole GC/MS System, Agilent
Technologies) equipped with a DB-1701 capillary column (60 m length � 0.25 mm
i.d.; film thickness, 0.25 mm; Agilent Technologies) under a constant carrier
helium gas flow of 1.2 mL/min 1 mL of the concentrate was injected using the
pulsed splitless mode. The GC/MS Triple Quad system was operated in NCI mode
using methane gas, with an ion source temperature of 150�C, a quadrupole
temperature of 150�C, a helium (quenching gas) flow rate of 2.25 mL/min, an N2

(collision gas) flow rate of 1.5 mL/min, and a gain factor of 10. The precursor ion
and the product ion for MRM transition conditions were set at m/z 301 / 269 for
18 and m/z 138 / 92 for 21.

Quantitation of 65 and 70 A high-performance liquid chromatography
(HPLC) system (Agilent 1200 series) connected to an ultraviolet (UV) detector set
at 260 nm was used for quantitation. 40 mL of a sample filtered using a 0.5 mm
PTFE membrane filter was injected and the separation was performed on an
Inertsil ODS-4 HPLC column (150 mm length � 4.6 mm i.d.; 3 mm particle size; GL
Sciences) set at 40�C. Pure distilled water containing 0.2% (v/v) trifluoroacetic acid
was prepared as mobile phase A, and methanol containing 0.2% of trifluoroacetic
acid was prepared as mobile phase B. The gradient composition of the mobile
phase was set as follows: 0 min; 30% of B, 5 min; 45% of B, 30 min 50% of B,
50 min; 70% of B, 50.1 min; 100% of B, 60 min; 100% of B with a flow rate of
0.3 mL/min. The concentrations were calculated using the area of each analytical
peak.

Quantitation of 74 The quantitation was performed using an LC-MS/MS
analysis system composed of a Shimadzu Nexera UHPLC system (Shimadzu
Corporation, Kyoto, Japan) and an API 4000 triple quadrupole mass spectrometer
equipped with an electrospray ionization (ESI) source (Sciex, Framingham, MA,
USA). 5 g of a degassed beer sample containing a compound 102 as the internal
analytical standard was added to a pre-conditioned Oasis HLB plus solid phase
extraction column (225 mg/60 mL; Waters, MA, USA). The column was washed
using 5 mL of pure distilled water containing 0.1% acetic acid and 5 mL of 20 %
methanol containing 0.1% acetic acid, and then the odorants were extracted using
5 mL of methanol. The extract was filtered through 0.45 mm PTFE membrane, and
5 mL of filtered extract was injected onto HPLC system. The separation was
performed on an ACQUITY UPLC BEH C18 column (1.7 mm particle size, 2.1
i.d. � 100 mm length; Waters) set at 40�C. Pure distilled water containing 0.1%
acetic acid was prepared as mobile phase A, and methanol was prepared as
mobile phase B. The gradient composition of the mobile phase B was set as
follows: 0 min; 20% to 12 min; 90% to 15 min; 90% with a flow rate of 0.3 mL/min.
ESI was operated in the negative-ion mode, and the MS system was operated in
the MRM transition mode with the precursor ion set at m/z 151 and the product
ion set at m/z 108.

Reconstitution of aroma recombinates An aroma recombinate containing
ethanol, CO2 at 0.20MPa, and aroma components at the same concentrations as they
occurred in the beer was established. Solutions of each aroma chemical were
adjusted using ethanol to a concentration 104 times higher than the concentrations
as they existed in the beer. The ethanol solution of each aroma chemical (100 mL) was
added to 100 mL of water. Ethanol was then added so that the solution ultimately
contained 40,900 mg of ethanol. Water was added to adjust the solution volume to
500 mL and the pH was adjusted to 4.10 using phosphoric acid. Finally, 500 mL of
carbonated water containing 0.40 MPa of CO2 gas was added to dilute the solution
two-fold.

