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Control of Hop Aroma Impression of Beer
with Blend-Hopping using Geraniol-rich
Hop and New Hypothesis of Synergy among
Hop-derived Flavour Compounds

In previous studies, we found that the concentration of geraniol and B-citronellol in finished beer could be enriched
depending on the initial geraniol content in the wort, as a result of single-hopped test-brewing by using geraniol-
rich hop. In this study, we tried to confirm the effect of blend-hopping using geraniol-rich Bravo hop on the
concentration of monoterpene alcohols during fermentation. As a result, the additional Bravo hop, at only 0.4 g
of hop/L dosage, could increase approx. 20 pg/L of geraniol and > 15 pug/L of B-citronellol in blend-hopped beers
in comparison with single-hopped control beers. We have also previously demonstrated that the coexistence
of linalool, geraniol, and B-citronellol could increase the average scores of ‘Citrus’ by using the model solution
(5 % v/v ethanol, carbonated). In this study, we observed same effect of increase of monoterpene alcohols on
the change of flavour characters, first time in hopped beers.

Furthermore, we found that there might be an additive effect between a volatile thiol (4-methyl-4-sulfanylpentan-
2-one (4MSP)) and monoterpene alcohols (linalool and geraniol) and that only 1.2 ng/L of 4MSP was enough
for this effect. In addition, as a result of model sensory evaluation, it was also found that the ‘“Tropical’ character
could be maximized under coexistence of 4MSP and three monoterpene alcohols (linalool, geraniol, and
B-citronellol). We assumed that the synergy among volatile thiols and monoterpene alcohols could contribute
to such flavours in beers made from certain ‘Flavour Hop’ varieties, containing both groups of compounds.
This result is also useful for determining blend-hopping recipe based on a composition of flavour compounds
of each hop variety.

Descriptors: beers, hops, flavour, monoterpene alcohols, biotransformation, linalool, geraniol, B-citronellol, volatile thiols,

4-methyl-4-sulfanylpentan-2-one, additive effect, synergy

1 Introduction

Inrecentyears, agroup of hops giving characteristic ‘Varietal Aroma’,
for example citrus-like and/or exotic fruit-like (tropical) flavours, to
finished beer has been bred and widely used for craft beers allaround
the world [3, 12, 25, 30—32, 41]. Such hops are newly categorized
as ‘Flavour Hops’ [25, 36], ‘Special Flavour hops’ or ‘Impact Hops’
[11]. We have focused on certain hop varieties, for example Bravo,
Cascade, Citra, Mosaic and Nelson Sauvin, and revealed the contri-
bution of monoterpene alcohols and volatile thiols to the hop-derived
varietal aromas, the behaviour of these compounds during beer
production and the mechanism of varietal aroma formation based on
the synergy among various flavour compounds [44—50]. However,
mechanisms contributing to the formation of varietal aroma derived
from each flavour hop variety have not been fully revealed yet.
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Monoterpene alcohols (linalool, geraniol, B-citronellol, nerol, and
a-terpineol; Fig. 1), derived from hops, have been investigated by
many researchers [6—10, 16-21, 24, 28, 35, 37-42, 47-50]. In
previous studies, we focused on biotransformation of hop-derived
monoterpene alcohols (Fig. 1) and their contribution to the flavour
of hopped beer. As a result, in general, the geraniol drastically
decreases during first 3—4 days of fermentation. The B-citronellol
was almost absent in hop and wort and gently increased during
fermentation, because of the biotransformation from geraniol
to B-citronellol by brewing yeast. The concentration of geraniol
and B-citronellol in finished beer could be enriched depending
on the initial geraniol content in the wort by using geraniol-rich
hop [47-49]. In addition, we found that there was an additive ef-
fect among linalool, geraniol, and B-citronellol [47], and that the
flavour impression became lime-like (citrus) by coexistence of
these three monoterpene alcohols [48]. We also demonstrated
(Fig. 2) that European hop varieties (Hallertauer Tradition (HHT),
Hallertauer Magnum (HHM), and Saaz (CSA)) contained very
small amounts of geraniol. On the other hand, most American hop
varieties, including Cascade, Citra, Mosaic, Apollo, Amarillo, and
others, contained relatively large amounts of geraniol. In parti-
cular, the geraniol level in Bravo was highest among the U.S.
varieties [49].
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Fig. 1

ously shown in reference 50)

