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Aroma Active Monocarboxylic Acids – Origin 
and Analytical Characterization in Fresh and 
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During hop storage secondary metabolites, primarily bitter acids, terpene hydrocarbons and terpenoids, 
undergo qualitative and quantitative changes. One reaction that infl uences both – bitter properties and 
aroma – is the release of extremely fl avour active short chain monocarboxylic acids by cleavage of the 
acyl-side chain of bitter substances. Short chain acids exhibit very intense unpleasant cheesy, sweaty, and 
rancid smells, however they are key precursors of highly positive fl avourings of late hopped beer.
In the current paper a stable isotope dilution assay for precise quantifi cation of short chain carboxylic acids 
was integrated into conventional hop oil analysis. Short chain acids, terpene hydrocarbons, terpenoids, and 
hop bitter substances where analyzed in fresh as well as in moderately and excessively aged hop samples.
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1 Introduction

Hop has remarkable impact on the fi nal beer fl avour and hop 
pronounced beers are enjoying rising popularity. During the past 
decades extensive research has been performed to unravel the 
secrets of hop aroma by identifi cation of the high impact odorants 
of hop essential oil  [e.g. 1, 2,  3, 4]. Recent publications concentrate 
on identifying key odorants of hoppy beer fl avour, as well as mea-
sures for controlled and reproducible enrichment of hop derived 
volatiles within beer production [e.g. 5, 6, 7, 8].

Today, the major challenge remains that both – hop aroma and 
hoppy beer fl avour – differ strongly. Discrepancy is caused by the 
fact, that the constituents of the hop essential oil are not quantita-
tively transferred into beer, and that most of them undergo chemical 
modifi cation and/or biochemical conversion during beer processing. 
The majority of hop pronounced beers is produced by adding at 
least two hop dosages: The fi rst hop addition is performed for bit-
tering purposes at the beginning of the kettle boil. Hop bitter acids 
dissolve in the hot wort, α-acids isomerise into water soluble and 
bitter tasting iso-α-acids, which are transferred into bright beer. For 
most hop aroma substances are evaporated during kettle boil, so 
called late and dry hopping techniques are applied. Late hopping 

is the addition of (a second portion) of hops at the end of the boil 
or during whirlpool rest, in dry hopping aroma hops is added in 
the cold phase of beer production.

Both hopping procedures aim an effective enrichment of hop fl a-
vourings, whereas the aroma profi les of late and dry hopped beers 
differ considerably [9, 10]. In late hopping several hop essential 
oil constituents are oxidized and create spicy, herbal, or woody 
fl avours [11]. In dry hopping hop aroma compounds are basically 
extracted, some are converted by action of yeast enzymes  [12, 
 13,  14]. Yeast action on volatiles or their non-volatile precursors 
(i.e. glycosides) produces a variety of compounds accounting for 
fruity and fl oral characteristics of dry hopped beers.

The biotransformation of principal hop derived aroma compounds 
in fermentations with Saccharomyces cerevisiae are as follows:
 carbonyl compounds are reduced to alcohols [e.g.  15,  16]
 ethers undergo reduction into e.g. diols [e.g. 17]
 monoterpene alcohols isomerize [e.g. 12, 13, 14]
 glycosidically bound aroma precursors are released [e.g. 18, 

19, 20]
 esters are trans-esterifi ed or hydrolysed [e.g.  21, 15]
 acids are converted into (ethyl) esters  [e.g. 22,  23,  24]

1.1 Formation of hop derived ethyl esters

Fermentation of hopped wort yields numerous esters absent in 
beers derived from fermentation of unhopped wort. The fi ve principal 
esters arising from fermentation of Saccharomyces cerevisiae upon 
hopped wort are ethyl 3-methylbutanoate, ethyl 2-methylbutanoate, 
ethyl 2-methylpropionate, ethyl 4-methylpentanoate, and 2-phen-
ethyl 3-methylbutanoate [22–24]. Kishimoto [23] and Nielsen [24] 
proposed, simultaneously but self- contained, that these esters are 
produced by esterifi cation of hop derived short chain monocarbo-
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xylic acids (cf. Fig. 1), and that those esters strongly contribute to 
pleasant fruity aromas of (late) hopped beers.

Both researchers agreed, that ester concentration in beer can be 
increased by using aged hops rich in short chain acids (cf. 1.3). In 
their studies short chain acids in hops were not quantifi ed, however 
Nielsen found that the concentration of ethyl esters correlates with 
the concentration of short chain acids in beer.

Furthermore, ester concentration in beer is infl uenced by sever-
al technological measures: Increased ester concentration was 
observed when hop was added after wort boiling. It was hypothe-
sised, that during kettle boil short chain acids are mostly evaporat-
ed and/or removed by adsorption onto trub. During fermentation 
the concentration of hop derived ethyl esters increases, whereas 
their esterifi cation advances after the ester synthesis of lipid 
derived straight chain esters has fi nished. The accumulation of 
hop derived ethyl esters was shown to proceed after diacetyl is 
attenuated. Own, up to date unpublished investigations show, 
that elevated maturation temperatures and circulation of (late 
hopped) end fermented beer is very effective in increasing the 
formation of hop derived ethyl esters. Biochemically, there are 
two primary reasons for yeast catalyzed esterifi cation. Firstly, 
short and medium chain monocarboxylic acids exhibit strong 
antimicrobial activity and are toxic to the yeast [25]. Consequent-
ly, the esterifi cation of acids into ethyl esters is a detoxifi cation 
process. Secondly, the ester formation in late fermentation and 
maturation reduces the acetyl charge, namely the balance bet-
ween acetyl-coenzyme A and coenzyme A, which is essential for 
the yeast cell [26, 27].

During beer storage Williams and Wagner [28, 29] observed ester 
accumulation due to condensation of ethanol and organic acids. 
Non-yeast catalysed ester formation is rather slow, elevated ester 

concentrations were found when beer was 
subject to forced aging [30].

Ethyl 3-methylbutanoate, ethyl 2-methylbuta-
noate, ethyl 2-methylpropionate, ethyl 4-me-
thylpentanoate have very intensive sweet, 
estery, fruity, pineapple-like odor qualities. The 
aliphatic ethyl esters have very low fl avour 
thresholds in beer [31, 32, 33 ], also strong 
additive effects among these compounds were 
observed [34]. 2-Phenylethyl 3-methylbutano-
ate exhibits a fl oral and minty impression [22]. 
There is no information concerning its fl avour 
threshold available in literature.

1.2 Compositional changes of hop 
 essential oil upon storage

During storage of hops secondary metabolites, 
primarily bitter acids and volatiles (hop essen-
tial oil), undergo changes that strongly affect 
hop quality [ 35, 36, 37, 38]. Hop essential oil 
is an extremely complex mixture of several 
hundred volatiles [39]. The major volatiles 

of fresh hops are terpene hydrocarbons (myrcene, α-humulene, 
and β-caryophyllene), which account for up to 80 % of the total 
oil. Remaining volatiles are grouped as the so called “oxygen-
ated fraction”, which predominately includes terpenoids, but also 
various esters, ketones, aldehydes, as well as traces of sulphur 
compounds. Basically, these volatiles are found in much lower 
concentrations compared to the abundant terpene hydrocarbons 
(factor 100–1000). Still, they have remarkable aroma character-
istics (fruity, fl oral but also spicy, herbal, and woody notes) and 
are distinguished by extremely low fl avour thresholds. It is agreed, 
that they are signifi cant contributors to hop aroma and hoppy beer 
fl avour [3]. The concentration of oxygenated compounds rises during 
ripening of the hop cone [40, 41], but also during hop processing 
and in the early stage of hop storage [ 42, 43 , 44, 45, 46 , 47]. The 
concentration of oxygenated compounds increases when hop is 
subject to short term storage under pro-oxidative conditions [42, 
43], hence a moderate hop storage prior to brewing has been 
proposed to positively affect the aroma properties of the fi nal beer 
[42]. Long term hop storage (several months) leads to a decrease 
of total volatiles (terpene hydrocarbons and oxygenated fraction) 
accompanied by loss of favourable aroma characteristics [15].

1.3 Oxidation of bitter acids and release of short chain 
 monocarboxylic acids

Hop bitter substances primarily consist of two related series of struc-
tures, the α-acids (n-humulone, co-humulone, and ad-humulone) 
and the β-acids (lupulone, co-lupulone, and ad-lupulone). In ad-
dition, there are some minor hop acids called post-humulone and 
pre-humulone, or post-lupulone and pre-lupulone, respectively [48].

Prolonged hop storage at elevated temperatures (> 0 °C) and 
exposed to atmospheric oxygen decreases the concentration of 
those valuable bitter acids. Their oxidation results in multiple and 
aggregate structures, prominent non-volatile derivates are humu-

Fig. 1 Esterfi cation of short chain carboxylic acids into their corresponding ethyl esters 
as proposed by Kishimoto [23] and Nielsen [24]
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linic acids, humulinone, or the so called hulupones [49]. Here, the 
prior ranking fact is, that oxidized α-acids can no longer isomerize 
into iso-α-acids, whereby the bittering potential of hop decreases 
[50]. It was found that the oxidation of α- and β-acids is impaired 
by storage conditions (oxygen, temperature, duration), but also 
by hop variety. Differences among varieties are attributed to the 
antiradical activity of hops, as well as the polyphenol content. Gen-
erally, β-acids are more stable towards oxidation than α-acids [35].

Whereas a comprehensive discussion on the multiple degrada-
tion reactions of hop bitter acids is beyond the scope of this 
paper, one reaction has been postulated that simultaneously 
reduces bittering potential and fresh hop aroma: the cleavage of 
the acyl-side chain of bitter acids is proposed to release flavour 
active short chain monocarboxylic acids [51]. Degradation of 
n-humulone releases 3-methylbutanoic acid, 2-methylpropanoic 
acid results from degradation of co-humulone, 2-methylbutanoic 
acid from degradation of ad-humulone, 4-methylpentanoic acid 
from post-humulone, and hexanoic acid from pre-humulone. 
These bitter substance derived acids exhibit intense sour, 
sweaty, rancid, and cheesy odors.