Sensory evaluation of aroma recombinates Sensory evaluations of the
aroma recombinates were performed by eight trained panelists. The aroma qualities
and characteristics of the recombinates that should be improved compared to the
reference beer were discussed among the panelists and specified at first. Then the
specified characteristics were set as the attributes that were evaluated in the
following sensory evaluation of recombinates. Panelists were asked to evaluate the
intensities of malty/cereal characteristic, fusel alcohol-like characteristic, estery
characteristic and the total amount of aroma. The odor intensities were rated on the
following scale with 0.5-interval steps: �3, very weak; �2, weak; �1, somewhat
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weak; 0, same as the reference beer; 1, somewhat strong; 2, strong; 3, very strong.
The responses to each description were consistent among the panelists, as
demonstrated by a matching test (23). The similarity (%) of each recombinate was
also evaluated by comparison with the reference Pilsner-type beer whose score
was set at 100%.

Determination of differential threshold values The differential threshold
values in beer were determined using the reference beer as control beer, as
described previously (24,25).

Triangle difference test to examine the independent contributions to
overall aroma characteristics The independent contribution of each odorant
was examined by a triangle difference test using the method proposed by the
American Society of Brewing Chemists (24,25), using the reference Pilsner-type beer
as the base reference beer. Each component was added to the base reference beer in
the same concentration as they existed in the beer, and evaluated according to the
difference comparing to the base reference beer. The odorants that were
statistically significant in the triangle difference test with p value �0.05 are
indicated by plus signs in Table 1.

RESULTS AND DISCUSSION

Preparation of the extracts for GC-O analysis The CH2Cl2
extracts of the odorants were distilled using the SAFE apparatus to
prevent the formation of artifacts from non-volatile compounds in
the GC-O inlets (26). The extract was carefully concentrated using a
Kuderna-Danish evaporative concentrator in order to reduce the
loss of highly volatile odorants. It was checked that the original
aroma characteristics were recovered in the concentrate of
extract P. CharmAnalysis was used in GC-O analyses of this study,
because the aroma components are carried under the air flow at
20 L/min (27); thus, the flow of the odorants do not stay at the
sniff port and the boundaries between the aroma components are
clearly defined in the analyses using CharmAnalysis. The aroma
intensities were integrated to yield the Charm values (16).

Identification and quantitation of odorants Sixty-five
odor-active compounds were detected in a GC-O analysis of whole
aroma extract of reference beer (extract P), and 56 odorants were
identified by comparing their odor qualities, RIs and mass spectra
with those of authentic compounds on a DB-WAX column. In the
experiment of the following paragraph to examine the odorants
contributing to malty/cereal characteristics, whole aroma extract
(extract Q) were fractionated. The GC-O analyses of the entire
fractions of extract Q detected 87 odor-active compounds and 66
compounds were identified. A total of 76 odor-active components
were identified after the analysis of extract P and the entire
fractions of extract Q.

Of the 76 odorants, 10 components; 3-methylbutanal (3),
hexanal (11), methional (26), (E)-2-nonenal (32), (E,Z)-2,6-
nonadienal (34), phenylacetaldehyde (38), (E,E)-2,4-decadienal
(45), b-ionone (56), trans-4,5-epoxy-(E)-2-decenal (58), 2-
aminoacetophenone (66) were identified only in the extract P,
and 20 components; 2-methylbutanal (2), ethyl propionate (4), 2,3-
butanedione (6), 2,3-pentanedione (8), 2-methyl-1-propanol (12),
ethyl 4-methylpentanoate (15), dimethyl trisulfide (22), 2-
sulfanylethyl acetate (24), furfural (27), (E,E)-2,4-heptadienal (30),
benzaldehyde (31), benzyl mercaptan (35), 3-sulfanyl-3-methyl-1-
butanol (39), g-hexalactone (42), citronellol (44), (E,E)-2,4-
decadienal (45), cyclotene (48), g-octalactone (55), ethyl cinna-
mate (63), maple furanone (67) were identified only in the entire
fractions of extract Q.

The accurate concentrations of identified 76 odorants were
quantitated by using multiple analytical methods, mainly via the
SIDA method using GC/MS system or GC triple quadrupole MS
system. The GC/MS systemswere not used for the quantitation of 4-
vinylguaiacol (65), 4-vinylphenol (70) and vanillin (74), since these
odorants were supposed to be synthesized artificially from certain
acids in the high-temperature GC inlets (28,29), and actually, the
increases of these compounds after an injection into the GC
apparatus were confirmed (data not shown). Concentrations of the
76 odorants are described in Table 1.