Itis well-known that certain volatile thiols (4-methyl-4-sulfanylpentan-
2-one (4MSP), 3-sulfanylhexan-1-ol (3SH), 3-sulfanylpentan-1-ol
(3SP), and 3-sulfanylhexyl acetate (3SHA)) could contribute to the
varietal aroma of wines, especially Sauvignon Blanc wine [5, 33—34,
51-52]. These compounds were present in very small amounts in
the wines. However, they contributed to the wine varietal aroma, for
example, box-tree like, grapefruit-like and passion fruit-like aroma.
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Fig.2 Composition of monoterpenealcohols (ug/g of hop)in various
hops : HHT, Hallertauer Tradition; HHM, Hallertauer Magnum;
CSA, Czech Saaz; NNS, New Zealand Nelson Sauvin. (This

figure was previously shown in ref. 49)

beer researchers have also focused
onthese compounds [4, 13—14,22-23,

B-Citronellol 26-27,39-40, 43-46]. Figure 3 shows
major volatile thiols derived from
CH,OH hops. Of these thiols, 3-sulfanyl-
4-methylpentan-1-ol (3S4MP) and
3-sulfanyl-4-methylpentyl acetate
Linalool a-Terpineol ~ (3S4MPA), having grapefruit-like

flavour similar to that of 3SH, were

identified for the first time in Nelson

Sauvin hops and beer [44-46]. In
OH addition, we found that 3S4MP could
enhance the flavour intensity of other
hop-derived flavour compounds, for
example 3S4MPA, isobutyric ester
(2-methylbutyl isobutyrate), linalool
and geraniol, and that 3S4MP might
contribute to the varietal aroma of
Nelson Sauvin as a key compound
having two roles, its own characteristic flavour and its function as
a flavour enhancer [45-46].

—)

In this study, we tried to brew test-beers with a certain variety hop
and the Bravo hop, which contained highest amount of geraniol
among the U.S. hop varieties. The effect of blend-hopping on the
concentration of monoterpene alcohols during fermentation and
the change in flavour profile of finished beers are discussed. In
addition, we proposed new hypothesis of synergy among several
hop-derived flavour compounds.

2 Materials and methods
2.1 Hop raw materials

Hallertauer Tradition (HHT) was grown and pelletized in Germany
in 2007 (type 90 pellet). Apollo, Bravo, Cascade, Mosaic (HBC369)
and Simcoe were grown and harvested in the United States in 2008
(hop powder). Citra was harvested and pelletized in the United
States in 2008 (type 90 pellet).

2.2 Pilot-scale brewing

Beers were made with the same recipe according to the standard
method of the Production & Technology Development Centre, Sapporo
Breweries, Ltd. Briefly, the wort was prepared using commercially avail-
able 67 % malts, 33 % adjuncts (starch, corn, and rice), and hopsin a
400-L pilot-scale apparatus. Boiling period was 90 min. For prevention
of over boiling, the HHT hop was added at the beginning of boiling
(hopat0.2g/L). Cooled wort was collected to fermentation tanks (30 L/
tank) and media bottles (900 mL/bottle). For each hop flavouring with
single hop variety (Apollo, Bravo, Cascade, Citra, Mosaic and Simcoe),
24.8 g of hop was added to each bottle (sealed with aluminum foil)
and autoclaved at 105 °C for 5 min. After cooling, the hop-flavoured
wort sample was mixed with 30 L of wort in each fermentation tank.
This condition corresponded to that of the late-hopping, with hop at
0.8 g/L. For hop flavouring with blend-hopping, the set of 24.8 g of
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the Apollo hop and 12.4 g of the Bravo hop

or the set of 24.8 g of the Simcoe hop and ~~ (4MSP)
12.4 g of the Bravo hop was used for the CHs CHs
same procedure. The dosage of the Bravo |