In literature there is no comprehensive study focussing on the 
metabolism of short chain acids in aging hops, the only available 
data were published by Tressl et al. [51] more than 30 years 
ago: Tressl and coworkers semiquantified more than twenty 
monocarboxylic acids in several fresh hop varieties (namely 
Bullion, Hüller Bitter, Fuggles, Hersbrucker Spät, Cluster, Ya-
kima, Northern Brewer, and Brewers Gold), as well as in fresh 
and aged Spalter hops. 
Their analysis resulted, 
that the concentration of 
methyl branched short 
chain monocarboxylic 
acids in fresh hops dif-
fered throughout the 
varieties. They postu-
lated that the ratio of 
2-methylpropionic and 
2-/3-methylbutyric to 
be a varietal charac-
teristic, that correlates 
with the concentration 
of n-humulone and co-
humulone. Storage trials 
(3 years, 0 °C) evidenced 
a remarkable increase 
in the concentrations 
of 2-methylpropionic 
acid, 2- and 3-methyl-
butyric acid. Also several 
straight chain (saturated 
and unsaturated) acids 
such as pentanoic acid, 
hexanoic acid, octanoic 
acid, (2E)-hexenoic acid, 
and (3E)-hexenoic acid 
were traced in the aged 
samples. Increasing con-

centrations of those straight chain acids was attributed to the 
oxidative degradation of linoleic and linolenic acid, as well as 
to the cleavage of corresponding methyl esters.

1.4 Aim of the current paper

Hop derived short chain carboxylic acids are potent odorants 
of the hop essential oil and key precursors of high impact odo-
rants of hopped beers. It has been shown, that hop varieties 
differ in their initial concentration of short chain acids, where-
as increasing concentrations were observed when hop was 
subjected to long time storage. However, no comprehensive 
data set, including bitter acids, short chain acids, and other 
key volatiles from hop is described in literature. Data for short 
chain acid concentrations in moderately aged hops are missing. 
Also straightforward analytical tools for the identification and 
precise quantification of short chain acids from hops have not 
been described before. These facts initiated the study described 
herein, which followed three principal aims:
 Establish a selective analytical route to isolate short chain 

monocarboxylic acids from hops, provided compatibility 
with the analysis of terpene hydrocarbons and oxygenated 
flavourings of hop essential oil.
 Establish a sensitive GC-MS route and a stable isotope 

dilution assay for unambiguous identification and precise 
quantification of monocarboxylic acids from hops.
 Perform storage experiments under aerobic conditions in 

order to evaluate concentration changes in regard to short 
chain monocarboxylic acids and hop bitter substances. 

Table 1 List of analytical targets and stable isotope standards including registry numbers of the Chemical 
 Abstracts Services (CAS), formula in Hill notation, boiling point in °C, as well as the m/z (EI-MS) 
 of quantifi er and qualifi er ions of the corresponding methyl esters

analyte CAS No. formula (Hill notation) Bp [°C ] m/za

2-methylpropanoic acid 79-31-2 C4H8O2 155 43, 59, 71, 87

2-methylbutanoic acid 1730-91-2 C5H10O2 176 41, 88, 101

3-methylbutanoic acid 503-74-2 C5H10O2 176 41, 74, 101

pentanoic acid 109-52-4 C5H10O2 187 43, 57, 74, 85

4-methylpentanoic acid 646-07-1 C6H12O2 199 43, 74, 59,87

hexanoic acid 142-62-1 C6H12O2 206 43, 74, 59, 87

(2E)-hexenoic acid 13419-69-7 C6H10O2 217 55, 87, 97, 113

heptanoic acid 111-14-8 C7H14O2 222 43, 55, 59, 74, 87

6-methylheptanoic acid 929-10-2 C8H16O2 232 43, 55, 57, 74, 87

octanoic acid 124-07-2 C8H16O2 237 43, 55, 74, 87, 158

nonanoic acid 112-05-0 C9H18O2 255 43, 55, 59, 74, 87

decanoic acid 334-48-5 C10H20O2 268 74, 87, 143

(4Z)-decenoic acid 505-90-8 C10H18O2 278 67, 69, 74, 110, 152

undecanoic acid 112-37-8 C11H22O2 280 43, 74, 87, 143

dodecanoic acid 143-07-7 C12H24O2 299 55, 74, 87, 143

10-methylundecanoic acid 2724-56-3 C12H24O2 305 74, 87, 143, 171

standards linear formula Bp [°C ] m/za

13C-butanoic acid / CH3(CH2)2
13CO2H 162 43, 72, 75, 88

13C-octanoic acid / CH3(CH2)6
13CO2H 237 75, 88, 159

a acids were analyzed as fatty acid methyl esters. Mass to charge (m/z) ratios of prominent ions were selected for 
qualifi cation and quantifi cation. Bold letters indicate quantifi er ions
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Discuss changes in brewing value and aroma profile with 
respect to other key odorants of hop essential oil.

2 Materials and Methods

2.1 Hop samples and storage conditions

Commercial hop pellets (type 90) of fi ve US grown varieties from 
the 2012 harvest were available: Columbus was selected as a so 
called super high alpha variety, Chinook and Nugget as high-alpha 
varieties, Cascade and Mount Hood (MT Hood) as aroma hop 
varieties. Prior to the storage trials pellets were stored vacuum 
packed at –23 °C in undamaged wrappings (each 50 g, metal-
ized polyethylene laminates, vacuum packed). For the storage 
trials wrappings were cut open, one set of samples was analyzed 
directly (fresh), one was stored at room temperature (RT, 21 °C 
in average), another set at 0 °C. After four and twenty for weeks 
α- and β-acids (cf. 2.3) were analyzed in repeat determination, 
terpene hydrocarbons, terpenoids, and short chain acids were 
analyzed in triplicate determination (cf. 2.4 and 2.5) for each variety.

2.2 Reference materials and chemicals

Short chain monocarboxylic acids examined within this study are 
compiled in table 1. Corresponding analytical standards were 
purchased in purity of  96 % from Sigma-Aldrich Chemie GmbH 
(D-89555 Steinheim), except for 6-methylheptanoic acid which was 
purchased from Alfa Aesar GmbH & Co KG A (D-76057 Karlsruhe). 
(4Z)-decenoic acid was only available in form of its correspond-
ing methyl ester. Reference materials for the analysis of terpenes 
and terpenoids are listed below. If not stated elsewise they were 
also purchased from Sigma-Aldrich Chemie GmbH in purity  96 
%: Myrcene, limonene ((+)-Carvene,  90 %), ocimene ( 90 %), 
cis- and trans-linalooloxid (2-(5-Methyl-5-vinyltetrahydro-1-furyl)-
2-propanol), linalool, α-terpineol, nerol, neral, geraniol, geranial, 
methylgeranate, geranylacetate, ß-caryophyllene, α-humulene, 
geranylpropionate, methyl 6-methylheptanoate, methyl octanoate, 
methyl 6-methyloctanoate, and methyl decenoate.

Methyl tert-butyl ether (MTBE, analytical grade), methanol (HPLC 
grade), ortho-phosphoric acid (85 %), sodium sulfate (Na2SO4), 
and sodium-hydrogen-carbonate (NaHCO3) were purchased from 
Carl Roth GmbH + Co. KG (D-76185 Karlsruhe). Ethylacetate 
(analytical grade) and diethyl ether (DEE, analytical grade) from 
Merck KGaA (D-64293 Darmstadt). MTBE and DEE were further 
purifi ed by distillation.

2.3 Reversed-Phase- High Performance Liquid Chro-
 matography (RP-HPLC) analysis of bitter acids

The analysis of α- and β-acids from fresh and aged hop pellets was 
based on Analytica-EBC 7.7 [52] using a Shimadzu LC-2010CHT 
Liquid Chromatograph equipped with a Bluespher C18 column 
(endcapped, 100 mm length, 2 mm inner diameter, pore size 100 Å, 
particle size 2.0 μm) from Herbert Knauer GmbH (D-14163 Berlin). 
Mobile phase was HPLC grade methanol, ultrapure water drawn 
from a Merck Millipore Synergy® UV water purifi cation system (D-
64293 Darmstadt), and ortho-phosphoric acid (85 %) in a ratio of 

775/210/9 by volume. Injection volume was 10 µL, column oven 
temperature 40 °C. Isocratic elution was performed at a fl ow rate 
of 0.25 mL/min. UV-Detector was operated at a wavelength of 314 
nm. Identifi cation and quantifi cation of α-acids (co-humulone, n- 
and ad-humulone) and β-acids (co-lupulone, n- and ad-lupulone) 
was based on comparison of retention times and peak areas with 
those obtained by analysis of the International Calibration Extract 
(ICE-3) purchased from Labor Veritas AG (CH-8002 Zürich).

2.4 Sample preparation

Isolation of volatiles from hops

Volatiles were isolated by simultaneous distillation extraction 
(SDE) according to a method previously described [53, 54]. The 
internal standards (IS) for both, essential oil and monocarboxylic 
acid quantifi cation were added at the very beginning of sample 
preparation. Standards for the quantifi cation terpenoids were 
6-Methyl-5-[1,1,1,3,3-2H5]hepten-2-one (D5-6-Methyl-5-hepten-
2-one), 3,7-[10,10,10-2H3]Dimethyl-1,6-octadien[4,4-2H2]-3-ol 
(D5-linalool), terpene hydrocarbons were quantifi ed using 2-
octanol. D5-6-Methyl-5-hepten-2-one and D5-linalool were syn-
thesized according to the method of Kreck et al. [55], 2-octanol 
(purity ≥ 97 %) was purchased from Sigma-Aldrich Chemie 
GmbH. For quantifi cation of the short chain carboxylic acids 1-
13C-butanoic acid (99 atom % 13C) and 1-13C-octanoic acid (99 
atom % 13C) were used. Both standards were purchased from 
Sigma-Aldrich Chemie GmbH. SDE extracts (100 mL) were con-
centrated to a volume of approx. 15 mL by Vigreux-distillation. An 
aliquot of 10 mL was extracted to enrich the short chain acids, 
another aliquot (100μL) was directly analyzed by GC-MS.