Sensory evaluation In the discussion among the panelists,
the sensory characteristics of malty/cereal aroma, fusel alcohol-like
aroma, estery aroma and the total amount of aroma were specified
for aroma recombinates to be improved and thenwere evaluated in
the sensory tests, with the evaluation scales ranging from �3.00
to þ3.00, where the value of the reference beer was set at 0.00. The
similarity was also evaluated by comparison with the reference
beer, whose score was set at 100%.

The hoppy flavor was not evaluated in the sensory analyses of
recombinates within the frame of this study, although the beer
comprise the bitterness with the unit of 20.0 B.U. (14), since the
hoppy flavor was not characterized for the reference Pilsner-type
beer and lower levels of reported hop-derived odorants
(15,17,30,31) were contained in the reference beer.

Construction of the base framework structure using 25
odorants with higher Charm values and OAVs Of the 65 odor-
ants thatwere identifiedafter theanalysisof extractP, the38odorants
with Charm values higher than 500 (Table 2) were prescreened, and
the threshold values in the reference beer were determined for
these 38 odorants. It was revealed that the OAVs of only 9 odorants
exceeded 1.0. To examine the contributions of each of 38 odorants
in detail, the independent contribution of each odorant to overall
beer aroma was examined by a triangle difference test, using the
reference Pilsner-type beer as the base solution. Although 9
odorants were present at concentrations above their threshold
levels, the results of the triangular tests (Table 1) showed that only
6 odorants with higher OAVs; isoamyl acetate (14), 3-methyl-1-
butanol (16), 2-phenylethyl alcohol (54), g-nonalactone (59),
furaneol (60), sotolon (64) in group A were significant and have
independent contribution to overall beer aroma. Thus the
investigations suggested the possibility that the odorants at sub-
threshold levels were insignificant, and do not contribute
independently to the overall characteristics of reference beer.

Of the prescreened 38 odorants, 25 odorants with higher OAVs
(Table 2) ranging from 3.58 to 0.35, that were supposed to construct
the base framework structure of the beer aroma,were then selected
and grouped as A in Tables 1 and 2. An aroma recombinate con-
taining the 25 components at the same concentrations as they
occurred in the beerwas established in awater containing 0.20MPa
of CO2 and 40,900 mg/L of ethanol, with pH adjusted to 4.10.

As depicted in Fig. 1A, it could be observed that the recombinate
using 25 odorants of group A remarkably lacked the malty/cereal
aroma (with a score of �2.14), estery flavor (�1.57), and the total
amount of aroma (�2.00), and contained outstanding intensity of
unbalanced fusel alcohol notes (þ1.57) mainly derived from the
odorants 3-methyl-1-butanol (16), methionol (41) and 2-
phenylethyl alcohol (54). This indicated that the recombinate
lacked the characteristics as malty/cereal and estery note that
balance with the high intensity of fusel alcohol notes.

The similarity was also evaluated by comparison with the refer-
ence beer, whose score was set at 100%. The aroma quality of the
group A recombinate with unbalanced aroma characteristics
differed substantially from that of the reference beer, and as the
result of a detailed discussion among the panelists, the aroma sim-
ilarity of the group A recombinate with such insufficient character-
isticswas set at 30%. In the following experiments, the similarities of
the recombinates were evaluated by comparisonwith the reference
Pilsner-type beer and the group A recombinate as the markers.

Investigation of the malty aroma fraction To compensate
for the characteristics that were lacking remarkably in the group A
recombinate, the aroma components contributing to the malty/
cereal flavor were investigated. The aroma extract of reference beer
(extract Q) was fractionated using aminopropyl group-modified



TABLE 1. 76 odor-active compounds used in the construction of the aroma recombinates of Pilsner-type beer.

RIs on DB-WAX
column

Odor quality Identified compound CAS No. Concentration (mg/L) Differential
threshold

value (mg/L) in beer

Independent
contributions

to overall aroma

Compound
no.

