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Comparison of the Analytical Profiles of
Volatiles in Single-Hopped Worts and Beers
as a Function of the Hop Variety

Being one of the most consumed beverages in the world, much effort has been made to reveal the structures
responsible for the sensorial characteristics of beer. Yet, the knowledge on the precise contribution of
hop-derived volatiles towards the hoppy aroma of beer is rather fragmented. For a long time, the aroma of
fresh beer was believed to be mainly imparted by single compounds. However, increasing evidence showed
that sensorial perception of the hoppy aroma of beer is more complex than originally assumed. Moreover, the
factors responsible for the perceivable differences originating from distinct hop varieties used for late and dry
hopping have not been fully revealed.

In order to understand how the choice of the hop variety affects the final aroma of beer, we investigated in a
previous study with four different hop varieties how the analytical composition of the volatile fraction changes
throughout the brewing process and how that affects the composition of late and dry hopped beers. However,
the analysis of four different hop varieties arose more questions. Therefore, in this study, we studied 15 other
hop varieties during different stages along the brewing process of single hopped beers and analyzed wort and
beer samples via headspace solid-phase micro extraction and gas chromatography-mass spectrometry (HS-
SPME GC-MS). Additionally, the profiles of the corresponding hop varieties were determined. This enabled the
accurate determination of both the full spectrum of hop oil-derived compounds as well as of the higher esters
and higher alcohols produced during fermentation. Our investigation reveals substantial changes in the
volatile patterns of the wort and beer samples, in comparison with the selected hop variety, which arose from
the boiling and fermentation processes, as well as the applied late and additional dry hopping techniques.
Concentrations of the “floral” (e.g. oxygenated fraction of total hop essential oil composed of monoterpene
alcohols, esters, ketones and aldehydes) and the sesquiterpenoid hop oil fractions changed significantly
along the brewing process. As expected, concentrations of saturated esters and higher alcohols in beers were
shown to be mainly influenced by the fermentation and not by the hop variety. Although the concentrations of
practically all other compound classes (especially of linalool and geraniol as the most important monoterpene
alcohols) were higher in the dry hopped beers, dry hopping does not affect the original intrinsic qualitative
composition of hop oil constituents. Yet, substantial quantitative changes were observed.

Furthermore, special attention was paid to the influence of additional dry hopping on the transfer behavior of
selected hop derived-monoterpene alcohols. Transfer rates for linalool were comparable for all 15 hop
varieties, whereas the transfer rates for geraniol differed significantly which indicates that the selected hop
variety is of major importance.

Descriptors: hops, beer, sesquiterpenes, volatiles, GC-MS, Humulus lupulus

1 Introduction Hops contribute to the aroma, taste and foam stability of beer in

a unique way and, in this respect, careful attention has been paid

In order to add the typical bitter taste as well as an attractive
aroma to beer, hops (Humulus lupulus L.) have been used as an
essential ingredient during beer production for many centuries.
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to influences of particular hop-derived compounds. In addition,
various health-beneficial activities have been described including
cancer-chemopreventive, anti-inflammatory, anti-angiogenic and
estrogenic properties [1-6]. Moreover, studies provided evidence
that certaincompounds (e.g. iso-a-acids and its reduced derivatives)
are able to counteract diabetes type-2 and obesity [6—9]. Other
compounds (e.g. B-acids) increase the shelf-life of beer because of
their antimicrobial activity [6, 10] or have high potential to improve
flavor-stability as natural antioxidants [11-13].

Recently, research has been focused on the aroma that hops add
to beer, as craft brewers started to utilize specific hop varieties
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in order to produce beers with a one-of-a-kind taste and flavor
profile. Accordingly, hop varieties that can introduce special flavor
impressions to beer, so-called flavor hop varieties, have become
very popular among brewers worldwide [14]. Furthermore, over
the years the hop industry developed different hop products [15]
such as pellets, extracts and special-purpose materials in order
to meet brewer’s expectations. For example, ethanolic and car-
bon dioxide hop extracts are rich in a- and -acids, products en-
riched with xanthohumol differ mainly in the content and the distri-
bution pattern of prenylated flavonoids, and special aroma formu-
lations or oils are able to enhance flavor and taste perceptions
[16-20].

However, it is not fully understood how the typical hoppy flavor
of beer develops during beer production and, as a matter of fact,
hop varieties are still widely selected based on previous brewing
experiences. Furthermore, the aroma that hops add to beer is of
greater importance than the original intrinsic hop aroma in the
plant itself. Yet, in order to fully understand possible interactions
of key aroma compounds and to anticipate (un-)desired effects,
profound knowledge of the low-molecular-weight constituents,
called sensometabolites [21, 22], has to be acquired to facilitate
the use of hops according to the desired flavor perceptions. The
interactions of all aroma components that reflect the sensory
blueprint of a product include the unique taste and flavor signature
of food and beverages such as beer and hops. Therefore, it is a
necessity to systematically identify, characterize and quantify the
sensory-active key compounds that are present in raw materials
and/or are produced upon food processing [22, 23].

Research has identified over 450 compounds so far and much
progress has been made in the field of hop flavor research [24].
However, it is believed that most of the compounds present in the
essential hop oils are still ill-defined or unknown [25]. Besides,
different parameters, such as the hop variety (or varieties) used
for early, late and dry hopping, as well as the hopping regime,
including the amount and time point of hop addition, do have a
huge impact on the aroma perception [26—-30]. Revelation of the
effects of the hopping regime on the volatile composition of beer
is so far only partly possible due to insufficient knowledge and, as
a result, general conclusions cannot be drawn.