CHs sH O

hop correspondedto 0.4 g/L. Subsequently,
the fermentation was started by adding lager
yeast (brewery-collected Saccharomyces
pastorianus) at 15.0 x 10° cells/mL to the
wort. The temperature of the fermentation
was maintained at 10—-12 °C (primary fer-
mentation) for 7 days. After fermentation, the
fermented wort was transferred to another
storage tank under a CO, atmosphere and
the maturation was carried out at 13 °C for
8days, thenat 0 °C for 2—3 weeks. Filtration
and bottling were done using the pilot scale
equipment under air-free conditions.

A

SH

Fig. 3
39-40, 43-46)

2.3 Standard products

Linalool (> 98 %, racemic mixture) and B-citronellol (> 92 %, racemic
mixture) were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Geraniol (98 %) was purchased from Aldrich Chemical
Company Inc. (Milwaukee, US). 4-methyl-4-sulfanylpentane-2-one
(1 % solution in propylene glycol) was purchased from Interchim
(Montlucon, France).

2.4 Quantification of hop-derived monoterpene alco-
hols by solid phase microextraction-gas chroma-
tography-mass spectroscopy (SPME-GC-MS)

GC-MS analyses were carried out using a 6890N gas chromato-
graph (Agilent Technologies). The carrier gas was helium, with a
column-head pressure of 15 psi and flow rate of 1.8 mL/min. The
detector was a mass spectrometer (MS 5973; Agilent Technologies)
functioning in the EI mode (70 eV) and was connected to the GC
by a transfer line heated to 280 °C. For analysis of wort, ferment-
ing beer, and finished beer, 8 mL of each sample was put into a
20-mL glass vial including 3 g of sodium chloride at 0 °C on ice
water. The vial, including a sample, was sealed with a magnet cap.
The vial was preincubated with stirring at 40 °C for 15 min using a
Combi-PAL autosampler (CTC Analytics). After preincubation, an
SPME fibre (polydimethylsiloxane (PDMS), 100-um film thickness;
Supelco) was inserted into the head space of the vial and adsorp-
tion was carried out for 15 min. After the adsorption, the SPME
fibre was injected into a splitless injector (260 °C; purge time =
3 min, purge flow = 20 mL/min) at oven temperature (50 °C) onto
a type HP-1MS capillary column (30 m, 0.25-mm i.d., 1.0-um film
thickness) (Agilent Technologies). For all the analyses, the tem-
perature program was as follows: 50 °C for 1 min, raised at 5 °C/
min to 250 °C, followed by a 1-min isotherm. The monoterpene
alcohols (linalool, B-citronellol and geraniol) were quantified in
the SIM mode, selecting the following ions: m/z 93 (for geraniol)
and 109 (for linalool and B-citronellol). Calibration curves were
determined using water (including 5 % ethanol) containing these
monoterpene alcohols at final concentrations ranging from 0 to
10 pg/L. All calibration produced a linear response with an R%value
> 0.98 over the concentration range analysed. The analysis was
performed in duplicate.

4-Methyl-4-sulfanylpentan-2-one

3-Sulfanyl-pentan-1-ol (3SP)

3-Sulfanylhexyl acetate (3SHA)
\/\/\/OY
SH o

3-Sulfanyl-4-methylpentan-1-ol 3-Sulfanyl-4-methylpentyl acetate
(3S4MP) (3S4MPA)

3-Sulfanyl-hexan-1-ol (3SH)

MOH

SH

Major volatile thiols derived from hops (On the basis of ref. 4, 13-14, 22-23, 26-27,

2.5 Sensory evaluation

2.5.1 Sensory evaluation of flavour profiles of test-brewed
beers

Each sensory evaluation was performed by approximately 40-50
well-trained panelists. The profile of flavour characters of each
test-brewed beer was assessed, as follows. A 50—100 mL aliquot
of each sample beer was presented in a glass and the six flavour
characters (flowery, fruity, citrus, tropical, green, and sulfur) were
scored from 0 (no flavour) to 3 (strong flavour) in intervals of 1.0.

