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SUMMARY 

Previously, we compared strongly hopped and unhopped beers using gas 

chromatography–olfactometry (GC–O) and sensory evaluation, and identified around 

30 hop-derived odorants contributing to the hop aroma in beer. In the present study, 

we examined changes in the concentrations of two of these components, terpenoids 

and esters, and investigated their origins, by comparing beers using aged hops and 

hops stored at 4 °C. The beers hopped with aged hops had a citrus/estery character, 

while that using normal cold-stored hops had green and hop pellet-like characteristics. 

New odorants synthesized during the hop-aging process were not detected in the 

odorants extracted by a solvent assisted flavor evaporation (SAFE) method. The beers 

using aged hops contained increased concentrations of 3-methyl-2-butene-1-thiol 

(MBT), beta-ionone, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, ethyl 

4-methylpentanoate, 2-phenylethyl-3-methylbutanoate, and 4-(4-hydroxyphenyl)-2 

-butanone. We predicted that the substrate short chain acids of these esters were partly 

generated in the degradations of humulone or luplone. By contrast, the concentrations 

of linalool, myrcene, and (Z)-3-hexen-1-ol were reduced in the beers hopped with 

aged hops. The enantiomeric excess of linalool persisted throughout the hop-aging 

process according to the results of a multidimensional GC/mass spectrometry analysis. 

We propose that the observed changes in the balances of these components are largely 

responsible for the distinctive characteristics of beers using aged hops. 

 

 

INTRODUCTION 

The hop aroma qualities of beers differ significantly from those of the hop cones or 

hop pellets used in their production. Previously, we examined the potent hop-derived 

odorants that comprise the beer hop aroma and persist even after fermentation (8). 

Strongly hopped beers (hopped with approximately fivefold larger amounts of hops 

than normal) were compared with unhopped beers using gas chromatography 
–olfactometry (GC–O; CharmAnalysis™) and sensory evaluation. Only a few 

hydrophobic odor-active hop components were identified in the final beer products; 

the other components either evaporated during the brewing process or were 

metabolized into different odorants. Our results identified 27 hop-derived odorants 

that were either directly derived from the hops or via metabolization. These odorants 

contributed to the citrus, floral, green, muscat-like, and spicy sensory characteristics 

of the beers. The muscat-like aroma of Cascade beer and the spicy aroma of 
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Hersbrucker beer were predominant in sensory evaluation. 4-mercapto-4 
-methylpentan-2-one was identified as a component contributing to the muscat-like 

character of Cascade variety. Some esters, terpenoids, and thiols were shown to 

contribute to the citrus flavor, terpenoids (including linalool, geraniol, and 

beta-ionone) were shown to contribute to the floral note, and aldehydes and alcohol 

were shown to contribute to the green aroma. Developing distinctive hop aroma 

characters by increasing the concentrations of these components requires an 

understanding of their origins. In the current study, we thus investigated the changes 

in the concentrations of terpenoids and esters that occurred as a result of the aging of 

hops, as well as examining the derivations of these components. 

 

 

MATERIALS AND METHODS 

Brewing processes 

A bitter variety of hop pellets (11.5% alpha-acid hop pellets from the 2005 crop) was 

used in this study. Beers were brewed independently using hop pellets that had either 

been aged by storing at 40 °C for 30 days or had been cold-stored at 4 C. During the 

brewing process, 20 L wort was hopped with 16 g hop pellets either after the wort 

cooling process or at the beginning of the boiling process. Static fermentations were 

carried out in 5 L stainless-steel tall tubes, modified from 2 L European Brewery 

Convention (EBC) tall tubes, which were equipped with precise pressure and 

temperature control mechanisms. The yeast used for the fermentation was cultured in 

unhopped wort for 3 days, in order to wash out the hop-derived components. The 

yeasts were recovered by centrifugation, and were pitched at a rate of 20 million cells 

per milliliter. A 4.5-L sample of each type of wort (11.5 °P) was fermented at 12.0 °C 

for 8 days, and any yeast that had settled at the bottom of the tank was removed. After 

a maturation step carried out at 12.0 °C for 4 days, the beers were cooled to 0 °C for 5 

days, and then centrifuged in order to obtain the finished beers. 