Component
group

891 Pineapple Ethyl acetate 141-78-6 15300.0 21000.0 e 1 A
910 Potato almond 2-Methylbutanal 96-17-3 1.7 e 2 B
915 Potato almond 3-Methylbutanal 590-86-3 4.9 9.6 e 3 A
952 Fruit, apple Ethyl propionate 105-37-3 96.2 e 4 C
965 Citrus, apple-like Ethyl 2-methylpropanoate 97-62-1 0.91 6.30 e 5 C
970 Butter 2,3-Butanedione 431-03-8 13.0 e 6 C
1036 Fruit, apple Ethyl butanoate 105-54-4 73.1 367.0 e 7 C
1052 Butter 2,3-Pentanedione 600-14-6 5.0 e 8 C
1055 Fruit, pineapple Ethyl 2-methylbutanoate 7452-79-1 0.21 1.10 e 9 C
1065 Citrus, pineapple Ethyl 3-methylbutanoate 108-64-5 0.41 2.00 e 10 C
1090 Grass, green Hexanal 66-25-1 6.2 e 11 C
1097 Sweet, musty 2-Methyl-1-propanol 78-83-1 12400.0 e 12 C
1105 Roasted, skunky 3-Methyl-2-butene-1-thiol 5287-45-6 0.0029 0.0070 e 13 B
1111 Banana Isoamyl acetate 123-92-2 1230.0 724.0 þ 14 A
1198 Fruit, apple-like Ethyl 4-methylpentanoate 25415-67-2 0.14 1.00 e 15 C
1215 Fusel alcohol 3-Methyl-1-butanol 123-51-3 59600.0 16800.0 þ 16 A
1235 Sweet, fruit Ethyl hexanoate 123-66-0 119.2 163.0 e 17 A
1296 Nut, mushroom 1-Octen-3-one 4312-99-6 0.0066 0.0026 e 18 A
1317 Nut, thiamine 2-Methyl-3-furanthiol 28588-74-1 0.075 0.190 e 19 A
1338 Cereal 2-Acetyl-1-pyrroline 85213-22-5 0.54 3.00 e 20 B
1379 Metallic, raw fish (Z)-1,5-Octadien-3-one 65767-22-8 0.00014 0.00040 e 21 A
1391 Sulfur, cabbage Dimethyl trisulfide 3658-80-8 0.00012 0.01600 e 22 C
1411 Earth, nut 2,3,5-Trimethylpyrazine 14667-55-1 0.24 e 23 B
1438 Rubber 2-Sulfanylethyl acetate 5862-40-8 2.3 6.3 e 24 B
1440 Ester, fruity Ethyl octanoate 106-32-1 159.5 290.0 e 25 A
1453 Potato, soy sauce Methional 3268-49-3 1.2 1.8 e 26 A
1465 Bread, almond, sweet Furfural 98-01-1 20.4 e 27 B
1470 Earth, nut 2-Ethyl-3,5(6)-dimethylpyrazine 13925-07-0 0.25 e 28 B
1498 Fresh, orange Decanal 112-31-2 1.5 e 29 C
1503 Fresh, cucumber, fried (E,E)-2,4-Heptadienal 4313-03-5 2.7 e 30 C
1530 Almond, burnt sugar Benzaldehyde 100-52-7 1.6 e 31 B
1537 Cardboard (E)-2-Nonenal 2463-53-8 0.08 0.10 e 32 A
1546 Floral (R)-Linalool 126-91-0 1.2 1.0 e 33 A
1590 Cucumber, green (E,Z)-2,6-Nonadienal 557-48-2 0.012 e 34 C
1615 Roast, burnt Benzyl mercaptan 100-53-8 0.0061 e 35 B
1621 Rancid, cheese Butanoic acid 107-92-6 440.0 1899.0 e 36 C
1640 Cooked onion 2-Sulfanyl-3-methyl-1-butanol 116229-37-9 0.27 0.29 e 37 A
1646 Rose, floral Phenylacetaldehyde 122-78-1 4.5 39.7 e 38 C
1658 Cooked onion 3-Sulfanyl-3-methyl-1-butanol 34300-94-2 0.33 e 39 C
1676 Rancid, cheese 3-Methylbutanoic acid 503-74-2 454.9 1230.0 e 40 A
1710 Soy sauce, fusel Methionol 505-10-2 822.0 1397.0 e 41 A
1724 Coconut g-Hexalactone 695-06-7 22.6 e 42 B
1730 Fruity, catty, 3-Sulfanylhexyl acetate 136954-20-6 0.0047 0.0050 e 43 A
1770 Citrus, floral, rose Citronellol 106-22-9 2.3 7.5 e 44 C
1815 Fat, fried (E,E)-2,4-Decadienal 25152-84-5 0.032 e 45 C
1820 Floral, mint 2-Phenylethyl acetate 103-45-7 382.5 2760.0 e 46 C
1825 Strawberry, rose, honey (E)-b-Damascenone 23696-85-7 1.8 2.5 e 47 A
1830 Caramel, burnt sugar Cyclotene 80-71-7 20.4 e 48 B
1847 Catty, fruity 3-Sulfanyl-1-hexanol 51755-83-0 0.044 0.055 e 49 A
1849 Rancid, sweaty Hexanoic acid 142-62-1 910.0 e 50 C
1854 Floral, rose Geraniol 106-24-1 2.7 7.0 e 51 A
1864 Smoke, sweet, phenolic Guaiacol 90-05-1 3.0 65.0 e 52 B
1897 Mushroom, cinnamon Ethyl 3-phenylpropionate 2021-28-5 1.6 5.0 e 53 B
1910 Floral, fusel 2-Phenylethyl alcohol 60-12-8 27669.0 7739.0 þ 54 A
1925 Coconut, sweet g-Octalactone 104-50-7 3.7 e 55 B
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silica gel column, with CH2Cl2/methanol as the eluent. Then the
malty/cereal flavor of each fraction was examined.