2.5.2 Determining flavour thresholds

Each sensory evaluation was performed by 10-13 well-trained
panelists. Perception threshold of 4-methyl-4-sulfanylpentane-2-one
(4MSP) was assessed by a forced-choice ascending concentration
series method of limits [1]. Briefly, the directional triangular tests of
six increasing concentrations in model carbonated dilute alcohol
solution (5 % v/v ethanol). The 50 mL of each sample solution
was presented in plastic cups. The best estimate threshold was
calculated for each panelist as the geometric mean of the highest
concentration missed and the next highest concentration. The
group threshold was calculated as the geometric mean of the best
estimate thresholds of the panelists.

2.5.3 Study of additive effect between volatile thiol and mono-
terpene alcohols

Evaluation of an additive effect was performed according to the
methods previously described [45—47]. Namely, in order to assess
an additive effect among three monoterpene alcohols (linalool,
geraniol, and B-citronellol), triangular tests were carried out in
model carbonated dilute alcohol solution (5 %v/v ethanol), as
follows. A control solution containing the estimated threshold con-
centration (1.2 ng/L) of 4MSP was compared with test solutions
containing the same concentration of 4MSP together with 3 ug/L
of linalool, 5 pug/L of geraniol or 5 pg/L of B-citronellol. The 50 mL
of each sample solution was presented in plastic cups. The sig-
nificance of the results was determined according to the binominal
law.
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2.5.4 Sensory evaluation of synergy among volatile thiol and
monoterpene alcohols

Each sensory evaluation was performed by 10-13 well-trained
panelists. The change of flavour characters by synergy among
volatile thiols (4MSP) and monoterpene alcohols was assessedina
model solution (5 % v/v ethanol, carbonated), as follows. Three test
solutions were prepared. A ‘4MSP’ solution contained 40 ng/L of
4MSP. A ‘'LGC mix’ solution contained 70 ug/L of linalool, 50 pg/L of
geraniol and 30 pg/L of B-citronellol. A ‘4MSP + LGC mix’ solution
contained 40 ng/L of 4MSP, 70 ug/L of linalool, 50 pg/L of geraniol
and 30 pg/L of B-citronellol. A 50 mL aliquot of each sample solu-
tion was presented in a plastic cup and the six flavour characters
(flowery, fruity, citrus, tropical, green, and sulfur) were scored from
0 (no flavour) to 3 (strong flavour) in intervals of 1.0.

3 Results and discussions

3.1 Effectof blend-hopping onthe behaviour of mono-
terpene alcohols during fermentation

In previous studies, we have investigated the behaviour of mono-
terpene alcohols (linalool, geraniol, and 3-citronellol) during fermen-
tation by using test-brewed beer flavoured with only single hop
variety [47—49]. In this study, we tried to confirm the effect of blend-
hopping using geraniol-rich hop on the behaviour of monoterpene
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alcohols during fermentation. We selected Bravo as a geraniol-
rich hop, containing geraniol at largest level in figure 2. In addition,
recent results from our laboratory showed that Bravo contained
volatile thiols only at trace levels (data not shown). Therefore, we
thought that this hop was suitable for selective increase of geraniol.
In previous study, the finished beer late-hopped with Bravo (hop
dosage; 0.8 g of hop/L) has contained approx. 70 pg/L of geraniol
and approx. 50 pg/L of B-citronellol [49]. Therefore, we thought that
an addition of this hop at 0.4 g of hop/L dosage could increase
20-30 pg/L of geraniol and 3-citronellol infinished beer. We selected
Apollo and Simcoe as control varieties in the brewing trial with
blend-hopping. Among the U.S. hop varieties, Apollo contained
geraniol at relatively high level and Simcoe contained this at rela-
tively low level, respectively (Fig. 2). Figure 4 showed behaviours
of linalool, geraniol, and B-citronellol during fermentation of single-
hopped (Apollo or Simcoe) and blend-hopped (Apollo + Bravo or
Simcoe + Bravo) beers. As a result, the additional Bravo hop, at
only 0.4 g of hop/L dosage, could increase approx. 20 ug/L of
geraniol and > 15 pg/L of B-citronellol in blend-hoped beers in
comparison with single-hopped beers made from Apollo or Simcoe
(Fig. 4).