Nevertheless, itis feasible to monitor selected compounds in sam-
ples that have been taken during the manufacturing of beer by the
use of GC-MS [31]. Especially the behavior of the most abundant
compounds in hops, B-myrcene, a-humulene, B-caryophyllene,
linalool and geraniol, during the brewing process was the aim of
this study [31].

Forsteret al. [32, 33] investigated the influence of the dry hopping
technology of four new German hop varieties with regard to transfer
rates of geraniol and linalool. Interestingly, they observed a nearly
quantitative transfer of linalool from hops to beer, whereas the
transfer rates for geraniol varied from 50 to 180 %. However the
significance of the results of four German hop varieties is limited and
we therefore are analyzing in this study 15 different hop varieties in
order to draw general conclusions. Forster et al. [32, 33] suggested
intheir study that glycosidically bound compounds might be atleast
partly released due to yeast metabolism, as observed earlier by

Kollmannsberger et al. [34]. Such enzymatically driven reactions
may affect final geraniol concentrations differently, depending on
initial concentrations of the corresponding esters present in hops
and beer. However, linalool and geraniol are only 2 compounds
that are believed to be responsible for special flavor impressions
of beer. Studies indicate that a series of hop derived-compounds
such as B-citronellol, geraniol and geranyl acetate, linalool oxide,
a-eudesmol, a-terpineol, as well as different degradation products
of humulene and many others are involved in the total flavor of
beer [27, 29, 35-43]. Interestingly, only linalool showed a direct
contribution to the overall aroma and, for many other compounds,
it was observed that they do not directly contribute to the hoppy
aroma of beer, because final concentrations did not exceed their
odorthreshold concentrations [44—47]. Moreover, studies indicated
that synergistic effects in the aroma perception of flavor-active
compounds are yet underestimated [45-47].

As it was already mentioned for linalool, geraniol and B-citronellol,
studies demonstrated that volatiles can contribute to the overall
aroma perception of beer below their threshold concentrations
due to synergistic effects [19, 31, and 37]. However, knowledge
on the impact of early, late and dry hopping on the compositions
of the volatile fractions of beers and intermediate samples is rather
fragmented. Forthis reason, itis essential to know how the brewing
process, the hop variety and, above all, the hopping technology
influence the volatile profiles in order to elucidate the evolution of
hoppy aroma and to identify pivotal production steps during the
brewing process.

Furthermore, the applied hopping technique and the kind of hop
oil fraction used for advanced hopping have strong influences
on the concentrations of analytical marker compounds such as
linalool and sesquiterpenoids [48]. Especially conventional late
and dry hopping procedures resulted in high levels of linalool and
sesquiterpenoids. Recently, 5 hop varieties were used to produce 5
identically brewed late hopped and 5 identically brewed dry hopped
beers. The results of this study helped to identify crucial process
steps, e.g. centrifugation, regarding losses of aroma-active volatiles
during beer productionin general, butfinal conclusions were limited
in view of the restricted number of samples [49].

In order to gain further insights in the full spectra of hop oil-derived
volatiles and to accurately determine them, samples were taken in
this study throughout the brewing process and analyzed using HS-
SPME GC-MS. Comparing 15 different single late and dry hopped
beers, respectively, as well as intermediate wort samples and,
more importantly, the hops themselves, will help to reveal analyti-
cal differences that are undoubtedly linked to the used hop variety.

2 Materials and Methods
2.1 Chemicals

All reference compounds were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and were of analytical grade: 1. Esters, alcohols:
ethyl acetate (> 99.8 %), ethyl butanoate (99 %), ethyl decanoate
(=99 %), 4-ethylphenol (> 98 %), ethyl hexanoate (> 99 %), ethyl
octanoate (> 99 %), isoamyl acetate (98 %), isobutyl alcohol
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Table 1 Information on the hop varieties (hop harvest 2012) used  Table 2 Assignment of wort and beer samples and the time points
forthe production of the single hop wortand beer samples of sampling
Hop variety Abbre- | Type of hops | a-Acid Hop oil Abbreviation Time point of sampling
e o
viation %] [ml/100 g] Hops Hop pellets, harvest 2012
Cascade CAS Aroma hops 557 115 PRE-EH After 15 min boiling — just before early hopping
COTETNE SEN DT TEES Ze2 a3t PW After 10 min cooling — just before fermentation
. Aroma/Flavor . L
Citra CIT hops 7.61 1.53 Late Hopped Eg(tat:ed beer without dry hopping = Late hopped
Challenger CHA [avor hops 10.8 0:84 Dry Hopped Bottled beer with additional dry hopping
Cluster cLU AroT]i/pF javor | 415 0.57
Columbus CoL Flavor hops 12.0 > o4 defined amounts of hops were transferred into an extraction vial (20
GAL - 11 mL) and 5 mL of water were added. Components were separated
Galena ittering hops 9.65 . and detected by capillary gas chromatography/mass spectrometry
Magnum MAG | Bittering hops | 17.8 3.12 (CGC/MS) (lon Trap — ITQ; Thermo Fisher Scientific, Austin, TX,
Nugget NUG | Bittering hops 12.7 1.98 USA) operating in the electron ionization mode. The ITQ was
Palisade PAL Aroma hops 5.40 0.85 coupled to a ThermoFinnigan Trace GC (Thermo Fisher Scientific,
Saaz SAA Aroma hops 4.46 0.73 Austln., TX, USA) equped with a CTC-PAL agto sgmplgr .(CTC
S e S - - Analytics, Zwingen, Switzerland), a heated split/splitless injector
: coe. gvaor hop . . with a narrow glass inlet liner (0.5 mL volume), and a RTX-1 fused-
Sorachi Ace SOR Flavor hops 11 2.09 silica capillary column (40 m x 0.18 mmi.d., 0.2 ym film thickness,
Tettnanger TET Aroma hops 3.72 0.63 Restek, Corporation, Bellefonte, PA, USA). Helium (Alphagaz 2,
Warrior WAR | Bittering hops 14.3 1.47 Air Liquide, Luik, Belgium) was used as carrier gas at a flow rate