 

Sensory evaluation 

Flavor-profile analyses were performed by seven trained sensory panelists on the 

beers hopped with the aged hops and the cold-stored hops. The members of the 

sensory panel were asked to evaluate the intensity of the pellet-like aroma, the citrus 

aroma, and the total hop aroma. The odor intensities were rated on the following scale 

(with intervals of 0.5 points): 0 = not perceivable; 1 = weak; 2 = normal; 3 = strong; 

and 4 = very strong. The characteristics of the hops were compared by calculating the 

mean intensity values of the scores. 

 

Quantifications of ethyl 4-methylpentanoate and 3-methyl-2-butene-1-thiol 

(MBT) 

Ethyl 4-methylpentanoate and MBT were quantified using the large volume dynamic 

headspace method with GC/mass spectrometry (MS) and the Entech 7100A system 

(Entech, USA). For the quantification of ethyl 4-methylpentanoate, methyl propionate 

was added to each beer sample at a final concentration of 1.25 ppm as an internal 

standard. Then, 2 ml of the beer sample including the internal standard was diluted 

with 98 ml of distilled water. For the quantification of MBT, 1-hexanethiol was added 

as an internal standard at a final concentration of 10 ppt. Then, 100 ml of the sample 

or the diluted sample was transferred into a 250-ml volume jar containing a glass 

bubbling tube. Helium gas (750 ml) was bubbled into the 100-ml sample in the jar at a 

temperature of 40 °C and a flow rate of 60 ml/min. A three-stage concentration 
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method was used to remove excess water and carbon dioxide from the stream of 

volatiles from the jar, which was subsequently introduced into the preconcentration 

system. The flow was initially concentrated in a cryogenic trap consisting of glass 

beads and Tenax (Module 1) at 20 °C. The trap was then heated to 180 °C, and the 

concentrated volatiles were transferred by passing helium gas into a secondary Tenax 

trap (Module 2) that was held at 20 °C. The trap was then heated to 180 °C for 3.5 

min, and the concentrated volatiles were transferred into an inert empty glass tube 

(Module 3) that was held at –150 °C. Separation of the volatiles was performed with 

an Agilent 6890 gas chromatograph coupled to a MSD5973N quadrupole mass 

spectrometer (Agilent Technologies, CA) equipped with a DB-1 capillary column (60 

m length  0.32 mm i.d.; film thickness = 1.0 µm; J&W) with a helium carrier gas 

(1.2 ml/min). The third trap was heated to 150 °C for 4 min in order to inject the 

volatiles into the GC/MS apparatus. The volatiles were injected using a pulsed split 

mode with a split ratio of 15:1. The oven temperature was programmed to rise from 

40 C (held for 5 min) to 300 C (held for 5 min) at a rate of 10 C/min. The GC/MS 

system was operated in the electron-impact mode at 70 eV, with the select ion 

monitoring (SIM) mode at m/z 102 for MBT and at m/z 88 for ethyl 4-methyl 

-pentanoate. 

 

Quantification of other volatiles 

The linalool, geraniol, and beta-ionone concentrations in the worts and beers were 

quantified using the stir bar sorptive extraction (SBSE) method with beta-damascone 

as an internal standard, as described in our previous report (7). The amounts of ethyl 

2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, 

(Z)-3-hexen-1-ol, 2-phenylethyl 3-methylbutanoate, and 4-(4-hydroxyphenyl)-2 

-butanone in the beers were measured by the liquid-extraction method with 

dichloromethane using (–)-borneol and (Z)-3-hepten-1-ol as internal standards, as 

described previously (7). All data are shown as the mean values of duplicated 

analysis. 

 

Determination of enantiomeric excess (ee) values 

The enantiomeric ratios of linalool and ethyl 2-methylbutanoate were investigated 

using a multidimensional (MD)–GC/MS system consisting of an Agilent 6890 gas 

chromatograph (Agilent Technologies) equipped with a first column, a multicolumn 

switching system (MCS2; Gerstel, Mulheim a/d Ruhr, Germany), and an Agilent 6890 

GC coupled to a MSD5973N quadrupole mass spectrometer equipped with a second 

column. 

The separations of the extracts were performed on the first column (DB-WAX 

capillary column; 60 m length  0.32 mm i.d.; film thickness = 0.25 µm; Agilent 

Technologies). The inlet temperature was set at 250 C with splitless injection. The 

oven temperature was programmed to rise from 40 C (held for 2 min) to 220 C at a 

rate of 3 C/min, with a constant carrier helium gas flow (1 ml/min). 