3.2 Effect of blend-hopping on the flavour impression
of beer

Figure 5 shows the six flavour characters (flowery, fruity, citrus,
tropical, green, and sulfur) of test-brewed beers made with single-
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(Simcoe 0.8 g/L + Bravo 0.4 g/L)
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Tropical Tropical Tropical Tropical

Apollo Apollo + Bravo Simcoe Simcoe + Bravo
Linalool 51 ug/L Linalool 94 ug/L Linalool 25 pug/L Linalool 62 ug/L
B-citronellol 21 pg/L B-citronellol 36 pg/L B-citronellol 14 pg/L B-citronellol 33 pg/L
Geraniol 41 pug/L Geraniol 57 ug/L Geraniol 16 pug/L Geraniol 41 pug/L

Fig. 5

Flavor profiles of test-brewed beers made with single-hopping (Apollo and Simcoe) and blend-hopping (Apollo + Bravo and Simcoe

+ Bravo): dotted line, profile of corresponding single-hopped beer

hopping (Apollo or Simcoe) and blend-hopping (Apollo + Bravo or
Simcoe + Bravo). In the case of Apollo beers, the average scores
of ‘Flowery’ and ‘Citrus’ increased by blend-hopping with Bravo.
Inthe case of Simcoe beers, the average scores of ‘Flowery’, ‘Fruity’
and ‘Citrus’ increased by blend-hopping. In addition, total shape
of flavour profile was also drastically changed by blend-hopping.
We have previously demonstrated that the coexistence of linalool,
geraniol, and B-citronellol could increase the average scores of
‘Citrus’ by using the model solution (5 % v/v ethanol, carbonated)
[48]. In this study, we observed same effect of increase of mono-
terpene alcohols on the change of flavour characters, first time in
hopped beers.

3.3 Flavour impressions of beers brewed by single-
hopping with several flavour hop varieties

Figure 6 shows the six flavour characters (flowery, fruity, citrus,
tropical, green, and sulfur) of test-brewed beers made with single-
hopping (Bravo, Cascade, Citra, and Mosaic). In the case of Bravo
beer, the average scores of ‘Flowery’, ‘Fruity’, ‘Citrus’, and ‘Green’
were relatively high and those of “Tropical’ and ‘Sulfur’ were relatively
low. We thought that the characters of ‘Flowery’, ‘Fruity’, ‘Citrus’,
and ‘Green’ might mainly depend on three monoterpene alcohols

Flowery Flowery
0 2.0

2.

Fruity Sulfur Fruity

Green Citrus Green Citrus

in this beer, because this beer had lime-like flavour similar to the
flavour of the mixture of three monoterpene alcohols (linalool,
geraniol, and B-citronellol). The Cascade beer had relatively high
average scores of ‘Flowery’, ‘Fruity’, and ‘Citrus’. The Citra beer
indicated very high scores of ‘Citrus’, ‘Tropical’, and ‘Green’. The
Mosaic beer showed characteristic ‘Fruity’ and ‘Tropical’ characters.