(= 99 %), isobutyl acetate (98 %), 2-methyl-1-butanol (> 99 %),
3-methyl-1-butanol (> 99.5 %), phenylethyl acetate (> 99 %),
1-propanol (> 99.5 %); 2. Hop oil compounds: geraniol (98 %),
linalool (98.5 %); 3. Internal standards: d6-benzaldehyde (98 %),
nonadecane (99 %). Ethanol absolute (> 99.8 %) was purchased
from VWR International (Zaventem, Belgium); Milli-Q water was
obtained from a Milli-Q purification system (Synergy 185, Millipore
S.A., Molsheim, France).

2.2 Wort and beer samples

All beers were prepared on a semi-industrial scale (40 hl) using
single hop technology with particular hop varieties (Table 1); all
following the same hopping procedure (see Table 2). Additionally,
from each variety both a dry hopped and a late hopped beer was
produced. The amounts of each hop addition were standardized by
weight and not by their a-contents or their hop oil concentrations.
This was done to achieve an equal treatment for all hop varieties.
Wort and beer samples were taken at different production steps
(Table 2) and immediately stored at —20 °C and 1 °C, respectively,
until further analyzed.

2.3 Quantitative GC-MS determinations of esters and
higher alcohols

Extraction of volatile esters and higher alcohols as well as of
4-ethylphenol from beer has been done by headspace-solid-phase
micro-extraction (HS-SPME) for 30 min at 40 °C using a 65 um
PDMS-DVBfiber coating. Therefore, 5 mLof undiluted samples were
pipetted into an extraction vial (20 mL). For the analysis of the hop
samples, an aliquot of grinded pellets was weight into an extraction
vial (20 mL). After adding a defined amount of d6-benzaldehyde as
aninternal standard, the extraction vial was immediately closed with
a magnetic bimetal crimp cap containing a silicone/Teflon septum
(Interscience, Louvain-la-Neuve, Belgium). For the analysis of hops,

of 0.8 mL/min. The inlet temperature was 230 °C and the injection
occurred in the split mode (split ratio 1/12). The oven temperature
has been held at 40 °C for 3 min, then raised to 200 °C at 6 °C/min,
followed by an increase to 250 °C at 15 °C/min and an isothermal
period at250 °C for 3 min. External calibration curves were recorded
using d6-benzaldehyde as an internal standard. Concentrations
of quantified compounds in hops were corrected to the amount of
hops used to produce the wort and beer samples.

2.4 GC-MS profiling of hop oil volatiles

Headspace solid-phase micro-extractions (45 min at 60 °C using a
100 um PDMS fiber coating; Supelco, Bellefonte, PA, USA) of wort
and beer samples were automated using a CombiPal auto sampler
(CTC Analytics, Zwingen, Switzerland). Five mL of undiluted sam-
ples were pipetted into an extraction vial (20 mL). For the analysis
of the hop samples, an aliquot of grinded pellets was weight into an
extraction vial (20 mL). After adding 2 g of sodium chloride (p.a.,
VWR International, Zaventem, Belgium), the extraction vial was
immediately closed with a magnetic bimetal crimp cap containing a
silicone/Teflon septum (Interscience, Louvain-la-Neuve, Belgium).

Gas chromatographic operating conditions were as follows. SPME
fibers with extracted volatiles were thermally desorbed in the
heated inlet (split/splitless injector, 250 °C) of the Ultra Trace gas
chromatograph (Thermo Fisher Scientific, Austin, TX, USA) for
3 min. Helium (Alphagaz 2, Air Liquide, Luik, Belgium) was used
as a carrier gas at a constant flow rate of 1.0 mL/min. Injection
was performed in the split mode (split ratio 1/10) for 3 min at
250 °C. Separation of the injected compounds was performed on
a40m x 0.18 mm i.d. x 0.20 am film thickness RTX-1 capillary
column (Restek Corporation, Bellefonte, PA, USA). The oven
temperature program for separation of the volatiles was as fol-
lows: 3 min at 35 °C, followed by a temperature increase at 5 °C/
min to 250 °C and an isothermal period at 250 °C for 1 minute.
Mass spectrometric detection of volatiles was achieved by a dual-
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stage quadrupole MS (DSQ I, Thermo Fisher Scientific, Austin,
TX, USA) operating in the electron ionization mode (El, 70 eV).
The ion source temperature was set at 240 °C, and the electron
multiplier voltage was 1445 V. Analyses were performed in the
full scan operating mode (m/z 40-400). The detected compounds
were identified by mass spectral comparison via Xcalibur software
(v.1.4 SR1, Interscience) using the NIST98 and Flavor MS library
for Xcalibur 2003 spectral libraries (Interscience), retention times
of authentic reference compounds, and calculation of retention
indices (RI) of the volatiles. Therefore, Kovat's retention indices
were determined by using a homologous series of normal alkanes
(C8-C23; Sigma-Aldrich, St. Louis, MO, USA). When no reference
compounds were available, constituents were ‘tentatively identified’
using the following criteria: (1) MS match factor > 650 and calcu-
lated RI = literature Rl + 5 or (2) MS match factor > 750 when no
literature Rl was available. Compounds having a MS match factor
< 750 and literature Rl significantly different from the calculated RI
were considered as ‘unknowns’. Quantitative data for linalool and
geraniol were obtained by recording external calibration curves.
Semi-quantitative data of all other compounds were obtained using