At the elution of ethyl 2-methylbutanoate and linalool, the effluent was transferred to 

a cold trap at –100 C using the MCS2. After cooling, the trapped material was further 

separated by the second column (RT-BetaDEXse chiral column; 30 m length  0.32 

mm i.d.; film thickness = 0.25 µm; Restek, USA).  

The separations of ethyl 2-methylbutanoate and linalool were performed on the chiral 

columns that were isothermally maintained at 50 °C and 90 °C respectively. The 

GC/MS system was operated in the electron-impact mode at 70 eV, with the SIM 

mode at m/z 102 for ethyl 2-methylbutanoate and at m/z 93 for linalool. The ee was 
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calculated based on the integrated peak area of the R-isomer and S-isomer using the 

following formula: ee (%) = ([R] – [S]) / ([R] + [S])  100. 

 

 

RESULTS AND DISCUSSION 

Characteristics of the four types of beer 

The specifications of the beers brewed for use in this study are shown in Table 1. 

Some of the components were assumed to be derived from the deterioration of alpha 

acids; the hop variety with the higher alpha-acid content was thus used to clearly 

demonstrate increases in the concentrations of the components studied. 

During the brewing of beers C and D, hops were added only after the wort cooling, in 

order to clearly distinguish the hop aroma characteristics. The intensities of the 

pellet-like aroma, estery aroma, and total hop aroma, and the comments made on the 

characteristics of beers C and D, are detailed in Table 2. Beer C, hopped with 

cold-stored hops, was characterized by hop pellet-like, resinous, green, and floral 

notes, and the intensity of the hop pellet-like aroma was relatively strong. Beer D, 

hopped with aged hop pellets, was described as having citrus and sweet aromas. The 

intensities of the estery aroma and the total hop aroma were slightly stronger in beer 

D.  

During the brewing of beers A and B, the hops were added at the beginning of the 

boiling process in order to isomerize the alpha acids and to allow the formation of trub. 

Beer B was characterized by a smooth bitterness with an afterglow, while beer A was 

characterized by astringency and coarse bitterness, although both did not had any 

aroma characteristics. 

 

 

Table 1:  Brewing specifications of the beers used in the current study 

Beer type A B C D 

Storage conditions 

for hop pellets 
4 °C 

40 °C 

for 30 days 
4 °C 

40 °C 

for 30 days 

Lead conductance 

value of alpha acids 

in hop pellets (%) 
(a)

 

11.5 4.1 11.5 4.1 

Non-isohumulone 

bittering compounds 

in hop pellets (%) 
(b)

 

13.5 29.4 13.5 29.4 

Time at which the 

hops were added 

At the 

beginning  

of boiling only 

At the 

beginning  

of boiling only 

After the wort 

cooling only 

After the wort 

cooling only 

Bitterness units 

(BU) of the beer 
(c)

 
31 30 7 17 

a
Determined using the EBC 7.4 method. 

b
Determined using the EBC 7.7 method. 

c
Determined using the EBC 9.6 method. 
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Table 2: Aroma profiles of beers C and D 

Beer type C D 

Total hop aroma (intensity) 2.6 2.7 

Estery aroma (intensity) 2.2 2.4 

Hop pellet-like aroma (intensity) 3.1 2.4 

Comments on the hop aroma 

characteristics of the beer 

(frequency of comments) 

Hop pellet-like (3) 

Resinous (2) 

Floral (2) 

Green (1) 

Citrus (2) 

Muscat-like (2) 

Grape (1) 

Sweet (1) 

 

 

Hop-derived odorants 

In our previous study (8), we identified hop-derived odor-active components. Table 3 

shows the retention indices (RIs) on the DB-WAX column, the compounds identified, 

the difference threshold values, and the odor qualities detected by CharmAnalysis™. 

Newly synthesized components produced by the hop-aging process were not detected 

by the GC-O analysis of the odorants extracted by the solvent-assisted flavor 

evaporation (SAFE) method (4) (data not shown), which prevent the synthesis of 

artifacts in the GC-O inlet. The changes in the concentrations of terpenoids and esters 

caused by hop aging, and their derivations, were further examined. 