Remarkably, the ‘Citrus’ scores in the Cascade beer, the Citra
beer, and the Mosaic beer were higher than that in the Bravo beer,
though the Bravo beer contained monoterpene alcohols at very
high levels (78 pg/L of linalool, 69 pg/L of geraniol, and 36 pg/L
of B-citronellol). In general, the ‘Citrus’ character in beer includes
various citrus fruit nuances, for example lemon-like, lime-like,
orange-like, grapefruit-like, and so on. Several researchers have
pointed out an occurrence of 3SH, having grapefruit-like flavour, in
the Cascade beer and the Citra beer [4, 13—14, 26—27]. Therefore,
itis thought that a part of the ‘Citrus’ character in these beers might
derived from not only monoterpene alcohols but also volatile thiols.

However, the ‘Citrus’ character in test-brewed Citra beer (Fig. 6)
was feltlime-like rather than grapefruit-like. Therefore, we assumed
that there might be unknown flavour enhancer for lime-like character
derived from monoterpene alcohols.

Tropical Tropical Tropical Tropical

Bravo Cascade Citra Mosaic
Linalool 78 pug/L Linalool 36 pug/L Linalool 108 ug/L Linalool 70 pug/L
B-citronellol 36 pg/L B-citronellol 29 pjg/L B-citronellol 27 pg/L B-citronellol 28 pg/L
Geraniol 69 pug/L Geraniol 22 ug/L Geraniol 23 ug/L Geraniol 47 ug/L

Fig. 6

Flavor profiles of test-brewed beers made with single-hopping using Bravo, Cascade, Citra and Mosaic
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Table 1 Olfactory descriptions and perception thresholds of the monoterpene alcohols (ug/L) and 4-methyl-4-sulfanylpentan-2-one (ng/L)

in model solution (5 % v/v ethanol, carbonated)

olfactory perception threshold®
ref compd olfactory descriptions model solution®
linalool (Mg/L) lavender 3ed
B-citronellol (ng/L) lemon, lime 9ed
geraniol (Hg/L) rose 79
4-methyl-4-sulfanylpentan-2-one (4MSP)  (ng/L) blackcurrant, box-tree 1.2

2 Flavor threshold determined by 10—13 panelists

® Model carbonated dilute ethanol solution (5 % v/v Ethanol, Carbonated)
¢ Determined using racemic mixture

9 Previously reported in ref 47

3.4 Additive effect between 4MSP and monoterpene
alcohols

In previous study, we have already observed that a certain volatile
thiol, 3S4MP, could enhance intensities of other flavour compounds,
forexample 3S4MPA, 2-methylbutylisobutyrate, linalool, and gera-
niol [45, 46]. However, 3S4MP has very characteristic grapefruit-like
(‘Citrus’) flavour similar to the flavour of 3SH.

Another volatile thiol, 4AMSP, has been focused on as an impor-
tant contributor to the characteristic aroma derived from flavour
hops. This compound commonly contained in many flavour hop
varieties, for example Amarillo [4], Apollo [22], Cascade [13, 14,22,
26, 27, 39, 40], Citra [27], Mosaic [4], Nelson Sauvin [13, 14, 27,
45, 46], Simcoe [22], Summit [22], and Topaz [22]. The flavour of
4MSP was commented as blackcurrant-like and/or muscat-like (not
‘Citrus’) flavour [4, 13, 14, 22, 26, 40]. Therefore, we try to confirm
whether 4MSP could have similar enhancing effect or not, for fur-
ther understanding of the mechanism of hop-derived beer flavour.

Firstly, we determined group threshold of 4MSP in model solution
(5 % v/v ethanol, carbonated) by using our own panelists. The group
thresholds of three monoterpene alcohols (linalool, geraniol, and
B-citronellol) have been determined by same panelists [47]. Table 1
lists the olfactory descriptions and group thresholds of monoterpene
alcohols and 4MSP. The aroma of 4MSP is somewhat reminiscent
of blackcurrant and/or box-tree, and its threshold was estimated at
1.2 ng/L, similar level to previously reported its threshold (0.8 ng/L) in
model solution simulating wine (12 % v/v ethanol) [52]. Secondly, in
order to assess a possible additive effect between 4MSP and three
monoterpene alcohols, triangular tests were designed according to the
method usedin previous study [46] and carried out, as shownintable 2.