The aminopropyl group-modified silica gel column was
employed in the fractionation of the current study to prevent the
tailing on silica gel. The existence of basic compounds such as
nitrogen-containing compounds and their contributions to malty/
cereal flavor were often reported (32). Basic compounds tail on
silica gel because they interact with slightly acidic silica, and the
precise fractions with clear boundaries were not yielded when
using the standard silica gel for the filler of the column.

As the result of fractionation of extract Q, concentrated fractions
of Q-No. 4 and 6, eluted with CH2Cl2:methanol with the ratios of
40:1 and 20:1 by volume, respectively, elicited a malty or roasty
aroma. The concentrated fraction Q-No. 4 elicited characteristics of
cereals, nuts, almonds, and weak earthy scents, that seemed to be
derived from the odor qualities of 2-acetyl-1-pyrroline (20), 2,3,5-
trimethylpyrazine (23), 2-ethyl-3,5(6)-dimethylpyrazine (28),
benzaldehyde (31), g-hexalactone (42), g-octalactone (55) and
vanillin (74). Fraction Q-No. 6 elicited caramel-like, burnt sugar, and
sweet aromas, that appeared to be derived from the odor qualities
of benzyl mercaptan (35), cyclotene (48), maltol (57), g-non-
alactone (59), furaneol (60), homofuraneol (62), sotolon (64), 4-
vinylguaiacol (65) and maple furanone (67).

The odorants listed in Table 3 were detected in the GC-O ana-
lyses of concentrated fractions of Q-No. 4 and 6. Of these odorants
in Table 3, 44 odorants that appeared to contribute to the charac-
teristics of Q-No. 4 and 6were selected based on their Charmvalues
and aroma qualities, and then identified. Among the 44 odorants,
20 were already included in group A and the remaining 24 odorants
were grouped as B in Tables 1 and 3. The 24 odorants of group B,
that were expected to contribute to the malty/cereal flavor, were
added to the group A recombinate to examine their contributions.

As depicted in Fig. 1B, the recombinate containing 49 compo-
nents of groups A and B still remarkably lacked a malty/cereal
character (with a score of �2.04), estery character (�1.50) and the
total amount of aroma (�2.14), with a higher intensity of fusel
alcohol characteristics (þ0.75) and lower similarity evaluated as
29.4% (Fig. 2). That is, the deficient aroma qualities and the simi-
larity of the group A recombinate were not improved by the addi-
tion of the group B components.