 

 

Table 3:  The 27 hop-derived odorants and their threshold values in beer  

RI on 

DB-WAX 
Compounds 

Difference 

threshold 

(ppb) 
(2,17)

 

Odor qualities detected 

by GC–O 

1,004 Ethyl 2-methylpropanoate 6.3 Citrus, pineapple, sweet 

1,068 Ethyl 2-methylbutanoate 1.1
a
, 0.7

c 
Citrus, apple-like 

1,084 Ethyl 3-methylbutanoate 2.0 Citrus, sweet, apple-like 

1,103 1-hexanal 350 
(11)

 Green, leafy 

1,111 MBT 0.002 
(10)

 Almond, roasted 

1,148 (Z)-3-hexenal 20.0 
(11)

 Green, leafy 

1,180 Ethyl 4-methylpentanoate 1.0 Citrus, pineapple 

1,199 3-methyl-2-butenal 500 
(3)

 Almond, roasted 

1,338 Unknown  Fruity, catty, thiol-like 

1,363 4-mercapto-4-methylpentan-2-one 0.0015 Muscat-like, fruity 

1,373 (Z)-1,5-octadien-3-one 0.0034 Green, metallic 

1,383 (Z)-3-hexen-1-ol 884 Green 

1,383 Unknown  Muscat-like 

1,548 Linalool 1.7 
a
, 1.0 

b
 Floral, citrus, terpenic 

1,571 (E,Z)-2,6-nonadienal 0.5 
(11)

 Green, cucumber 

1,590 Unknown  Green, metallic 

1,682 Unknown  Fatty 
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1,825 3-mercapto-hexan-1-ol 0.055 Fruity, catty, thiol-like 

1,850 Geraniol 4.0 Floral, rose-like 

1,915 Beta-ionone 0.6 Floral, violet-like, berry 

1,945 (Z)-3-hexenoic acid 1,300 
(11)

 Rancid, sweaty 

1,980 2-phenylethyl 3-methylbutanoate 88.5 Floral, minty 

2,114 Unknown  Chocolate, roasted 

2,236 Unknown  Spicy 

2,380 Unknown  Spicy 

2,648 Unknown  Spicy 

2,970 4-(4-hydroxyphenyl)-2-butanone 21.2 Citrus, raspberry 

The values are shown relative to the thresholds in beer or in water (3).  
a
Determined using racemate.  

b
Determined using the (R)-isomer. 

c 
Determined using the (S)-isomer. 

 

 

Odorants with increased concentrations in beers using aged hops 

In the beers hopped with aged hops, the increased concentrations were observed for 

low threshold value citrus components (ethyl 2-methylbutanoate, ethyl 

3-methylbutanoate, ethyl 4-methylpentanoate, and 4-(4-hydroxyphenyl)-2-butanone). 

In particular, the concentrations of ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, 

and 4-(4-hydroxyphenyl)-2-butanone were close to or above the threshold values.  

By contrast, significantly decreased concentrations of green, hop pellet-like, and 

resinous components (myrcene and (Z)-3-hexen-1-ol) were detected in beers hopped 

with aged hops. The extremely higher content of myrcene in the beer C decreased 

below the threshold value in the beer D. In current study, the difference threshold 

value in beer, 9.5 ppb, was newly determined for myrcene, which was previously 

reported as a potent odorant in hop cone (16). (Z)-3-hexen-1-ol can be generated 

easily by the reduction of aldehydes, such as (Z)-3-hexenal (5), during fermentation; 

these aldehydes were thus also assumed to decrease in concentration during the aging 

of hops. 

Increased concentrations of MBT, beta-ionone, and 2-phenylethyl-3-methylbutanoate 

were observed in the beers using aged hops, whereas the amounts of geraniol and 

ethyl 2-methylpropanoate were similar to those in the beers hopped with cold-stored 

hops.  

We proposed that changes in the balances of these components had a significant 

influence on the citrus/estery characters and the total hop aroma intensities of the 

beers using aged hops, while the linalool content decreased.  

The threshold value of linalool changes according to the isomer (15). The value for 

the racemate linalool was newly determined here, and was higher than that for the 

(R)-isomer. As shown in Table 4, the ee values for linalool were similar in beers C and 

D, suggesting that racemization had not taken place, and that the aroma values for 

linalool remained constant throughout the hop aging process. By contrast, beers A and 

B had decreased ee values compared with beer C and D respectively. This implied that 

the (R)-isomer predominated in the hops, and that racemization had occurred during 

the boiling process, as previously suggested by Steinhaus (15). 
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Figure 1:  Concentrations of hop-derived components in beers hopped 

with aged hops and hops stored at 4 °C. The threshold values are indicated 

by the red lines. 