A control model solution (5 % v/v ethanol, carbonated) contain-
ing 1.2 ng/L of 4MSP (perception threshold of 4MSP in model

solution) was compared with test solutions containing 1.2 ng/L of
4MSP together with 3 pg/L of linalool, 5 pg/L of geraniol, or 5 ug/L
of B-citronellol. The concentrations of linalool corresponded to its
threshold level and those of geraniol and B-citronellol were lower
than their thresholds. The concentrations of these monoterpene
alcohols in model solutions were adjusted to same concentra-
tions used in previous study [46]. In general, in a triangular test
corresponding to the threshold of a certain compound, about half
of panelists judge correctly. It is not at significant level. In model
solution shown in table 2, there were significant differences with
risks of 1 % between the control solution and the test solution
containing linalool or geraniol, and there was no significant differ-
ence between the control solution and the test solution containing
B-citronellol. These results suggested that odours of linalool and
geraniol might be enhanced by the occurrence of 4MSP at a
threshold level. Therefore, we concluded that there might be an
additive effect between 4MSP and monoterpene alcohols (linalool
and geraniol) and that only 1.2 ng/L of 4MSP was enough for this
effect.

In previous studies [2, 15, 34], it has been reported that there was
an additive effect among same class of compounds, having similar
chemical structures and similar odours, for example 3-sulfany-
pentan-1-ol, 3-sulfanylhexan-1-ol, and 3-sulfanylheptan-1-ol [34].
We have also reported similar additive effect among monoterpene
alcohols (linalool, geraniol, and B-citronellol), having similar chemi-
cal structures [47]. On the other hand, it was thought that certain
volatile thiols (83S4MP and 4MSP) could enhance flavour intensities
of various flavour compounds, having different chemical structures
and different odours.

3.5 Synergy of 4AMSP and monoterpene alcohols

In addition, we try to confirm an effect of 4MSP on flavour profile,
for further understanding of characteristics of 4MSP. A test was

Table 2 Triangular test involving 12 panelists (in model solution (5 % v/v ethanol, carbonated))
test solution control solution correct answers/total answers p
1% TJ%//I[ ?Sﬂistlinellol !:2ng/L 4MSP o _
125 TJ%//IL g’(\aﬂresaﬁiol 1.2ng/L 4MSP on2 001
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conducted to assess changes of flavour
character by synergy of 4MSP and
monoterpene alcohols. Figure 7 shows
the six flavour characters (flowery, fruity,
citrus, tropical, green, and sulfur) of model
solutions, evaluated by the panelists.
The model solution ‘4MSP’ (containing
40 ng/L of 4MSP) was designed based

Tropical

Tropical Tropical

on previously reported concentrations of ‘ 4MSP

| Cmix | | 4MSP + LGC mix |

4MSP in test-brewed beers made with
thiol-containing flavour hops [22, 26—27]
andrecentresults fromourlaboratory (data
not shown). The model solution ‘LGC mix’
(containing 70 pg/L of linalool, 50 pg/L of
geraniol, and 30 pg/L of B-citronellol) was
designed to simulate the composition of the three monoterpene
alcohols in test-brewed beers made with geraniol-rich flavour hops.
The model solution ‘4MSP + LGC mix’ contained all four compounds.