Isolation and derivatization of monocarboxylic acids

The extraction procedure was based on the prescript of Tressl 
et al. [51], modifi cations and especially miniaturizing have been 
applied: 10 mL extract from SDE were extracted thrice with each 
25 mL of a saturated solution of sodium-hydrogen-carbonate 
(NaHCO3; 7 mg/ml; pH 10). Sodium-hydrogen-carbonate phase 
was combined, acidifi ed to pH 2 by addition of phosphoric acid 
(H3PO4), thereafter extracted twice with each 10 mL DEE. The 
DEE phase was dried over sodium sulfate and concentrated to 1 
mL by Vigreux-distillation. For the GC-MS analysis an aliquot of 
80 µL was transferred into a GC-vial, in order to revise separation 
perfomance on DB 5 ms column (cf. 2.5) monocarboxylic acids 
where converted into fatty acid methyl esters (FAME) by addtion 
of 20 µl of trimethylsulfonium hydroxide (TMSH) in methanol. Hop 
contains traces of fatty acid (methyl) esters which were basically 
removed by the LLE. However undervatized samples (blind samp-
les) were analyzed to detect any carryover into the polar extracts. 
The blind samples were prepared by addition of 20 µl methanol 
(without derviatisation agent).

2.5 Gas chromatography – mass spectrometry (GC-
 MS)

GC-MS analysis was performed on Shimadzu GCMS-QP2010 
Plus applying a DB 5ms column (inner Ø = 0.25 mm, 0.25 μm 
fi lm thickness, length = 30 m) from Agilent Technologies (D-71034 
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Böblingen). GC was operated in linear fl ow mode (linear velocity 
= 40.0 cm/s), helium was used as carrier gas.

For analysis of the monocarboxylic acids (as their corresponding 
FAME) the injector temperature was set to 250 °C. A sample vol-
ume of 1 μL was injected in split injection mode (split 10). Column 
oven temperature program was set at an initial temperature of 
40 °C, after 3.5 minutes of sampling time temperature was raised by 
a rate of 10 °C/minute until reaching 200 °C, than 70 °C/minute up to 
300 °C (hold for 60 s). DB 5 ms phase showed very suitable perfor-
mance to separate all target compounds, except for the methyl esters 
of 2- and 3-methylbutanoic acid which could be distinguished by 
MS (cf. Table 1). Ion source of quadrupole mass spectrometer (QP-
MS) was adjusted to 200 °C, the interface temperature to 250 °C.
Analyte ionization was reached by electron impact ionization (EI). 
For data acquisition QP-MS was operated in scan mode (m/z = 
29–400, scan rate = 2500). Target identifi cation was based on 
comparison of retention time and EI mass spectra with those of 
reference standards (cf. 2.2), mass to charge ratios (m/z) of quali-
fi er and quantifi er ions are given in table 1.

For direct analysis of the SDE extracts GC temperature program 
was as follows: Oven temperature program was set at an initial 
temperature of 60 °C, then raised by a rate of 6 °C/minute until 
reaching 220 °C, than by a rate of 70 °C/minute up to 300 °C 
(hold for 60 s). Ion source of QP-MS was adjusted to 200 °C, the 
interface temperature to 220 °C. Ions ranging from m/z = 29 to 
m/z = 400 were detected in scan mode (scan rate = 2500). Target 
identifi cation was based on comparison of retention time and EI 
mass spectra with those of reference standards. Data evaluation 
focussed on terpene hydrocarbons, principal terpenoids, as well 
as fatty acid methyl esters. The compounds that were not available 
as analytical standards were identifi ed by means of their relative 
retention index (RI) and their mass spectrum in comparison with 
NIST 2008 database. RI was determined according to Kovats [56], 
reference RI were taken from the compilation published by Adams 
[57]: α-limonene-diepoxid (RI=1132), α-bisabolene (RI=1506), 
geranyl isobutyrate (RI=1606), caryophylenne oxide (RI=1582), 
humulene monoepoxid II (RI=1608).

In sum 17 terpenoids, fi ve terpene hydrocabons, and fi ve methyl 
esters, were dircetly quantifi ed from the SDE extract. In addtion 16 
monocarboxylic acids were quantifi fi ed from the methylated LLE 
extract.

2.6 Calibration and validation

Calibration 

Calibration curves were established for all monocarboxylic acids 
(IS = 1-13C- butanoic acid and 1-13C-octanoic acid), terpene 
hydrocarbons (IS = 2-octanol), terpenoids and methyl esters 
(IS= D5-6-Methyl-5-hepten-2-one and D5-linalool), except for 
those compounds that were not commercially available (cf. 2.5). 
Quantifi cation of those compounds was performed using the 
calibration function ß-caryophyllene. For calibration analytes 
were mixed with the respective IS in molar ratios ranging from 
0.1 to 10, than diluted to match the dynamic range of MS detec-
tion. In case of the short chain acids derivatization with TMSH 

was performed. The coeffi cient of determination (R2) was at least 
0.98 for all compounds.

Recovery rate (RR)

The monocarboxylic acids focused in this study have boiling points 
ranging from 155 °C (2-methylpropanoic acid) to approx. 300 °C 
(10-methylundecanoic acid or dodecanoic acid), also the polarity 
of short chain (methyl branched) and medium chain (unsaturated) 
acids differ strongly. The water solubility of 2-methylpropanoic 
acid is comparably high (21 g/100mL, at 20 °C), whereas those 
of dodecanoic acid is very limited (0.006 g/100 mL at 20 °C). The 
sample preparation includes three extraction steps, thus the ap-
plication of proper (stable isotope labeled) internal standards, but 
also detailed knowledge in regard to the extraction properties of 
the analytes is needed. To assure proper quantifi cation recovery 
experiments where carried out: 5 g spent hops was spiked with an 
analyte mixture and the internal stable isotope labeled standards 
(1-13C-butanoic acid and 1-13C-octanoic acid) in ratios of 2:1, 1:1, 
and 1:2. SDE, LLE, derivatization and analysis were carried out 
as described above. Spent hops was prepared by extraction (2 * 8 
hours) of commercial hop pellets with MTBE in a Soxhlet apparatus. 
The recovery rate was defi ned as: recovery rate = concentration 
analyte/concentration standard * 100.

Coeffi cient of variation (CV)

CV was determined by sixfold repeat of the whole analytical pro-
cedure for terpene hydrocarbons, terpenoids, and methyl ester 
(weighted sample, SDE, GC-MS analysis), as well as for the short 
and medium chain acids (weighted sample, SDE, LLE, derivatiza-
tion, GC-MS analysis).

Limit of quantifi cation (LOQ)

LOQ was determined by the signal-to-noise (S/N) method. The 
LOQ was defi ned as the analyte concentration by which the 
peak area of the quantifi er ion (S) is at least by factor ten higher 
compared to the noise (N). For calculation of N, the signal of the 
quantifi er ion was integrated over a distance equal to approx. 
20 times of the width at half-height of the respective peak. For 
a detailed directive concerning the determination of RR and CV 
refer to Kromidas [58].

3 Results and discussion

3.1 Method development and validation

The enrichment of low concentrated short chain carboxylic 
acids from hops by SDE and LLE is an effective and reproduc-
ible multi-step sample preparation procedure: The coeffi cient 
of variation was below 14 % for all short chain monocarboxylic 
acids (cf. Table 3). The isolation of the polar acids by LLE of the 
SDE extract was very effi cient, abundant terpene hydrocarbons, 
terpene alcohols, but also traces of fatty acid methyl esters were 
removed. Blind samples did not contain signals for terpenoids 
and methyl esters, there was only a minor carryover of myrcene, 
ß-caryophyllene, and α-humulene. The latter seems inevitable due 
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to the high abundance of those compounds in the SDE extracts 
of fresh hop samples. However, signals did not interfere with any 
of the qualifi er and quantifi er ions of the FAME, thus they did not 
disturb identifi cation and quantifi cation. The recovery experiments 
resulted in very acceptable RR ranging from 91–116 % for either 
1-13C-butanoic acid or 1-13C-octanoic acid. Based on the results 
of the recovery experiments monocar-
boxylic acids with 4-6 carbons atoms 
where quantifi ed using 1-13C-butanoic 
acids, whereas acids ranging from 
7–12 carbon atoms were quantifi ed 
using 1-13C-octanoic acid. RR reveal, 
that the stable isotope standards 
with four respectively eight carbon 
atoms were very suitable to cover 
the range of C4–C12 acids in the hop 
samples. The LOQ of the method was 
0.1 μg analyte/g hop pellet. Similar 
LOQ for all analytes results from the 
fact that matching quantifi er ions 
were used and that RR was similar 
(cf. Table 1).

3.2 Concentration of α- and 
 β-acids in fresh and aged 
 hop samples

The results of RP-HPLC analysis of
the fi ve pellet varieties prior to ae-
robic storage are shown in table 2.
The total concentration of α-acids 
was calculated from the peak areas
for co-humulone, n-humulone and ad-
humulone, whereas the latter were not 
separated by LC. Accordingly β-acids 
were calculated from co-lupulone, n-
lupulone and ad-lupulone signals. The 
total resins given in table 2 equal the 
sum of α-acids and β-acids.

In the fresh hop samples highest 
amount of total resins (18.2 g/100 g) 

Table 2 Mean concentrations of α- and β-acids in fresh hop pellets

a the total resins [g/100g] equal the sum of α- and β-acids

Columbus Nugget Chinook MT Hood Cascade

α-acids [g/100g] 13.9 13.0 11.8 6.1 5.5

co-humulone [g/100g] 4.8 3.0 3.5 1.3 1.8

n- + ad-humulone 
[g/100g]

9.1 10.0 8.3 4.8 3.7

β-acids 4.3 4.2 2.8 5.1 5.5

co-lupulone [g/100g] 2.3 2.1 1.5 2.4 2.2

n- + ad-lupulone [g/100g] 2.0 2.1 1.3 2.7 2.2
a total resins[g/100g] 18.2 17.2 14.6 11.2 11.0

ratio (co-/ n-+ad-humu-
lone)

0.53 0.30 0.42 0.27 0.49

and α-acids (13.9 g/100 g) was found in Co-
lumbus hops. Cascade contained the lowest 
portion of both: Total resins were 11.0 g/100 
g, whereas an α-acid content of 5.5 g/100 
g was found. Cascade and Columbus have 
similar ratios of co-humulone (approx. 0.5), 
whereas MT Hood and Nugget contained 
less co-humulone (0.27).The concentration 
of β-acids was in the range of 5.5 g/100 g 
(Cascade) to 4.2 g/100 g (Nugget).