 

 

Table 4:  The ee values of linalool and ethyl 2-methylbutanoate 

Beer type A B C D 

Ethyl 2-methylbutanoate –32.6 –36.9 –81.9 –63.4 

Linalool 38.4 28.8 91.6 90.5 

 

 

Hypothetical synthetic pathway of odorants 

Increases in the concentrations of MBT and some esters were observed throughout 

hop aging.  Similar degradations were supposed in formations of both MBT 

precursors and short chain fatty acids.  

In our previous study (8), ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 

3-methylbutanoate, ethyl 4-methylpentanoate, 2-phenylethyl-3-methylbutanoate, and 

4-(4-hydroxyphenyl)-2-butanone were either detected in small amounts or not 

detected before fermentation. In our current study, increased concentrations of the 

esters were detected in the beers hopped with aged hops. Based on our results, these 

components were assumed to be formed by the esterification of short-chain fatty acids 

that were derived from the oxidation or degradation of hop components. One 

hypothetical synthetic pathway for these components is from humulone and lupulone, 

which are principal hop components. 

Compounds derived from the oxidation or degradation of hop components are known 

as “non-isohumulone bittering compounds” (9) or the “S-fraction” (12). Beer B had a 

relatively high S-fraction content (Table 1) and relatively low iso-alpha acid ratios, 

considering from its non-isohumulone bittering compounds, lead conductance value 

in hop pellets, and BU value. 

3-methylbutanoic acid, 2-methylpropanoic acid, 2-methylbutanoic acid, and 

4-methylpentanoic acid appeared to be generated by the degradation of normal, co-, 

ad-, and pre-humulone or lupulone compounds, respectively (Figure 2). Reduced 

concentrations of esters were detected in beers A and B (Figure 1), in which the hops 

were added at the beginning of the boiling process; these short-chain acids were thus 

assumed to be partly trapped in the trub or evaporated during boiling. 

A relatively high concentration of beta-ionone was detected in these beers B and D. In 

nature, this compound is thought to originate from beta-carotene, and can be produced 

by direct oxygenation during storage in air (1) or by aerobic fermentation (13,14).  
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Interestingly, the highest concentration of MBT was detected in beer B, which was 

hopped with aged hops at the beginning of the boiling stage, in spite its iso-alpha acid 

content was lower than those of beer A. Therefore some precursors of MBT were 

pre-formed during the aging of the hop pellets. However, in the present study, we 

were unable to determine whether the MBT was generated during fermentation or 

during the boiling process. 

Based on these findings, we proposed that hop aging induces the fragmentation of 

alpha acids at several different points to generate components such as short-chain 

acids and MBT precursors. Further investigations will be necessary to reveal the 

mechanisms of these pathways. 

O

OOH

HO
HO

O

HO

O

C2H5O

O

HO

O

C2H5O

O

O

HO

O

C2H5O

O

O

O

HO

O

C2H5O

O

O

4-methylpentanoic acid  

2-methylbutanoic acid  

2-methylpropanoic acid  

3-methylbutanoic acid  

ethyl 3-methylbutanoate 

 

2-phenylethyl 3-methylbutanoate 

ethyl 2-methylpropanoate 

ethyl 2-methylbutanoate 

ethyl 4-methylpentanoate Pre-humulone 

Ad-humulone 

Co-humulone 

Normal-humulone 

degradation  
esterific

ation  

degradation  

degradation 

degradation 

esterification  

esterification  

esterification  

 
 

Figure 2:  Hypothetical synthetic pathway of esters from alpha acids 

 

 

CONCLUSION 

This study examined changes in the concentrations of hop-derived terpenoids and 
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esters, and their origins, by comparing beers hopped with aged and cold-stored hops. 

Beers using aged hops contained increased concentrations of MBT, beta-ionone, ethyl 

2-methylbutanoate, ethyl 3-methylbutanoate, ethyl 4-methylpentanoate, 

2-phenylethyl-3-methylbutanoate, and 4-(4-hydroxyphenyl)-2-butanone. We supposed 

that the substrate short-chain acids of these esters were partly generated by the 

degradation of humulone or lupulone. By contrast, the concentrations of linalool, 

myrcene, and (Z)-3-hexen-1-ol were decreased in these beers. The ee value of linalool 

was shown to remain stable throughout the hop aging process. We propose that 

changes in the balances of these components contribute to the citrus/estery character 

and the total hop aroma intensity of beers using aged hops. In further research, to 

reveal the contributions of these components in more detail, identification of the 

unknown components in Table 3, and quantification of the components with 

extremely low threshold value, followed by aroma simulations recombining the 

odorants will be required.  This might also allow the characterization of novel 

odorants. 
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