The contributions of odorants in group B were also examined
using the triangle difference test described above. Each of the 24
odorants in group B was insignificant in the triangular test (Table 1)
and every component was revealed to have no independent
contribution to the overall beer aroma.

Other odorants with no independent contributions to
overall aroma characteristics Of all the 76 odorants that were
identified after the GC-O analyses of extract P and the entire
fractions of extract Q, 49 odorants were already included in the
components of groups A or B. The remaining 27 odorants were
classified as group C (Table 1), and their contributions to overall
beer aroma were examined using the triangle difference test
described above. Each of the 27 odorants in group C was
insignificant in the triangular test (Table 1) and every component
was revealed to have no independent contribution to overall beer
aroma.

The group C components, with no independent contributions to
the overall characteristics and with no reminiscence of beer aroma,
were added to establish the recombinate containing all 76 com-
ponents of group A, B and C. As the result of the sensory test
depicted in Fig. 1D, the characteristics of aroma recombinate con-
taining all 76 components improved dramatically, with the score of
malty/cereal character increasing to �0.64, the fusel alcohol char-
acteristics to�0.21, the estery characteristics to �0.14, and the total
amount of aroma to �0.57. The similarity of the recombinate with



TABLE 2. Odorants with higher Charm values and OAVs detected in extraction P.

RIs on DB-
WAX
column

Odor quality Charm values
In

extract P

Identified compound Compound
No.

Concentration
(mg/L)

Differential
threshold

value (mg/L)

OAVs Component
group

1910 Floral, fusel 2293 2-Phenylethyl alcohol 54 27669.0 7739.0 3.58 A
1215 Fusel alcohol 3599 3-Methyl-1-butanol 16 59600.0 16800.0 3.55 A
2035 Sweet, milk 611 g-Nonalactone 59 33.7 11.2 3.01 A
2195 Caramel, burnt sugar 1233 Sotolon 64 1.50 0.54 2.78 A
2040 Caramel, sour-sweet 3011 Furaneol 60 290.6 112.0 2.59 A
1296 Nut, mushroom 1358 1-Octen-3-one 18 0.0066 0.0026 2.54 A
1111 Banana 2614 Isoamyl acetate 14 1230.0 724.0 1.70 A
1546 Floral 1466 (R)-Linalool 33 1.2 1.0 1.20 A
2210 Smoke, sweet, phenolic 2801 4-Vinylguaiacol 65 116.6 98.0 1.19 A
1640 Cooked onion 544 2-Sulfanyl-3-methyl-1-butanol 37 0.27 0.29 0.94 A
1730 Fruity, catty, 835 3-Sulfanylhexyl acetate 43 0.0047 0.0050 0.94 A
1537 Cardboard 524 (E)-2-Nonenal 32 0.08 0.10 0.80 A
1847 Catty, fruity 3328 3-Sulfanyl-1-hexanol 49 0.044 0.055 0.80 A
1235 Sweet, fruit 1349 Ethyl hexanoate 17 119.2 163.0 0.73 A
891 Pineapple 999 Ethyl acetate 1 15300.0 21000.0 0.73 A
1825 Strawberry, rose, honey 3498 (E)-b-Damascenone 47 1.8 2.5 0.72 A
1453 Potato, soy sauce 714 Methional 26 1.2 1.8 0.67 A
1710 Soy sauce, fusel 1309 Methionol 41 822.0 1397.0 0.59 A
1440 Ester, fruity 666 Ethyl octanoate 25 159.5 290.0 0.55 A
915 Potato, almond 991 3-Methylbutanal 3 4.9 9.6 0.51 A
2228 Foxy, grape, cereal 3815 2-Aminoacetophenone 66 2.4 5.0 0.48 A
1317 Nut, thiamine 511 2-Methyl-3-furanthiol 19 0.075 0.190 0.39 A
1854 Floral, rose 854 Geraniol 51 2.7 7.0 0.39 A
1676 Rancid, cheese 2519 3-Methylbutanoic acid 40 454.9 1230.0 0.37 A
1379 Metallic, raw fish 662 (Z)-1,5-Octadien-3-one 21 0.00014 0.00040 0.35 A
1897 Mushroom, cinnamon 916 Ethyl 3-phenylpropionate 53 1.6 5.0 0.32
2978 Raspberry 1409 Raspberry ketone 76 5.0 21.2 0.24
1621 Rancid, cheese 1106 Butanoic acid 36 440.0 1899.0 0.23
1065 Citrus, pineapple 1294 Ethyl 3-methylbutanoate 10 0.41 2.00 0.21
1036 Fruit, apple 2043 Ethyl butanoate 7 73.1 367.0 0.20
1055 Fruit, pineapple 929 Ethyl 2-methylbutanoate 9 0.21 1.10 0.19
2090 Caramel, burnt sugar 1234 Homofuraneol 62 11.4 68.0 0.17
1338 Cereal 501 2-Acetyl-1-pyrroline 20 0.54 3.00 0.15
965 Citrus, apple-like 814 Ethyl 2-methylpropanoate 5 0.91 6.30 0.14
1820 Floral, mint 512 2-Phenylethyl acetate 46 382.5 2760.0 0.14
1646 Rose, floral 761 Phenylacetaldehyde 38 4.5 39.7 0.11
2020 Metallic, raw fish 784 trans-4,5-Epoxy-(E)-2-decenal 58 0.0037 0.0590 0.06
2585 Vanilla, coconut 2659 Vanillin 74 3.0 48.0 0.06