In the storage experiments a decrease of 
α- and β-acids was observed across all hop 
varieties. The concentration (decrease) of 
α- and β-acids was dependent on storage 
temperature (0 °C vs. RT) and storage time 
(4 weeks vs. twenty four weeks). The compre-

hensive data set for α- and β-acids throughout the storage trials is 
visualized in fi gure 2. The relative changes, namely a loss of α- and 
β-acids compared to the initial concentration, are indicated by bar 
charts for all fi ve hop varieties. The total amount of α- and β-acids is 
split into the respective parts for co-humulone and n- + ad-humulone 
(Fig. 2 a), or co-lupulone and n- + ad-lupulone (Fig. 2 b).

Fig. 2 Relative decrease [%] of α-acid (a) and β-acid (b) concentration during aerobic hop stor-
age at 0 °C and RT. Relative decrease [%] of α-acid (a) and β-acid (b) concentration dur-
ing aerobic hop storage at 0 °C and RT. Bar height indicates the relative amount [%] of 
α- and β-acids drawn to the initial concentration. Bars are split into the respective parts 
for co-humulone (bottom) and n- + ad-humulone (top a) or co-lupulone (bottom) and n- + 
ad-lupulone (top b)
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During four week storage at 0 °C the concentration of α-acids 
decreased at a minimum of –2.2 % in Columbus, and at a maxi-
mum of -4.9 % in Cascade. After twenty four weeks at 0 °C losses 
between –7.6 % (Chinook) and –9.8 % (MT Hood) were observed. 
At RT the decrease of α-acids was much higher: After four weeks 
a reduction of –10.9 % was observed in Cascade hops, –9.2 % 
were found in the MT Hood samples. After twenty four weeks 
maximal losses of –41.0 % for MT Hood, and minimal losses 
of –29.7 %in the Chinook pellets were observed. Data does not 
indicate a causal correlation between the initial content of α-acids 
and their %-decrease upon storage. The ratio of co-humulone/
n- + ad-humulone remained almost constant throughout storage. A 
tendency towards slightly higher losses for n- + ad-humulone was 
observed in Columbus, Nugget, and Chinook. In the aroma hops 
(MT Hood and Cascade) a tendency towards higher losses for 
co-humulone was found. The ratios (concentration co-humulone/
concentration n- + ad-humulone) after twenty four weeks storage 
at RT were: Columbus = 0.57, Nugget = 0.36, Chinook = 0.48, MT 
Hood = 0.24, Cascade = 0.40.

The data is in accordance to literature [e.g. 59  ] and to the assess-
ment published by the Hops Growers of America as the distributor 
of the hop samples analyzed within this study [60]. Canbas et al. 
[59] found losses ranging from 30.8 % in hop pellets variety Brewers 
Gold to 36.4 % in pellets type 90 of Northern Brewer. Mikyska and 
Krofta [35] found losses of up to 30 % (24 weeks, RT) for several 

CV Columbus Nugget Chinook MT Hood Cascade

bitter substance derived acids [%] [µg/g]

2-methylpropanoic acid 12 14.65 ± 1.76a 3.98 ± 0.48 14.56 ± 1.75 8.45 ± 1.01 10.07± 1.21

2-methylbutanoic acid 11 14.24 ± 1.57 4.25 ± 0.47 8.36 ± 0.92 6.39 ± 0.70 6.62 ± 0.73

3-methylbutanoic acid 8 21.50 ± 1.72 8.18 ± 0.65 24.65 ± 1.97 16.44 ± 1.32 16.82 ± 1.35

hexanoic acid 6 9.77 ± 0.59 5.43 ± 0.33 4.92 ± 0.30 5.14 ± 0.31 3.90 ± 0.23

4-methylpentanoic acid 11 3.12 ± 0.34 0.61 ± 0.07 1.90 ± 0.21 0.10 ± 0.01 0.89 ± 0.10

sum 63.3 22.4 54.4 36.5 38.3

(2-methylpropanoic acid) / 2 + 3-methyl-
butanoic acid)

0.41 0.32 0.44 0.37 0.43

(co-/ n- + ad-humulone) 0.53 0.30 0.42 0.27 0.49

other short and medium chain acids [µg/g]

pentanoic acid 13 0.33 ± 0.4 0.21 ± 0.03 0.18 ± 0.02 < 0.1 0.24 ± 0.03

(2E)-hexenoic acid 15 0.12 ± 0.02 0.51 ± 0.08 < 0.1 0.75 ± 0.11 0.43 ± 0.06

heptanoic acid 9 12.43 ± 1.12 44.90 ± 4.04 8.81 ± 0.79 15.97 ± 1.44 18.85 ± 1.70

6-methylheptanoic acid 10 63.49 ± 6.35 11.15 ± 1.12 19.68 ± 1.97 8.38 ± 0.84 15.23 ± 1.52

octanoic acid 4 25.12 ± 1.00 68.37 ± 2.73 41.61 ± 1.66 27.95 ± 1.12 24.97 ± 1.00

nonanoic acid 5 43.11 ± 2.16 25.86 ± 1.29 27.53 ± 1.38 9.55 ± 0.48 25.10 ± 1.25

(4Z)-decenoic acid 11 68.51 ± 7.54 25.00 ± 2.75 44.12 ± 4.85 20.48 ± 2.25 18.34 ± 2.02

decanoic acid 13 35.51 ± 4.62 47.78 ± 6.21 23.41 ± 3.04 4.51 ± 0.59 17.09 ± 2.22

undecanoic acid 13 1.60 ± 0.19 1.36 ± 0.16 0.32 ± 0.04 0.20 ± 0.02 1.53 ± 0.18

10-methylundecanoic acid 12 2.79 ± 0.34 2.84 ± 0.34 1.52 ± 0.18 1.42 ± 0.17 7.61 ± 0.91

dodecanoic acid 11 13.86 ± 1.52 10.64 ± 1.17 12.20 ± 1.34 9.38 ± 1.03 13.58 ± 1.49

sum 266.9 238.6 179.4 98.7 143.0

Czech aroma hop varieties.The Hops Growers of America estimated 
losses of approx. 50 % for Cascade, Columbus, and MT Hood, 
25–30 % for Nugget and Chinook. Differences in the stability of 
bitter acids from different hop varieties have been attributed to 
polyphenol content and anti-radical properties of hop varieties [35]. 
These parameters were not determined within this study.

Storage trials positively showed, that β-acids are more stable 
towards oxidation reactions. The decrease of β-acids was consi-
derably lower than those of the α-acids: When hop was stored at 
RT for twenty four weeks the highest loss were found in Cascade 
(–12.2 %), whereas in Chinook only losses of –8.1 % were found. 
Cold storage (0 °C) was very effective in preventing β-acid degra-
dation. Maximal losses of –5.1 % were found in Columbus hops 
(twenty four weeks of storage). Very similar β-acid concentrations 
were found when hop was stored at RT for four weeks.These results 
are in accordance to previously published data [35, 59].

3.3 Short chain and medium chain monocarboxylic 
 acids in fresh and stored hop samples

Hop essential oil is a complex mixture of hundreds of volatiles, thus 
GC chromatograms usually contain several hundred signals as well. 
Abundant terpene hydrocarbons, but also some alcohols, esters, 
sesquiterpene epoxydes, and ketones dominate chromatograms, 
signal overlaps exclude the identifi cation of trace concentrated 

Table 3 Mean concentrations short chain monocarboxylic acids [µg/g] in commercial hop pellets. The short chain acids are divided into 
 bitter substance derived acids and other acids. CV [%] is given for each of the analytes

a deviations (e.g. ± 0.2 μg/g) of the mean concentrations were calculated using the CV (cf. 2.6)
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odorants such as monocarboxylic acids. For this reason SDE 
extracts were purifi ed by LLE, GC-MS analysis of the LLE extracts 
enabled the analysis of trace concentrated polar volatiles from hops. 
GC-MS analysis verifi ed the occurrence of 16 short and medium 
chain monocarboxylic acids with 4 to 12 carbon atoms (cf. Table 3). 
These 16 acids were quantifi ed in fresh and aged hop samples. In 
order to simplify presentation and discussion of the experimental 
data, the short chain acids are divided into two groups (cf. 1.3):

 Bitter substance derived (short chain) monocarboxylic acids, 
namely 2-methylpropanoic acid, 2-methylbutanoic acid, 3-me-
thylbutanoic acid, 4-methylpentanoic acid, and hexanoic acid.
 Medium chain monocarboxylic acids with 7 to 12 carbon atoms, 

including pentanoic acid and (2E)-hexenoic acid. These acids 
are either derived from lipid synthesis and breakdown, or from 
cleavage of their corresponding methyl esters (cf. 1.3).

The analytical data presented and discussed in the following reveals 
three central declarations:

1. Hop varieties (commercial pellets type 90) differ in their content 
of short chain and medium chain monocarboxylic acids.

2. During aerobic storage the concentration of the bitter substance 
derived short chain acids increased signifi cantly. The highest 
concentration of these short chain acids was observed in 
samples stored at RT for twenty four weeks.

3. During aerobic hop storage the concentration of the other short 
and medium chain monocarboxylic acids decreased. Generally, 
the highest concentration of these acids was observed in fresh 
hops, the lowest after twenty 
four weeks of storage at RT.

3.3.1 Concentration of short 
 and medium chain acids 
 in fresh hop samples

The quantifi cation of monocar-
boxylic acids showed, that com-
mercially available hop pellets 
differ in their content of short and 
medium chain monocarboxylic 
acids. Table 3 summarizes the 
results of quantifi cation for all 16 
acids, whereas deviations from 
the mean (e.g. ± 0.2 µg/g) were 
calculated by means of the CV 
for each analyte. Additionally, 
table 3 includes the sums for 
both groups of acids, namely for 
the bitter substance derived short 
chain acids and other short and 
medium chain acids.