nonadecane as an internal standard. Concentrations of quantified
compounds in hops were corrected to the amount of hops used to
produce the wort and beer samples.

2.5 Data processing

Processing of the chromatographic data was performed by the
Xcalibur ™ data system (Version 2.0.7, Thermo Electron Corpora-
tion, Austin, TX, USA).

3 Results and Discussion

The aim of the present study was to investigate the evolution of
hop-derived volatiles throughout the brewing process. Therefore,
samples were taken at different production steps (see Table 2)
along the brewing process and their volatile composition was
determined. The obtained data were furthermore compared with
the analytical data of the hop varieties (see Table 1).

To gain first insights into the varietal dependence
of early and late kettle hopping in comparison with

additional dry hopping on the analytical profiles

Table 3 Assignment of single analytes to compound classes.
Alcohols
n-Propanol Isobutanol 3-Methyl-1-butanol

2-Methyl-1-butanol
Saturated esters

Phenylethanol

of volatile marker compounds, in total, 15 single
hop beers using the same hopping regime were
brewed and 59 components were assigned upon
analysis of the volatile fraction of all wort and beer

Ethyl acetate Ethyl hexanoate

Isobutyl acetate Isoamyl isobutyrate
Ethyl butanoate 2-Methylbutyl butanoate
Isoamyl acetate 2-Methylbutyl isopentanoate
Isoamyl propionate 2-Methylbutyl pentanoate

Unsaturated esters

Ethyl octanoate
Phenethyl acetate
Ethyl decanoate

Ethyl dodecanoate

samples originating from all 15 hop varieties. The
volatile constituents were further classified into
5 alcohols, 14 saturated esters, 8 unsaturated
esters, 2 monoterpene hydrocarbons, 4 monoter-
pene alcohols, 14 oxygenated sesquiterpenes,
10 sesquiterpene hydrocarbons and 2 ‘others’
(see Table 3).

Methyl cis-2-decenoate Neryl acetate

Methyl trans-4,9-decadienoate | Ethyl trans-4-decenoate

Ethyl 4,9-decadienoate

Methyl geranate
Monoterpene hydrocarbons

Neryl butyrate

Ethyl cis-4-decenoate

3.1 Evolution of volatiles during the
brewing process

HS-SPME GC-MS profiling of compound

Beta-pinene Beta-myrcene

Monoterpene alcohols

classes of different single hopped beers
throughout the brewing process

Linalool Beta-citronellol
Alpha-terpineol

Sesquiterpene hydrocarbons

Geraniol

Inordertoinvestigate the differences in the volatile
compositions of wort and beer samples caused by
the hop variety used and to estimate the importance

Beta-caryophyllene Alpha-amorphene

Alpha-humulene Beta-selinene
Alpha-copaene Gamma-amorphene
Beta-calarene Alpha-selinene

Gamma-muurolene Epizonarene

Oxygenated sesquiterpenes

Gamma-cadinene
Calamenene
Delta-cadinene

(trans-)Cadina-1,4-diene

of the hop variety on the final characteristics of
late and dry hopped beers, single hopped beers of
15 different varieties were compared. Therefore,
all volatiles (i.e., hop oil volatiles and volatiles
produced during fermentation) were quantified
and subdivided in compound classes (Table 4 and
Fig. 1, see next page).

Caryolan-1-ol Humulene epoxide Il

Caryophyllene oxide Humulene epoxide I
Humulene epoxide | Humulenol Il
Humulol

Others

Caryophylladienol

Alpha-cadinol

Tau-cadinol

As expected no fermentation-derived alcohols were
detected in the hop samples (Table 4 and Fig. 1).
For all other compound classes, big differences in
the patterns of volatile compounds were observed
for all analyzed hop samples. Quantitative differ-