FIG. 1. Aroma profile analyses of the aroma recombinates comprising 25 odorants of groups A (A); 49 odorants of A þ B (B); 52 odorants of A þ C (C); and 76 odorants of A þ B þ C
(D). The area delineated with the dotted border indicates the aroma profile of the reference Pilsner-type beer.
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TABLE 3. Odorants with higher Charm values detected in fractions Q-No. 4 and Q-No. 6.

RIs on DB-WAX
column

Odor quality Charm values
in

extract Q-No. 4

Charm values
in

extract Q-No. 6

Identified compound Compound
No.

Component
group

2210 Smoke, sweet, phenolic 1983 1320 4-Vinylguaiacol 65 A
2040 Caramel, sour-sweet 1799 1890 Furaneol 60 A
1825 Strawberry, rose, honey 1573 1765 (E)-b-Damascenone 47 A
1910 Floral, fusel 1762 1432 2-Phenylethyl alcohol 54 A
1830 Caramel, burnt sugar 1657 Cyclotene 48 B
1215 Fusel alcohol 1359 1543 3-Methyl-1-butanol 16 A
2585 Vanilla, coconut 1003 1538 Vanillin 74 B
1981 Caramel 1535 Maltol 57 B
2195 Caramel, burnt sugar 787 1489 Sotolon 64 A
2380 Smoke, sweet, phenolic 1398 103 4-Vinylphenol 70 B
2263 Caramel, burnt sugar 329 1380 Maple furanone 67 B
2978 Raspberry 767 1320 Raspberry ketone 76 B
1847 Catty, fruity 1280 3-Sulfanyl-1-hexanol 49 A
1411 Earth, nut 1032 2,3,5-Trimethylpyrazine 23 B
2090 Caramel, burnt sugar 970 Homofuraneol 62 B
1730 Fruity, catty, 930 3-Sulfanylhexyl acetate 43 A
2444 Mothball, fecal 919 Indole 71 B
2490 Mothball, fecal 918 3-Methylindole 72 B
1724 Coconut 884 g-Hexalactone 42 B
2335 Rancid, sweaty 842 9-Decenoic acid 69
2556 Floral, rose 838 798 Phenylacetic acid 73
1615 Roast, burnt 790 Benzyl mercaptan 35 B
891 Pineapple 558 789 Ethyl acetate 1 A
1338 Cereal 782 390 2-Acetyl-1-pyrroline 20 B
1530 Almond, burnt sugar 774 Benzaldehyde 31 B
1470 Earth, nut 747 2-Ethyl-3,5(6)-dimethylpyrazine 28 B
2277 Rancid, sweaty 730 98 Decanoic acid 68
2135 Mushroom, cinnamon 725 Ethyl cinnamate 63 B
1317 Nut, thiamine 694 2-Methyl-3-furanthiol 19 A
1111 Banana 689 Isoamyl acetate 14 A
1864 Smoke, sweet, phenolic 667 Guaiacol 52 B
1438 Rubber 665 2-Sulfanylethyl acetate 24 B
1925 Coconut, sweet 611 g-Octalactone 55 B
2035 Sweet, milk 598 g-Nonalactone 59 A
2630 Mushroom, cinnamon 593 3-Phenylpropionic acid 75 B
1710 Soy sauce, fusel 490 590 Methionol 41 A
1465 Bread, almond, sweet 539 Furfural 27 B
1440 Ester, fruity 519 Ethyl octanoate 25 A
910 Potato, almond 479 2-Methylbutanal 2 B
1296 Nut, mushroom 465 1-Octen-3-one 18 A
1105 Roasted, skunky 339 437 3-Methyl-2-butene-1-thiol 13 B
965 Citrus, apple-like 205 390 Ethyl 2-methylpropanoate 5
1055 Fruit, pineapple 376 240 Ethyl 2-methylbutanoate 9