The principal volatile acids of 
fresh pellets are decanoic acid, 
nonanoic acid, octanoic acid, and 
6-methylheptanoic acid. Their 
individual concentration ranges 
from approx. 30 to 80 μg/g hop 

pellets (cf. Table 3). As sum of the other medium and short chain 
acids concentrations of 267 μg/g (Columbus) to 98.7 µg/g (MT 
Hood) were found. These acids were reported to result from lipid 
synthesis or breakdown [51]. Their concentration correlates with 
the total concentration of volatiles in the fresh hop pellets: Pellets 
with high concentration of volatiles (e.g. Columbus) contain more 
medium chain fatty acids than varieties with low concentrations of 
volatiles (e.g. Cascade, cf. Table 4).

The concentration of bitter substance derived short chain mono-
carboxylic acids in fresh pellets is considerably lower than those 
of the medium chain acids: 2-methylpropanoic acid was found 
in concentrations ranging from 3.98 μg/g (Nugget) to 14.65 μg/g 
(Columbus), 2-methylbutanoic acid ranged from 4.25 μg/g (Nugget) 
to 14.24 μg/g (Columbus), 3-methylbutanoic acid ranged from 8.18 
μg/g (Nugget) to 24.65 μg/g (MT Hood). Maximal concentrations of 
hexanoic acid (9.77 μg/g) and 4-methylpentanoic acid (3.12 μg/g) 
were traced in Columbus.

In sum the bitter substance derived acids ranged from 63.3 µg/g 
in Columbus to 22.4 µg/g in Nugget. The concentration in Chinook 
pellets was 54.4 µg/g, 36.5 µg/g in MT Hood, and 37.5 µg/g in 
Cascade.The results of quantifi cation are in accordance to the 
data of Tressl et al. [51], who also reported acid concentrations in 
the low µg/g (ppm) range.

The concentrations of bitter substance derived short chain acids 
correlates with the concentrations of the corresponding bitter 
substances: Co- + n- + ad-humulone (lupulone) are the principal 

Fig. 3 Mean concentrations of short chain and medium chain acids during aerobic hop storage of 
Columbus, Nugget, Chinook, MT Hood, and Cascade pellets. Labels indicate the concen-
tration of either bitter substance derived acids or other medium and short chain acids
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bitter acids of hops, 2-methylpropanoic acid and 2- + 3-methylbu-
tanoic acid are the principal methyl branched short chain acids. 
Minor bitter substances are pre- and posthumulone (lupulone), 
4-methylpentanoic acid and hexanoic acid are also present in 
lower ratios. However, data does not indicate a direct correlation 
between the total α-acid concentration of hops (cf. Table 2) and 
the total concentration of bitter substance derived short chain ac-
ids (cf. Table 3): MT Hood (6.1 g/100 g α-acid) and Cascade (5.5 
g/100g α-acid) show higher concentrations of short chain acids 
compared to Nugget, whereas the α-acid concentration in Nug-
get (13 g/100 g) is considerably higher. Also, the concentration of 
bitter substance derived acids did not correlate with concentration 
of total volatiles (cf. Table 4). 

Tressl et al. [51] proposed a correlation between the concentrations 
of co-humulone and 2-methylpropanoic acid, as well as of n- + ad-
humulone and 2/3-methylbutanoic acid. The concentration ratios 
of co-humulone/n+ad-humulone and 2-methylpropanoic acid/2- + 
3-methylbutanoic acid are listed in table 3. Those ratios were very 
similar for Nugget and Chinook, they differed in Columbus, MT 
Hood and Cascade. Based on these results we can not confi rm 
a direct correlation between co-humulone and 2-methylpropanoic 
acid, as well as of n- + ad-humulone and 2/3-methylbutanoic acid 
in fresh hop pellets. Differences might be attributed to different 
drying procedures.

3.3.2 Concentrations of short and medium chain acids during 
 aerobic hop storage

During aerobic storage of hops the concentration of the bitter sub-
stance derived monocarboxylic acids, namely of 2-methylpropanoic, 
2 + 3-methylbutanoic acid, 4-methylpentanoic acid, and hexanoic 
acid increased strongly, whereas the concentration of the other 
short and medium chain acids with 7 to 12 carbon atoms (+ pen-
tanoic acid and (2E)-hexenoic) 
decreased. Figure 3 illustrates 
the concentration changes of 
both acid groups upon storage 
all fi ve pellets varieties. Black 
labels of the scatter plot indicate 
the concentrations the bitter 
acid derived acids, white labels 
represent the concentrations of 
other short and medium chain 
acids. In fresh hops the sum of 
bitter substance derived acids 
was lower than the sum of the 
other short and medium chain 
acids in all varieties, whereas 
after 24 weeks of storage at RT 
maximal concentrations of bitter 
substance derived acids were 
found. At this sampling time con-
centrations of bitter acid derived 
acids were higher compared to 
the other short and medium chain 
acids in all samples. A detailed 
discussion of the individual re-
sults for both acids is given below.

Bitter substance derived monocarboxylic acids

The initial concentration of bitter acid derived acids ranges from 
63.0 µg/g in Columbus to 21.90 µg/g in Nugget. Concentration 
increased by factor 1.8 (Nugget) to 3.2 (Cascade) within four 
weeks of cold storage, and by factor 2.1 (Nugget) to 3.7 (Cascade) 
within four week storage at RT. After twenty four weeks of cold 
storage acid concentrations were by factor 2.4 (Columbus) to 3.8 
(Chinook) higher compared to their initial value. Concentrations 
raised by factor 6.2 (Columbus) to 18.3 (MT Hood) within twenty 
four weeks of storage at RT. The increase correlates with the 
decreasing concentrations of bitter acids (cf. Fig. 2): Cold aerobic 
storage (0 °C, 4 weeks and 24 weeks) resulted in reduced bitter 
acid degradation and shortened release of monocarboxylic acids 
across all samples. Aerobic storage at RT (4 weeks and 24 weeks) 
resulted in losses of bitter acids of up to 40 %, simultaneously 
remarkable concentrations (up to 550 µg/g) of bitter substance 
derived monocarboxylic acids were found. The short chain acids 
are extremely fl avour active, they exhibit very unpleasant cheesy, 
sweaty, rancid, and goat like smells, that dominate the aroma of 
excessive aged hops.

Figure 4 shows the individual concentration of 2-methylpropanoic, 
2+3-methylbutanoic, 4-methylpentanoic, and hexanoic acid in 
Columbus hops, fi gure 5 shows the corresponding data for fresh 
and aged Chinook hops.

Among these acids 3-methylbutanoic acid was found in the highest 
concentration in fresh and aged hop samples. It was followed by 
2-methylpropanoic acid, 2-methylbutanoic acid, and hexanoic acid. 
The concentration of 4-methylpentanoic acid is considerably lower.

 Data shown in fi gures 2–5 indicates a connection between bitter 
substance concentration and changes in concentration of short 

Fig. 4  Concentration of bitter substance derived monocarboxylic acids [µg/g] in fresh and stored 
Columbus hops
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chain acids. The concentration of co- + n- + ad-humulone de-
creases when hops is stored, whereas 2-methylpropanoic and 
2- + 3-methylbutanoic acid are released as the principal short 
chain acids. The concentrations of short chain acids in aged 
hops correlate with ratios of the corresponding bitter substances, 
however there seems to be no causal correlation between bitter 
substance losses and release of short chain acids amongst va-
rieties. The results presented herein confi rm the conclusion of 
Tressl et al., who originally proposed a connection between bitter 
acid degradation and release of fl avour active short chain acids 
during hop storage. It has to be remarked, that their proposal 
was not based on the presentation of comprehensive data for 
both substance groups.

Based on the experimental data of this 
study it seems very likely, that short chain 
acids are in fact released by cleavage of 
the acyl-side chains of bitter acids. In fi g-
ure 6 a reaction scheme for the release 
of monocarboxylic acids from hop bitter 
acids by so called “acid cleavage” is pro-
posed: The central six-ring of hop bitter 
acids represents a 2-acyl-1,3-diektone 
moiety, the charge distribution of this 
structure triggers a nucleophilic attack of 
water onto the carbonyl function of the 
acyl side chain. Analogue to the degra-
dation of n-humulone and the release of 
3-methylbutanoic acid shown in fi gure 
6, the acyl side chains of the remaining 
bitter acids can release 2-methylpro-
panoic acid (co-humulone/-lupulone), 
2-methylbutanoic acid (ad-humulone/-
lupulone), 4-methylpentanoic acid 
(post-humulone/-lupulone), and hexanoic 

acid (pre-humulone/-lupulone). The non-volatile reaction product 
shown in fi gure 6 has not been analyzed, further degradation or 
rearrangement reactions might occur.

Other short and medium chain monocarboxylic acids

Short chain acids as well as straight chain, methyl branched, and 
unsaturated medium chain acids (C > 7) are either intermediates of 
plant lipid synthesis [61], the result of lipid breakdown, or hydrolysis 
products of corresponding methyl esters [51]. The concentration 
of short and medium chain acids in fresh hop is displayed in ta-
ble 3, concentration changes during aerobic storage did not show 
a consistent trend. Changes in the total concentration displayed in 

Fig. 5 Mean concentrations of bitter substance derived monocarboxylic acids [µg/g] in fresh 
and stored Chinook hops
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Fig. 6 Proposed reaction scheme of n-humulone into 3-methylbutanoic acid, namely acid cleavage of a 2-acyl-1,3-diektone moiety
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Table 4 Mean concentrations of volatiles in fresh and aged hop pellets. The sum of vola-
 tiles is derived by addition of the concentration of terpene hydrocarbons and 
 terpenoids. The Concentration of myrcene is given individually