4-ethylphenol 2-Undecanone

ences are most likely due to genetic differences and
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Table 4 Total concentrations (ug/L) of compound classes quantified in 15 different hop varieties as well as the corresponding wort and
beer samples. The concentrations in hops are normalized to the hop amount used to produce the dry-hopped beers

g";‘)’;‘ap'e Sompotind CAS® CEN° CIT® CHAb CLU® COL® GAL® MAG® NUG® PAL® SAA® SIM® SOR® TET® WAR®
Es?gt:'ated 357 236 903 880 362 994 181 359 327 179 nd. 482 140 529 133
Es?e”rzat“rated 863 2382 1828 608 547 205 520 148 356 188 436 113 747 218 135
2. Monoterpene
hydrocarbons 18308 6698 5896 1606 481 1576 2217 7114 4001 1523 247 709 711 361 1546
H 2 Monoterpene  yeag 3004 1931 561 527 886 693 775 2167 461 709 2005 1413 1727 1026
ops alcohols
> Sesquiter-
pene hydrocar- 17742 8563 8912 1387 532 2076 9747 3983 6682 2929 902 1483 1532 1425 3360
bons
2. Oxygenated
sesquiterpen- 327 376 120 1,76 1.45 249 382 254 144 207 6.02 226 126 115 882
oids
¥ others 67.4 353 194 385 108 437 116 342 471 224 164 331 163 6.80 414
2. Monoterpene
hydrocarbons 157 099 050 503 7.08 204 065 nd nd nd nd nd nd nd nd
PRE-
EH > Sesquiter-
pene hydrocar-  1.34 343 198 327 399 142 28 nd 875 241 259 288 197 6.10 2.81
bons
Es?;t;'ated 195 7.05 467 176 759 810 161 172 210 731 nd. 416 343 nd 930
%S?e”riat“rated 143 574 601 101 184 182 172 317 219 112 122 200 433 1403 143
Y. Monoterpene
hydrocarbons 278 306 702 180 195 186 219 104 628 179 206 317 719 694 398
> Monoterpene
W  oho 507 1146 426 113 312 546 336 244 531 149 232 482 161 298 369
> Sesquiter-
pene hydrocar- 105 695 583 213 143 148 992 140 120 431 377 234 395 573 538
bons
> Oxygenated
sesquiterpen- 124 138 664 131 078 064 165 143 261 186 517 572 127 150 4.34
oids
Y others 242 048 436 545 259 224 394 287 261 085 531 626 771 374 371
¥ Alcohols 101 930 132 129 155 172 993 859 857 847 979 872 119 127 885
Es?:rt:ra‘ed 762 724 806 755 811 786 716 631 655 714 837 430 817 728 722
Eslt-’e”rzat“ra‘ed 171 331 241 270 115 732 150 798 108 661 167 346 144 217 9.20
Ey'(\j"r%gg‘rf;(f’r?s”e nd. nd nd nd nd nd nd nd nd nd 170 189 1565 295 nd.
NonDry azl xﬁggerpe”e 210 380 236 752 139 340 134 107 262 639 926 189 257 145 109
> Sesquiter-
pene hydrocar- 149 nd. 045 055 1.04 302 076 245 141 045 nd. 125 198 454 1.39
bons
> Oxygenated
sesquiterpen-  3.43 758 342 107 184 132 267 045 nd. 390 7.65 115 184 972 167
oids
Y others 430 324 349 451 333 419 298 381 334 270 360 398 399 389 336

environmental effects as it has been described, for instance, for the
hop variety Cascade [50]. The most important compound classes
from a quantitative point of view were the monoterpene hydrocar-
bons (B-pinene and B-myrcene) and sesquiterpene hydrocarbons

Table 4 continues next page ...

(a-humulene, B-caryophyllene and many others) followed by the
monoterpene alcohols (linalool and geraniol). Of less quantitative
importance were the saturated and unsaturated esters as well as
the oxygenated sesquiterpenoids. The variances of saturated ester
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¥ Alcohols 176 115 104 177 120 131 124 101 121 150 157 150 142  98.

Es?jrt:'ated 125 980 893 117 950 993 103 988 963 887 919 931 653 953 93.0

Es?e”rzat“rated 399 128 327 620 120 355 278 150 203 690 340 814 813 467 129

2. Monoterpene

mydrocarbons M- nd. nd. nd 083 nd nd 379 nd 039 240 373 253 351 nd.
Dry glc“gﬁgf’sterpe”e 601 1276 685 137 303 589 280 285 792 160 235 871 508 650 321

Y. Sesquiter-

pene hydrocar- 857 926 266 3.34 099 233 7.98 284 295 160 455 113 437 248 124

bons

2. Oxygenated

sesquiterpen-  7.95 122 348 423 0.6 114 243 234 233 322 144 209 203 6.82 258

oids

¥ others 659 329 382 512 435 401 424 427 461 406 488 626 57.8 452 420

a Sample abbreviation refers to Table 2
® Hop varieties according to Table 1
n.d.: not detected

concentrations are related to substantial differences for isoamyl
propionate, isoamylisobutyrate and 2-methylbutyl esters (Table 5).
Unsaturated methyl esters as well as unsaturated esters derived
from the monoterpene alcohols geraniol and nerol were responsible
for the quantitative inter-varietal differences in the patterns of the
unsaturated esters. In contrast, ethyl trans-4-decenoate did not
affect the concentration of the unsaturated esters in total, but it was
an important varietal marker as it was only detected in the varie-
ties Citra, Simcoe, Tettnanger and Warrior. Caryophyllene oxide
as well as humulene epoxides | and Il (Table 5) were important
compounds regarding oxygenated sesquiterpenoid concentrations.
Other compounds, like caryolan-1-ol, humulol or T-cadinol, were
important markers for inter-varietal differentiation.