1854 Floral, rose 359 Geraniol 51 A
1676 Rancid, cheese 358 3-Methylbutanoic acid 40 A
1065 Citrus, pineapple 352 210 Ethyl 3-methylbutanoate 10
1546 Floral 343 (R)-Linalool 33 A
970 Butter 321 2,3-Butanedione 6
2047 Sour 321
1498 Fresh, orange 320 Decanal 29
1391 Sulfur, cabbage 306 Dimethyl trisulfide 22
1379 Metallic, raw fish 302 102 (Z)-1,5-Octadien-3-one 21 A
1770 Citrus, floral, rose 300 Citronellol 44
2705 Fatty 297
1097 Sweet, musty 290 2-Methyl-1-propanol 12
1036 Fruit, apple 289 255 Ethyl butanoate 7
1897 Mushroom, cinnamon 275 Ethyl 3-phenylpropionate 53 B
1658 Cooked onion 262 3-Sulfanyl-3-methyl-1-butanol 39
1052 Butter 255 2,3-Pentanedione 8
1849 Rancid, sweaty 250 157 Hexanoic acid 50
1198 Fruit, apple-like 249 Ethyl 4-methylpentanoate 15
1640 Cooked onion 238 2-Sulfanyl-3-methyl-1-butanol 37 A
1621 Rancid, cheese 217 212 Butanoic acid 36
1235 Sweet, fruit 210 Ethyl hexanoate 17 A
2180 Spicy 210
2858 Fatty 187 109
1503 Fresh, cucumber, fried 177 (E,E)-2,4-Heptadienal 30
2522 Fatty 158
1820 Floral, mint 155 2-Phenylethyl acetate 46
2886 Sour 108
2070 Sweaty, rancid 105 Octanoic acid 61
2871 Sour 104
2018 Roasty 103
952 Fruit, apple 99 Ethyl propionate 4
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FIG. 2. Total similarity of aroma recombinates comprising groups A, A þ B, A þ C, and
A þ B þ C. The data indicates the averages and standard deviations of the similarity
score among the panelists. The double asterisk (**) indicates that the difference is
statistically significant with p value � 0.05.
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well-balanced characteristics improved dramatically to 74.1%
(Fig. 2).

Moreover the 27 components of group C were added to the
group A recombinate to establish the recombinate with 52 com-
ponents of groups A and C. The sensory test of the established
recombinate containing 52 components of groups A and C exhibi-
ted a lower similarity of 32.1% (Fig. 2). That is, the deficient char-
acteristics of the group A recombinate were not improved by the
addition of only group C components, as depicted in Fig. 1C.

Conclusion Not only 27 odorants in group C, but the addition
of 51 odorants in group B and C were required to improve the
characteristics and similarity of the recombinate. The investigation
indicated that the synergistic contributions of multiple odorants,
with no independent contributions to overall characteristics
(including sub-threshold components) and with no reminiscence
of beer aroma, balanced with the outstanding fusel alcohol notes
and constructed the well-balanced characteristics.
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