Columbus Nugget Chinook MT Hood Cascade

fresh samples

a sum [µg/g] 18075 22269 12140 15818 6670

myrcene [%] 68.8 53.0 43.7 37.7 61.5

ß-caryophyllene [%] 6.9 10.8 12.2 13.1 8.2

α-humulene [%] 16.4 28.3 27.4 43.4 17.7

terpene hydrocarbons [%] 93.2 95.9 83.4 94.5 87.9

terpenoids [%] 6.8 4.1 16.6 5.5 12.1

4 weeks (0 °C)

sum volatiles [µg/g] 14692 17619 7389 10914 7042

b loss of volatiles [%] –18.7 –20.9 –39.1 –31.0 –5.3

myrcene [%] 66.7 55.1 46.6 50.4 46.6

terpene hydrocarbons [%] 88.3 93.4 83.9 93.7 85.6

terpenoids [%] 11.7 6.6 16.1 6.3 14.4

4 weeks (RT)

sum volatiles [µg/g] 9975 11685 6588 7640 4011

loss of volatiles [%] –44.8 –47.5 –45.7 –51.7 –39.9

myrcene [%] 66.0 49.5 57.4 35.6 57.4

terpene hydrocarbons [%] 90.8 92.5 86.4 92.9 67.1

terpenoids [%] 9.2 7.5 13.6 7.1 32.9

24 weeks (0 °C)

sum volatiles [µg/g] 3202 5083 3174 4001 2176

loss of volatiles [%] –82.3 –77.2 –73.9 –74.7 –67.4

myrcene [%] 3.7 3.1 1.9 2.1 0.9

terpene hydrocarbons [%] 58.1 73.3 53.4 74.6 46.8

terpenoids [%] 41.9 26.7 46.6 25.4 53.2

24 weeks (RT)

sum volatiles [µg/g] 1611 1115 412 561 281

loss of volatiles [%] –91.1 –95.0 –96.6 –96.5 –95.8

myrcene [%] 5.6 5.6 9.2 7.8 2.1

terpene hydrocarbons [%] 62.8 65.7 58.5 31.7 36.9

terpenoids [%] 37.2 34.3 41.5 68.3 63.1

a the sum of volatiles does not include the concentrations of short and medium chain acids
b loss is referred to the concentration of volatiles in the fresh samples

fi gure 3 were basically determined by changes in the concentration 
of abundant medium chain acids, namely octanoic acid, 6-methyl-
heptanoic acid, (4Z)-decenoic acid, and decanoic acid (cf. Table 3).
Within the fi rst four weeks of storage concentrations increased in 
Nugget and Chinook, decreasing or stable concentrations were 
observed for Cascade, Columbus, and MT Hood. Comparison of 
the initial concentrations with those after 24 weeks at RT, showed 
a concentration decrease for all varieties except MT Hood (cf. 
Fig. 3). Comparison of the concentrations after four respectively 
24 weeks (at either 0 °C or RT) indicates a tendency towards 
lower acid concentrations in case hops was stored cold (cf. 
Fig. 3). The overall concentration decrease indicates, that losses 

(e.g. by evaporation) proceed at a higher 
rate than the formation of short and me-
dium chain acids.

The occurrence of relevant concentrations 
of short and medium chain monocarbo-
xylic acids in fresh hops indicates lipid 
degradation and cleavage of methyl 
esters during hop processing and drying, 
however there is also indication for both 
processes during hop storage: In the SDE 
extracts of hop pellets fi ve methyl ester 
were traced in concentrations > 5 µg/g, 
the average concentrations in the fresh 
pellets of all fi ve varieties are given in 
brackets: methyl 6-methylheptanoate (Ø = 
38 µg/g), methyl octanoate (Ø = 51 µg/g), 
methyl 6-methyloctanoate (Ø = 32 µg/g), 
methyl (4Z)-decenoate (Ø = 129 µg/g), 
and methyl decenoate (Ø = 89 µg/g). The 
concentration of these esters decreased 
upon aerobic hop storage (24 weeks at 
RT): Methyl 6-methylheptanoate –95 %, 
methyl octanoate –90 %, methyl 6-methy-
loctanoate –91 %, methyl (4Z)-decenoate 
–90 %, and methyl decenoate –95 %.

Pentanoic acid, (2E)-hexenoic, and hep-
tanoic acid, are products of lipid oxidation 
[62]. Hops contain considerable amounts of 
lipids [63], the relevance of lipid oxidation 
during hop processing/drying has been 
shown by characterization of aroma active 
lipid degradation products such as (2E)-
hexenal or trans-4,5-epoxy-(2E)-decenal 
[3]. The concentration of lipid derived acids 
in fresh pellets was in the low µg/g range 
(cf. Table 3), their concentration decreased 
during storage. Obviously, lipid oxidation 
during aerobic storage seems of minor 
importance, however the analysis of lipid 
derived acids might be a suitable measure 
to quantify lipid oxidation during hop drying 
and processing.

3.4  Changes in terpene hydrocar-
  bons and terpenoids

The results of hop essential oil analysis (GC-MS of the SDE 
extracts) are summarized in table 4. For clarity the volatiles were 
grouped into terpene hydrocarbons (myrcene, limonene, ocimene, 
ß-caryophyllene, α-humulene, α-bisabolene) and terpenoids (li-
nalool, cis-/trans-linalool oxide, α-terpineol, nerol, neral, geraniol, 
geranial, methyl geranate, geranyl acetate/isobutyrate/propionate, 
caryophyllene oxide, humulene monoepoxid, α-limonene-diepoxid). 
Added concentrations of terpene hydrocarbons and terpenoids 
equal the sum of total volatiles presented and discussed in the 
following. Short and medium chain acids as well as their corre-
sponding methyl ester are not included.
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Data given in table 4 shows an overall concentration decrease of 
volatiles during aerobic hop storage. Also a shift in the ratio between 
the terpene hydrocarbons and the terpenoids can be observed. In 
fresh hops terpene hydrocarbons account for approx. 85–95 % of 
total volatiles, whereas in aged hops (24 weeks, RT) only 30–60 
% were found.

After 24 weeks of storage at RT approx. 90 % of the volatiles were 
lost, cold storage for twenty four weeks still resulted in losses of 
50–70 %. In fresh hops terpenoids accounted for maximal 17 % 
(Chinook), whereas 68 % were found in aged MT Hood hops. This 
data is in accordance to previously published data [cf. 15, 16, 42]. 
The decrease of total volatiles was primarily caused by a strong 
decrease in myrcene concentration: In fresh pellets myrcene ac-
counted for 38 % up to 69 % of the total volatiles, which equals at 
maximum 12 435 µg/g hops (Columbus). Upon storage a reduction 
to < 10 % was observed, this equals a concentration of 90 µg/g 
(Columbus). The %-share of myrcene (drawn to the total volatiles) 
is displayed separately in table 4. Basically, myrcene concentration 
decreases with incremental storage time and temperature.

For the terpenoids an increase in absolute concentration after four 
weeks was observed, after 24 weeks of storage concentrations 
fell below the initial concentration (data not shown).The shift in the 
%-share of terpene hydrocarbons vs. terpenoids primarily results 
from losses of the terpene hydrocarbons by evaporation and par-
tial transfer into oxygenated derivates, in addition polymerization 
might occur.

Except for myrcene, no individual concentration changes of other 
volatiles are displayed. In brief the quantitative and qualitative 
changes were as follows:

Monoterpenes (myrcene/limonene/ocimene)

In accordance to the changes observed for myrcene limonene 
and ocimene decreased upon storage. Compared to the other 
volatiles of the hop essential oil myrcene, limonene, and ocimene 
are characterized by low boiling points (167° to 177°C), thus their 
evaporation during aerobic hop storage seems very likely. However, 
it has to be remarked, that the initial concentration of limonene and 
ocimene can not be compared to those of myrcene, both hops were 
found in concentrations < 40 µg/g in all varieties.

Sesquiterpenes (ß-caryophyllene and α-humulene)

The concentration of both primary sesquiterpenes decreased during 
hop storage. Basically, losses increased with time and temperature: 
After four weeks at 0°C approx. 30 % ß-caryophyllene were lost 
as an average across all fi ve varieties, 60 % were lost after four 
weeks at RT. During 24 weeks of storage losses accumulated 
to 65 % (0 °C) and 90 % (RT), respectively. Similar results were 
obtained for α-humulene.

Humulene oxide (humulene monoepoxide II) and caryo-
phyllene oxide

The sesquiterpene oxides are formed by oxidation of either 
ß-caryophyllene and α-humulene. In fresh hops caryophyllene 

oxide concentration ranged from 12 µg/g (Chinook) to 24 µg/g 
(Cascade), humulene monoepoxide II was found in the range of 
27 µg/g (Nugget) – 65 µg/g (Chinook). Increasing concentrations 
during aerobic storage were observed in all hop varieties, whereas 
the maximal concentration of caryophyllene oxide was 131 µg/g 
in aged Chinook hops (24 weeks, RT), and 332 µg/g humulene 
monoepoxide II in MT Hood (24 weeks, RT).

Linalool and linalool oxides

The concentration of linalool slightly increased (+ max. 5 %) when 
hops was stored at 0 °C for four weeks. The increase of linalool 
might be due to the oxidation of myrcene (cf. 46) or by hydrolysis 
of non-volatile precursors. Storage for 24 weeks at 0 °C, or at room 
temperature (four and 24 weeks) led to a concentration decrease. 
Reduced linalool concentrations correlated with increasing con-
centrations of the linalool oxides, however there is no quantitative 
transfer of linalool into linalool oxides. In MT Hood hops linalool 
concentration decreased from 98 µg/g to 16 µg/g, whereas cis- 
and trans-linalool oxides increased from 9 to 27 µg/g. In Chinook 
hops a decrease of linalool from 74 µg/g to 14 µg/g was observed, 
linalool oxides increased from 9 to 22.5 µg/g.

Geranyl esters (methyl geranate, geranyl acetate, geranyl 
propionate, geranyl isobutyrate) and geraniol

The concentration of the geranyl esters and geraniol differed 
strongly throughout the hop varieties. Geranyl isobutyrate, methyl 
geranate, and geranyl acetate are the principal geranyl esters, 
their concentration was in the range of 60–290 µg/g fresh hops. 
Their concentration decreased during storage, whereas the lowest 
concentrations were found after 24 weeks at RT. The decrease 
of the geranyl ester might be due to hydrolysis, losses of geraniol 
might be primarly caused by evaporation.

The changes described above are in accordance to literature 
[15, 16, 21], a detailed and comprehensive survey is beyond the 
scope of this paper.

4 Summary and conclusion

In the current paper an analytical route for isolation, identifi ca-
tion, and quantifi cation of short and medium chain monocarbo-
xylic acids from hops is described. Since the concentration of 
these substances in (fresh) hops is comparably low a SDE / LLE 
route was introduced to effectively enrich the target compounds. 
In order to cover analyte loss during sample preparation two sta-
ble isotope standards where used for quantifi cation. The analyt-
ical setup was very suitable to monitor changes in the concen-
tration of short and medium chain acids during hop storage. 
Method validation proved the analytical setup to be highly repro-
ducible, therefore the current method is proposed as a mean-
ingful supplement of conventional hop essential oil analysis.