Surprisingly, we were able to detect the sesquiterpenes hydrocar-
bons a-humulene and 3-caryophyllene as well as the monoterpene
hydrocarbon B-myrcene in unhopped wort samples (PRE-EH;
Table 6, see page 16, and Fig. 1, see page 16). Although it is not
evident to identify those two sesquiterpenes in unhopped wort,
our findings stand in line with the results of De Schutter et al. [51],
Michiu et al. [52] and our working group [Dresel et al., 49], proving
that sesquiterpenoids, which were normally regarded as hop oil
constituents, may be presentin unhopped wort. De Clippeleeret al.
[53] were already able to show that the charge of malt can have a
significantinfluence onthefinal concentration of volatiles. Therefore,
the fact that compounds such as a-humulene, B-caryophyllene
and B-myrcene were not detected in every unhopped wort sample
might be related to the malt quality.

The quantitatively most predominant compound classes (Table
7, see page 18, and Fig. 1, see page 16) in the pitching wort
samples (PW) were the monoterpene alcohols (especially lin-
alool and geraniol) followed by the monoterpene (B-myrcene)
and sesquiterpene hydrocarbons (especially a-humulene and
B-caryophyllene). Compared with the monoterpene alcohols the
monoterpene and sesquiterpene hydrocarbons were more volatile
and may be lost during wort boiling. Furthermore, adsorption of
the apolar hydrocarbons to the trub can also influence the final
concentrations as the monoterpene alcohols are more polar and
therefore show a better solubility. As observed for the hop samples,

the saturated and unsaturated esters as well as the oxygenated
sesquiterpenoids seemed to play a minor role and significantly
higher concentrations of unsaturated esters and oxygenated
sesquiterpenoids were only detectable for the hop varieties Saaz,
Simcoe and Tettnanger. Especially the increased concentrations
of oxygenated sesquiterpenoids for the varieties Saaz, Simcoe,
Sorachi Ace and Tettnanger were noteworthy for two reasons.
On the one hand, oxygenated sesquiterpenoids were present in
the hop varieties Saaz, Simcoe, Sorachi Ace and Tettnanger in
comparably low concentrations (see Table 5) and not detectable
at all in the unhopped wort samples (see Table 6). On the other
hand, oxygenated sesquiterpenoids were detected in increased
concentrations in the pitching wort samples derived from those
varieties (see Table 7). However, the differences of the sesquit-
erpene monoterpenes in the hop and unhopped wort samples
could not explain the formation of oxygenated sesquiterpenoids in
comparisonwith the other samples. Ayetundiscovered mechanism
seemed to resultin increased concentrations of these compounds
in the pitching wort samples derived from those hop varieties. In
this context, one should have in mind that especially the hop va-
rieties Saaz and Tettnanger are traditional aroma varieties which
are recommended to produce beers with a so-called noble hop
aroma. A similar behavior was observed for 3-myrcene, which was
present in the pitching wort samples derived from the hop varieties
Saaz, Simcoe, Sorachi Ace and Tettnanger in unexpectedly high
concentrations. A possible explanation could be that -myrcene
is present in those hop varieties in a chemically bound state and
released during the boiling process.

In the late hopped beers, the monoterpene alcohols (linalool and
geraniol) followed by the alcohols (especially 3-methyl-1-butanol)
and saturated esters (especially ethyl acetate) were the most
importantcompound classes. However, concentrations of the com-
pound classes mentioned were quite comparable for all varieties.
The formation of the esters and the higher alcohols could be easily
explained by the yeast metabolism. As high concentrations of the
monoterpene alcohols were already detected in the pitching wort
samples, itwas no surprise that relatively high concentrations were
also present in the fermented samples. Yet, the total concentra-
tions were lower than in the pitching wort samples. This could be
due to adsorption of those compounds to the yeast cells or due to
a metabolization. The same applies for B-myrcene as well, which




BrewingScience

January / February 2015 (Vol. 68)