Fig. 7

As a result, in the flavour profile of the model solution ‘4MSP’, the
average scores of ‘Citrus’ and ‘Sulfur’ were relatively low and the
one of ‘Tropical’ was relatively high. In the case of ‘LGC mix’, the
average scores of ‘Flowery’, ‘Fruity’, ‘Citrus’, and ‘Green’ were
relatively high and those of ‘Tropical’ and ‘Sulfur’ were relatively low.
This result is similar to that shown in our previous study [48]. The
total shape of the flavour profile of ‘4MSP + LGC mix’ was similar to
that of ‘4MSP’, however, the intensities of ‘Flowery’, ‘Fruity’, ‘Citrus’,
and ‘Tropical’ clearly increased by mixing of 4MSP and three mono-
terpene alcohols. Surprisingly, the intensity of ‘Tropical’ character
maximized by coexistence of these all compounds.

In the field of beer investigation, 4MSP has been mainly focused
on because of its characteristic blackcurrant-like and/or muscat-
like flavour [4, 13, 14, 22, 26, 40]. However, it has been reported
that 4MSP was contained in mango and contributed to tropical
aroma of this fruit [29]. Therefore, we assumed that 4MSP could
also contribute to tropical, mango-like flavour derived from ‘Flavour
hops’.

It has been reported that newly bred ‘Flavour Hop’ varieties con-
tained not only monoterpene alcohols but also volatile thiols (4, 13,
14, 46), and that these varieties gave characteristic exotic-fruit like,
tropical flavours to finished beers, for example guava-like flavour
derived from Citra [30, 31], mango-like flavour from Mosaic [32],
and so on. We assumed that the synergy among volatile thiols and
monoterpene alcohols could contribute to such flavours in beers
made from certain ‘Flavour Hop’ varieties.

4 Conclusions

4.1 Control of hop aromaimpression of beer with blend-
hopping using geraniol-rich hop

In previous studies, we found that the concentration of geraniol
and B-citronellol in finished beer could be enriched depending on
the initial geraniol content in the wort, as a result of single-hopped
test-brewing by using geraniol-rich hop [47—49]. In this study, we
tried to confirm the effect of blend-hopping using geraniol-rich Bravo

Flavor profiles of model solutions (5 % v/v ethanol, carbonated) containing 4MSP
and/or three monoterpene alcohols: 4MSP, containing 40 ng/L of 4MSP; LGC mix,
containing 70 pg/L of linalool, 50 pg/L of geraniol and 30 pg/L of B-citronellol; hair
line, profile of 4MSP model solution; dotted line, profile of LGC mix model solution

hop on the behaviour of monoterpene alcohols during fermenta-
tion. As a result, the additional Bravo hop, at only 0.4 g of hop/L
dosage, could increase approx. 20 ug/L of geraniol and > 15 ug/L
of B-citronellol in blend-hopped beers in comparison with single-
hopped control beers.

We have also previously demonstrated that the coexistence of lina-
lool, geraniol, and 3-citronellol could increase the average scores
of ‘Citrus’ by using the model solution (5 % v/v ethanol, carbon-
ated) [48]. In this study, we observed same effect of increase of
monoterpene alcohols on the change of flavour characters, first
time in hopped beers.

In addition, total shape of flavour profile was also drastically changed
by blend-hopping. It is thought that this result could evidence a
change of flavour impression by blend-hopping, which had been
experimentally carried out by craft brewers.

4.2 New hypothesis of synergy among hop-derived
flavour compounds

We found that there might be an additive effect between 4MSP and
monoterpene alcohols (linalool and geraniol) and that only 1.2 ng/L
of 4MSP was enough for this effect. It was thought that certain
volatile thiols (3S4MP [46] and 4MSP) could enhance flavour in-
tensities of various flavour compounds, having different chemical
structures and different odours.

In addition, as aresult of model sensory evaluation, it was also found
that the ‘“Tropical’ character could be maximized under coexistence
of 4MSP and three monoterpene alcohols (linalool, geraniol, and
B-citronellol). We assumed that the synergy among volatile thiols
and monoterpene alcohols could contribute to such flavours in
beers made from certain ‘Flavour Hop’ varieties, containing both
groups of compounds. This result is also useful for determining
blend-hopping recipe based on a composition of flavour compounds
of each hop variety.
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