Data presented herein showed the decrease of important secondary 
metabolites upon aerobic hop storage: The total concentration 
of terpene hydrocarbons, terpenoids and valuable bitter acids 
decreased dependent on storage time and temperature. The 
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concentration of terpene hydrocarbons was strongly reduced. 
Besides an oxidation into terpenoids, polymerization reactions, 
but primarily evaporation seems likely. The oxidation of linalool, 
α-humulene and ß-caryophyllene led to the formation of water 
soluble aroma active derivates (linalool oxides, humulene mono-
epoxide II, and caryophyllene oxide), which are key odorants of 
noble hop aroma in beer.

Upon aerobic storage the concentration of bitter substances 
decreased, whereas α-acids were more susceptible to oxida-
tion compared to β-acids. The degradation of α- and β-acids 
was accompanied by remarkable concentration increases (up 
to 500 %) of fi ve short chain acids, namely 2-methylpropano-
ic, 2- + 3-methylbutanoic acid, 4-methylpentanoic acid, and he-
xanoic acid. Those acids presumably result from acid-cleavage 
of the acyl-side chain of the bitter acids, however their concentra-
tion in excessive aged hops is comparable to the concentration 
of terpenes and terpenoids. 2-Methylpropanoic, 2- + 3-methyl-
butanoic acid, 4-methylpentanoic acid, and hexanoic acid, exhib-
it very unpleasant cheesy, sweaty, rancid, and goat like smells, 
that brewers broadly attribute to “old hops smell”. Bitter sub-
stance derived short chain acids are essential contributors to 
the taste of lager beers [33, 64, 65], but fi rst and foremost they 
are key precursors of highly acceptable esters in (late and dry 
hopped) beer. In contrast to the unpleasant odors of the short 
chain acids, corresponding ethyl esters exhibit very intensive 
sweet, estery, fruity and pineapple odor qualities, their fl avour 
thresholds in beer are by factor 100 below those of the corre-
sponding acids.

Storage experiments, accompanied by comprehensive analyti-
cal characterization of important hop metabolites confi rmed, that 
prolonged storage at RT reduces the brewing value of hops, 
whereas a moderate short term storage is very promising in refi ning 
the aroma properties of hops: After 4 weeks of aerobic storage 
(0 °C) a slight increase in the concentration of terpenoids was 
found. Most notably, short chain acid concentrations were in-
creased by approx 200 %, whereas the decrease of bitter acids 
was in the range of 5 %. During storage the concentration of me-
dium chain acids decreased, obviously their formation by either li-
pid oxidation or cleavage of corresponding methyl esters pro-
ceeds at lower rate than their evaporation. A comprehensive 
data set, including quantitative analysis of aroma active short 
and medium chain acids from fresh and aged hops has not been 
published before.

As hop market increasingly lacks in aroma varieties, measures to 
enhance the aroma properties of bitter hop varieties might become 
relevant to some practical brewers. Especially, in terms late or dry 
hopping methods are applied, the concentration of water/beer 
soluble volatiles such as terpenoids and short chain acids is by 
far more important than bitter acid content or the concentration of 
terpene hydrocarbons.

Acknowledgment 

The authors appreciate the technical assistance of Dipl.-Ing. Anne 
Niedzballa and Bsc. Johanna Koserske.

5 References

1. Nickerson, G. B. and van Engel, L.: Hop aroma component profi le and 

the aroma unit, Journal of the American Society of Brewing Chemists 

50 (1992), pp. 77-81.

2. Guadagni, D. G.; Buttery, R. G. and Harris, J.: Odour intensities of 

hop oil components, Journal of the Science of Food and Agriculture 

17 (2006), pp. 142-144.

3. Steinhaus, M. and Schieberle, P.: Comparison of the most odor active 

compounds in fresh and dried hop cones (Humulus lupulus L. variety 

spalter select) based on GC-olfactometry and odor dilution techniques, 

Journal of Agricultural and Food Chemistry 48 (2000), pp. 1776-1783.

4. Aberl, A. and Coelhan, M.: Determination of volatile compounds in 

different hop varieties by headspace-trap GC/MS − in comparison 

with conventional hop essential oil analysis, Journal of Agricultural 

and Food Chemistry 60 (2012), pp. 2785-2792.

5. Inui, T.; Tsuchiya, F.; Ishimaru, M.; Oka, K. and Komura, H.: Different 

Beers with Different Hops. Relevant Compounds for Their Aroma 

Characteristics, Journal of Agricultural and Food Chemistry 61 (2013), 

pp. 4758-4764. 

6. Goiris, K.; De Ridder, M.; De Rouck, G.; Boeykens, A.; van Opstaele, 

F.; Aerts, G.; De Cooman, L. and De Keukeleire, D.: The oxygenated 

sesquiterpenoid fraction of hops in relation to the spicy hop character 

of beer, Journal of the Institute of Brewing 108 (2002), pp. 86-93.

7. Dresel, M.; van Opstaele, F., Praet, T.; Jaskula-Goiris, B.; van Holle, 

A.; Naudts, D.; De Keukeleire, D.; De Cooman, L. and Aerts, G.: In-

vestigation of the impact of the hop variety and the hopping technol-

ogy on the analytical volatile profi le of single-hopped worts and beers, 

BrewingScience – Monatsschrift für Brauwissenschaft 66 (2013), 

pp. 162-175.

8. Forster, A. and Gahr, A.: On the Fate of Certain Hop Substances during 

Dry Hopping, BrewingScience – Monatsschrift für Brauwissenschaft 

66 (2013), pp. 93-103.

9. van Opstaele, F.; de Rouck, G.; de Clippeleer, J.; Aerts, G. and de 

Cooman, L.: Analytical and Sensory Assessment of Hoppy Aroma and 

Bitterness of Conventionally Hopped and Advanced Hopped Pilsner 

Beers, Journal of the Institute of Brewing 116 (2010), pp. 445-458.

10. Haley, J. and Peppard, T. L.: Differences in utilization of the essential 

oil of hops during the production of dry-hopped and late-hopped beers, 

Journal of the Institute of Brewing 89 (1983), pp. 87-91.

11. Lermusieau, G.; Bulens, M. and Collin, S.: Use of GC-Olfactometry to 

Identify the Hop Aromatic Compounds in Beer, Journal of Agricultural 

and Food Chemistry 49 (2001), pp. 3867-3874.

12. King, A. J. and Dickinson, J. R.: Biotransformation of monoterpene 

alcohols by Saccharomyces cerevisiae, Torulspora delbrueckii and 

Kluyveromyces lactis, Yeast 16 (2000), pp. 499-506.

13. King, A.J. and Dickinson, J. R.: Biotransformation of hop aroma 

terpenoids by ale and lager yeast, FEMS Yeast Research 3 (2003), 

pp. 53-62.

14. Takoi, K.; Koie, K.; Itoga, Y.; Katayama, Y.; Shimase, M.; Nakayama,Y. 

and Watari, J.: Biotransformation of Hop-Derived Monoterpene Alcohols 

by Lager Yeast and Their Contribution to the Flavor of Hopped Beer, 

Journal of Agricultural and Food Chemistry 58 (2010), pp. 5050-5058.

15. Lam, K. C.; Foster, II. R. T. and Deinzer, M.: Aging of hops and their 

contribution to beer fl avor, Journal of Agricultural and Food Chemistry 

34 (1986), pp. 763-770.

16. Tressl, R.; Kossa, M. and Köppler, H.: Changes of aroma components 

during processing of hops. EBC Symposium on Hops, Freising/Wei-

henstephan, Fachverlag Hans Carl, 1987, pp. 116-119.



March / April 2014 (Vol. 67)          46BrewingScience

17. Koslitz, S.; Renaud, L.; Kohler, M. and Wüst, M.: Stereoselective 

formation of the varietal aroma compound rose oxide during alcoholic 

fermentation, Journal of Agricultural and Food Chemistry 56 (2008), 

pp. 1371-1375.

18. Goldstein, H., Ting, P., Navarro, A., and Ryder, D.: Water-soluble hop 

fl avor precursors and their role in beer fl avor, Proceedings of the 27th 

Congress of the European Brewery Convention, Cannes, France, IRL 

Press, Oxford, 1999, pp. 53-62.

19. Goldstein, H.; Ting, P.; Schulze, W.G.; Murakami, A. A.; Lusk, L. T. 

and Young, V. D.: Methods of making and using purifi ed kettle hop fl a-

vorants, US Patent No. 5972411.

20. Kollmannsberger, H.; Biendl, M. and Nitz, S.: Occurrence of glyco-

sidically bound fl avor compounds in hops, hop products and beer, 

BrewingScience – Monatsschrift für Brauwissenschaft 59 (2006), 

pp. 83-89.

21. Peacock, V. E. and Deinzer, M.L.: Chemistry of hop aroma in beer, 

Journal of the Institute of Brewing 34 (1981), pp. 139-141.

22. Kishimoto, T.; Wanikawa, A.; Kono, K. and Shibata, K.: Comparison of 

the odor active compounds in unhopped beer and beers hopped with 

different hop varieties, Journal of Agricultural and Food Chemistry 54 

(2006), pp. 8855-8861.

23. Kishimoto, T.: Investigations of hop-Derived odor-Active compounds 

in beer, Hop Flavor and Aroma-Proceedings of the 1st International 

Brewers Symposium, Shellhammer, T.H. (Ed.), Master Brewers Asso-

ciation of the Americas, St. Paul, Minnesota, USA, 2009, pp. 49-58.

24. Nielsen, T. P.: Character impact of hop aroma compounds in ale, Hop 

Flavor and Aroma-Proceedings of the 1st International Brewers Sym-

posium, Shellhammer, T. H. (Ed.), Master Brewers Association of the 

Americas, St. Paul, Minnesota, USA, 2009, pp. 59-77.

25. Bardi, L; Crivelli, C. and Marzona, M.: Esterase activity and release of 

ethyl esters of medium-chain fatty acids by Saccharomyces cerevisiae 

during anaerobic growth, Canadian Journal of Microbiology 44 (1998), 

pp. 1171-1176.