14

Table 5 (Semi-) Quantitative data (ug/L) of the 15 used hop varieties (Hops). Concentrations are normalized to the hop amount used to
produce the dry-hopped beers. Compounds highlighted with an asterisk were analyzed quantitatively
Compound RIE CAS® CEN® CIT° CHA® CLU> COL® GAL® MAG® NUG® PAL® SAA® SIM® SOR® TET® WAR®
Esters
Saturated esters
Isoamyl 944 861 46.8 487 612 297 198 310 622 401 221 nd. = 7.84 294 065 132
propionate
::ggwlate 996 57.6 9.06 257 975 6.80 129 940 404 663 216 nd. 183 190 465 256
ﬁd\t"aitgg{t;“ty' 1003 151 481 117 63.0 220 480 538 220 167 980 nd. 223 787 nd 728
Izsggitrt‘tﬁggg'e 1095 302 656 132 596 158 973 502 247 294 182 nd. 474 130 nd. 946
ijﬁgggggty' 1098 321 666 141 311 283 889 369 117 239 190 nd  nd. nd. nd 115
) 357 236 903 880 362 994 181 359 327 179 nd. 482 140 529 133
Unsaturated esters
Moty o2de” 1294 847 434 770 819 825 151 212 nd. 171 nd 248 359 383 847 692
gﬂeeggé: Jg%r;::,@ 1296 231 107 335 246 136 nd. 400 717 162 nd. 116 174 196 699 153
Methyl geranate 1298 170 1628 586 4.35 069 9.85 452 198 227 151 265 437 163 541 220
Neryl acetate 1359 389 330 279 nd. 546 955 111 nd. nd. 370 nd. n.d. nd. nd. nd.
vl ans4-de- 4364 nd. nd. 248 nd nd  nd nd  nd nd nd nd 820 nd 091 777
Neryl butyrate 1507 196 179 845 nd. 246 849 112 561 nd. nd. 457 132 nd. nd. 21.0
T 863 2382 1828 60.8 547 205 520 148 356 188 436 113 747 218 135
Terpenes
Monoterpene hydrocarbons
Beta-pinene 958 359 394 286 279 10.1 435 808 156 587 401 428 132 114 529 296
Beta-myrcene 965 17944 6304 5610 1579 471 1532 2136 6958 3942 1483 243 696 699 356 1516
z 18303 6698 5896 1606 481 1576 2217 7114 4001 1523 247 709 711 361 1546
Monoterpene alcohols
Linalool * 1085 748 1573 1813 516 286 744 409 660 2082 430 540 1158 948 1577 572
Alpha-terpineol 1170 n.d. nd. nd. nd nd 1.10 n.d. n.d. n.d. nd. n.d. 4.11 nd. nd. n.d.
Beta-citronellol 1209 n.d. 10.5 nd. nd. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d.
Geraniol * 1235 950 1441 118 44,9 =241 140 284 115 850 311 169 843 465 150 455
T 1698 3024 1931 561 527 886 693 775 2167 461 709 2005 1413 1727 1026
Sesquiterpenes
Sesquiterpene hydrocarbons
E::;;phyllene 1419 5276 3537 4027 280 158 658 3493 1040 2366 1083 144 466 324 342 1298
Alpha-humulene 1434 10206 3694 3378 871 317 871 4239 2630 3427 1416 667 788 1026 929 1490
Alpha-copaene 1377 176 143 143 122 430 494 339 340 696 388 574 168 129 117 315
Beta-calarene 1474 535 142 174 316 224 975 319 990 178 114 28 348 394 nd 117
ﬁﬁmine 1477 297 128 122 nd. 041 984 200 485 101 704 133 414 275 381 67.0
{:r']’;’g‘f;hene 1480 050 nd. 268 452 103 987 315 521 127 830 244 472 413 247 7.82

Table 5 continues next page ...
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Beta-selinene 1487 375 519 330 357 092 6338 259 148 146 64.0 5.64 10.0 152 3.16 100
Gamma-

amorphene 1495 994 564 nd. nd. 123 nd. 469 199 66.8 171 7.61 13.1 10.8 8.47 452
Alpha-selinene 1498 496 118 400 122 nd. 595 325 154 159 576 3.94 10.0 10.9 9.42 99.0
Epizonarene 1500 n.d. n.d. n.d. nd. 10.7 n.d. n.d. 10.8 n.d. 14.0 3.40 7.19 7.42 649 8.48
Gamma-

cadinene 1511 nd. 257 134 19.1 nd. 847 233 534 94.9 134 139 42.6 283 274 6338
Calamenene 1523 64.1 479 186 nd. 049 783 647 nd. 16.8 545 457 6.39 446 432 828
Delta-cadinene 1529 624 469 285 35.7 16.1 145 430 91.2 187 1189 245 65.9 50.6 499 117
(trans-)

Cadina-1.4-diene 1534 738 471 313 3.85 nd. 17.7 53.4 102 17.5 10.6 2.54 7.58 516 4.82 11.8
> 17742 8563 8912 1387 532 2076 9747 3983 6682 2929 902 1483 1532 1425 3360

Oxygenated sesquiterpenes

Caryolan-1-ol 1541 nd. n.d. nd. nd. nd n.d.

Caryophyllene

n.d. n.d. n.d. n.d. n.d. n.d. 166 nd. nd.

A 1566 62.6 923 248 nd. nd. 840 695 nd. 213 469 nd. 297 nd. nd 154
Humulene

epoxids | 1584 260 237 126 nd. 027 120 271 nd. 197 305 055 nd. nd. nd. 1.05
Humulol 1588 n.d. 32.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.62 n.d. n.d.
ggg)‘(ﬁﬁ”ﬁ 1595 178 177 495 176 118 114 190 254 722 945 108 468 124 nd. 288
Humulene

epoxido I 1615 157 nd. nd. nd. nd. 105 nd nd. nd nd 045 135 075 080 nd.
Humulenol Il 1634 n.d. n.d. n.d. nd. n.d. n.d. 29.3 n.d. n.d. nd. 298 8.66 527 6.08 n.d.
Caryophy

] 1638 nd. 144 nd. nd nd nd 232 nd nd nd nd 262 08 121 1.74
Tau-cadinol 1644 307 250 236 nd. nd. 202 260 nd. nd 143 097 235 172 261 nd.
Alpha-cadinol 1655 13.7 107 962 nd. nd. 080 172 nd. 307 208 nd. nd. 046 086 1.62
> 327 376 120 176 1.45 249 382 254 144 207 6.02 226 126 115 882
Others

2-Undecanone 1285 67.4 353 194 385 108 437 116 342 471 224 164 331 163 6.80 41.4
> 674 353 194 385 108 437 116 342 471 224 164  33.1 16.3 6.80 41.4

2 Calculated retention index (RTX-1 capillary column, 40 m x 0.18 mm i.d. x 0.20
pm film thickness.

® Hop varieties according to table 1

n.d.: not detected

was present in high concentrations in the pitching wort samples of
the hop varieties Saaz, Simcoe, Sorachi Ace and Tettnanger. Due
to lower concentrations in the remaining samples and the losses
during fermentation, B-myrcene is only detectable in rather low
concentrations in the late hopped beers of the hop varieties Saaz,
Simcoe, Sorachi Ace and Tettnanger.