26. Thurston, P. A.; Quain, D. E. and Tubb, R. S.: Lipid metabolism and 

the regulation of volatile ester synthesis in Saccharomyces cerevisiae, 

Journal of the Institute of Brewing 88 (1982), pp. 90-94.

27. Thurston, P.: The control of volatile ester synthesis by Saccharomyces 

cerevisiae, BrewingScience – Monatsschrift für Brauwissenschaft 33 

(1980), pp. 277-278.

28. Williams, R. S. and Wagner, H. P.: Contributions of hop bitter substances 

to beer staling mechanisms, Journal of the American Society of Brewing 

Chemists 37 (1979), pp. 13-19.

29. Williams, R. S. and Wagner, H. P.: The isolation and identifi cation of 

new staling related compounds form beer, Journal of the American 

Society of Brewing Chemists 36 (1978), 27-31.

30. Depraetere, S. A.; Delvaux, F.; De Schutter, D.; Williams, I. S.; Winde-

rickx, J. and Delvaux, F. R.: The infl uence of wort aeration and yeast 

preoxygenation on beer staling processes, Food Chemistry 107 (2008), 

pp. 242-249.

31. Saison, D.; De Schutter, D. P.; Uyttenhove, B.; Delvaux, F., and Delvaux, 

F. R.: Contribution of staling compounds to the aged fl avour of lager 

beer by studying their fl avour thresholds, Food Chemistry 114 (2009), 

pp. 1206-1215.

32. Buttery, R. G.: Flavor chemistry and odor thresholds. In Flavor Chem-

istry: 30 Years of Progress; Eds. Teranishi, R.; Wick, E. L. and Hornstein, 

I.; Kluwer Academic/Plenum Publishers: New York, 1999; pp 353-

365.

33. Schieberle, P.: Primary odorants of pale lager beer, Zeitschrift für 

Lebensmittel-Untersuchung und Forschung 193 (1991), pp 558-565.

34. Cullere, L.; Cacho, J. and Ferreira, V.: An assessment of the role 

played by some oxidation-related aldehydes in wine aroma, Journal 

of Agricultural and Food Chemistry 55 (2007), pp. 876-881.

35. Mikyška, A. and Krofta, K.: Assessment of changes in hop resins and 

polyphenols during long-term storage, Journal of the Institute of Brewing 

118 (2012), pp. 269-279

36. Eyres, G. T. and Dufour, J.-P.: Hop Essential Oil: Analysis, Chemical 

Composition and Odor Characteristics. Ed. by Preedy, V. R., Beer in 

Health and Disease Prevention 2009, pp. 239-254.

37. Tressl, R.; Kossa, M. and Köppler, H.: Changes of aroma components 

during processing of hops, EBC Symposium on Hops (Freising/Wei-

henstephan, Germany), Fachverlag Hans Carl, 1987, pp. 116-119.

38. Tressl, R.; Friese, L.; Fendesack, F. and Köppler, H.: Studies of the 

volatile composition of hops during storage, Journal of Agricultural and 

Food Chemistry 26 (1978), pp. 1426-1430.

39. Roberts, M. T.; Dufour, J. P.; and Lewis, A. C.: Application of compre-

hensive multidimensional gas chromatography combined with time-

of-fl ight-mass spectrometry (GC_GC-TOF_MS) for high resolution 

analysis of hop essential oil, Journal of Separation Science 27 (2004), 

pp. 473-478.

40. Wang, G.; Tian, L.; Aziz, N.; Broun, P.; Dai, X. and He, J.: Terpene 

Biosynthesis in Glandular Trichomes of Hop, Plant Physiology 148 

(2008), pp. 1254-1266.

41. Bailey, B.; Schönberger, C.; Drexler G., Gahr, A.; Newman, R.; Pöschl, 

M. and Geiger, E.: The infl uence of hop harvest date on hop aroma in 

dry-hopped beers. Technical Quarterly of the Master Brewers Associ-

ation of the Amercias 46 (2009), pp. 37-46. 

42. Lam, K. C.; Forster, R. T. and Deinzer, M. L.; Aging of hops and their 

contribution to beer fl avor, Journal of Agricultural and Food Chemistry 

34 (1986), pp. 763-770.

43. Algazzali, V. and Vollmer, D.: The impact of pro-oxidative storage con-

ditions on the aroma profi le of Hallertauer Mittelfruh hops, Proceedings 

of the 75th Annual Meeting of the American Society of Brewing Chemists 

2013, Tucson (USA)

44. Peacock, V. E.; Deinzer, M. L.; McGill, L. A. and Wrolstad, R. E.: Hop 

Aroma in American Beer, Journal of Agricultural and Food Chemistry 

28 (1980), pp. 774-77.

45.  Kaltner, D. and Mitter, W.: Changes in hop derived compounds during 

beer production and ageing. In: Shellhammer, T. H. (Ed.), Hop fl avor 

and Aroma – Proceedings of the 1st International Brewers Symposium. 

Master Brewers Association of the Americas, St. Paul, Minnesota, USA, 

pp. 37-46.

46. Dieckmann, R. H. and Palamand, R. S.: Autoxidation of some con-

stituents of hops. I. Monoterpene hydrocarbon myrcene, Journal of 

Agricultural and Food Chemistry 22 (1974), pp. 498-503.

47. Buttery, R. G.; Lundin, R. E. and Ling, L.: Characterization of some 

C15 constituents of hop oil Journal of Agricultural and Food Chemistry 

15 (1967), pp. 58-65.

48. Verzele, M. and De Keukeleire, D.: Chemistry and Analysis of Hop and 

Beer Bitter Acids; Elsevier: Amsterdam, The Netherlands,1991.

49. García-Villalba, R.; Cortacero-Ramírez, S., Segura-Carretero, A.; 

Martín-Lagos Contreras, J.-A. and Fernández-Gutiérrez, A.: Analysis 

of Hop Acids and Their Oxidized Derivatives and Iso-α-acids in Beer 

by Capillary Electrophoresis-Electrospray Ionization Mass Spectrome-

try, Journal of Agricultural and Food Chemistry 54 (2006), pp. 5400-

5409.

50. Zhang, X.; Liang, X.; Xiao, H.; Xu, Q.: Direct characterization of bitter 

acids in a crude hop extract by liquid chromatography atmospheric 

pressure chemical ionization mass spectrometry, Journal of the Ame-



47      March / April 2014 (Vol. 67) BrewingScience

rican Society for Mass Spectrometry, 15 (2004), pp. 180-187.

51. Tressl, R.; Friese L.; Fendesack, F. and Krüger, E.: Freie Fettsäuren in 

Hopfen – Ein Kriterium zur Differenzierung von Sorte und Bestimmung 

des Alterungsgrades, BrewingScience – Monatsschrift für Brauwissen-

schaft 31 (1978), pp. 83-86

52. Analytica-EBC, Section 7 Hops. Method 7.7: Alpha- and beta-Acids in 

Hops and Hop Products by HPLC, http://analytica-ebc.com – Contents 

– Chemical/Physical – Hops and Hop Products.

53. Likens, S. T. and Nickerson, G. B.: Determination of certain hop oil 

constituents in brewing products, Proceedings of the American Society 

of Brewing Chemists 1964, pp. 5-13.

54. Hofmann, R.; Weber, S.; Rettberg, N.;Thörner, S.; Garbe, L.-A. and 

Folz, R.: Optimization of the Hop Kilning Process to Improve Energy 

Effi ciency and Recover Hop Oil, BrewingScience – Monatsschrift für 

Brauwissenschaft 66 (2013), pp. 23-30.

55. Kreck, M.; Püschel, S.; Wüst, M. and Mosandl, A.: Biogenetic Studies 

in Syringa vulgaris L.:  Synthesis and Bioconversion of Deuterium-

Labeled Precursors into Lilac Aldehydes and Lilac Alcohols, Journal 

of Agricultural and Food Chemistry 51 (2003),pp. 463-469.

56. Kovats, E.: Gaschromatographische Charakterisierung organischer 

Verbindungen. Teil 1: Retentionsindices aliphatischer Halogenide, 

Alkohole, Aldehyde und Ketone, Helvetica Chimica Acta, 41(1958), 

pp. 1915-1932.

57. Adams, R.P.: Identifi cation of Essential Oil Components By Gas Chro-

matography/Mass Spectrometry, ISBN 10: 1932633219, Publisher: 

Allured Pub Corp Publication, 2007 Received 25 February 2014, accepted 27 March, 2014

58. Kromidas, S.: Handbuch Validierung in der Analytik, Wiley-VCH Verlag 

GmbH & Co. KGaA; ISBN-10: 3527329382

59. Canbaş, A.; Erten, H. and Özşahin, F.: The effects of storage tempera-

ture on the chemical composition of hop pellets, Process Biochemistry 

36 (2001), pp. 1053-1058.

60. http://www.uahops.org/userfiles/file/HGA%20BCI%20Reports/

HGA%20Variety%20Manual%20-%20English%20(updated%20

March%202011).pdf

61. Plant Biochemistry, Edited by Dey, P. and Harborne, J.: Academic 

Press, ISBN: 978-0-12-214674-9.

62. Grein, B.; Huffer, M.; Scheller G. and Schreier, P.: 4-Hydroxy-2-alkenals 

and other products formed by water-mediated oxidative decomposition 

of alpha-beta-unsaturated aldehydes, Journal of Agricultural and Food 

Chemistry 41 (1993), pp. 2385-2390.

63. Rettberg, N.; Thörner, S. and Garbe, L.-A.: Starting hop lipidomics – 

Isolation and characterization of nonpolar, neutral and polar hop lipids, 

BrewingScience – Monatsschrift für Brauwissenschaft 66 (2013), 

pp. 176-183.

64. Meilgaard, M. C.: Prediction of fl avor differences between beers from 

their chemical composition, Journal of Agricultural and Food Chemistry 

30 (1982), pp. 1009-1017.

65. Fritsch, H. T. and Schieberle, P.: Identifi cation based on quantitative 

measurements and aroma recombination of the character impact 

odorants in a Bavarian Pilsner-type beer, Journal of Agricultural and 

Food Chemistry 53 (2005), pp. 7544-7551.