Unsaturated esters, sesquiterpene hydrocarbons and oxygenated
sesquiterpenoids are detected in relatively small concentrations.
Concentrations of the higher alcohols, the saturated esters and the
‘others’ in the late hopped beers and the dry hopped beers were
rather similar, because additional dry hopping should not have an
influence on the fermentation profile. However, the concentrations
of all other compound classes, with the exception of the monoter-
pene hydrocarbons, were much higher in the dry hopped beers.
Yet, the concentration of B-myrcene was slightly increased in the
beers derived from the hop varieties Saaz, Simcoe, Sorachi Ace

and Tettnanger, but still absent in all other samples. 3-Pinene was
only detectable in concentrations below 2 pg/L in the beers derived
from the hop varieties Cluster, Magnum and Palisade. Concen-
trations of the monoterpene alcohols (linalool and geraniol) were
strongly increased. An efficient extraction rate of these compounds
during dry hopping, limited losses due to adsorption to trub and a
good solubility of these compounds in an agueous medium could
account for this observation.

As the profiles of the pitching wort samples, the late hopped
beers and the dry hopped beers were dominated by the con-
centrations of monoterpene alcohols, figure 2 shows the profiles
without this compound class enabling a more detailed insight into
varietal differences. The profiles of the pitching worts strongly
varied. Especially the concentrations of unsaturated esters,
monoterpene and sesquiterpene hydrocarbons and oxygenated
sesquiterpenoids showed great varietal differences. In general,
the varieties Challenger, Cluster, Columbus, Palisade and Warrior
showed the lowest concentrations of the mentioned compound
classes. Varieties Cascade, Centennial, Citra, Galena, Magnum
and Nugget featured medium concentrations and the highest
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concentrations were found for the varieties Saaz, Simcoe, Sorachi
Ace and Tettnanger.

Interestingly, these characteristics were nottransferred neitherto the
late hopped beers nor to the dry hopped beers (Fig. 2). Concentra-
tions of the alcohols were comparable for all samples except for
the samples derived from the hop varieties Challenger, Clusterand
Columbus, which showed alcohol concentrations above 100 ug/L.

The reason for this behavior is not clear. Furthermore, significant
differences were found for the monoterpene hydrocarbons, which
were present in the samples derived from hop varieties Saaz,
Simcoe, Sorachi Ace and Tettnanger. Elevated concentrations of
oxygenated sesquiterpenoids were found for the varieties Cen-
tennial and Columbus as well as for the varieties Palisade, Saaz,
Simcoe, Sorachi Ace and Tettnanger.

As expected, the concentrations of the alcohols,

‘m’ HOPS the saturated esters and the unsaturated esters
of the late hopped beers in comparison with the
15000 .
corresponding samples of the dry hopped beers
10000 did not differ significantly. Moreover, whereas
the alcohol concentrations of the late hopped
5000 samples of the varieties Challenger, Cluster and
I.I J Columbuswere slightly increased, concentrations
] : . . - « 4 & & for the dry hopped beers were only increased for
CAS CEN ar CHA i coL GAL MAG NUG PAL SAA SiMm SOR TET WAR . . .
— the beers derived from the varieties Cascadeand
PRE-EH Challenger. Interestingly, concentrations of the
» saturated esters were also slightly increased in
the beers derived from the hop varieties Cascade
, and Challenger.
1
Concentrations of the unsaturated esters varied,
T | I | I THEA | 1 1 1 1 | especially beers Centennialand Simcoefeatured
@ ar CU  COL  GAL MAG NUG  PAL  SAA  SIM_ SOR  TET  WAR very high concentrations. Furthermore, concen-
1200 trations of the monoterpene and sesquiterpene
e/l PW .
hydrocarbons and the oxygenated sesquiterpe-
w00 noids differed throughoutthe samples, leadingto a
characteristic pattern for each beer. Yet, it should
not be forgotten that also the concentrations of
oo the monoterpene alcohols varied especially for
J J j J. J l the pitching worts as well as for the late and dry
0 - i - - - | - . hopped beer sample, contributing as well to the
G5 CEN OF O AU 0L OAL WAG UG PAL A SW SoR T WA characteristic pattern for each beer.
it Late Hopped . . . o
Detailed analysis of the inter-varietal diffe-
® rences ofthe volatiles of single hopped beers
%0 throughout the beer manufacturing process
100 So far, the results shown above provided an
l i l l l[ l ll I-l i II insight into the fundamental changes of differ-
0 | B L4 : . 2 ent compound classes during the beer produc-
CAS  CEN or CHAL CW COL GAL MAG NUG PAL SAA SIM  SOR TET  WAR . . . . .
ot tion resulting in individual single hop beers with
Dry Hopped . . . .
1200 special aroma attributes. However, it remains
unclear whether these variations are related
500 to single compounds or if these characteristics
are affected by all compounds within a group.
w0 Therefore, monitoring the changes of individual
I LJ. I compounds will help to identify varietal differ-
. L.l hi.nl. b ._l k l_ el.ul hJ bl kIl .nl ences and will be thle scientific basis tgwards
CAS CEN  OT  CHA U COL _ GAL MAG NUG  PAL _ SAA  SIM__ SOR  TET _ WaR a better understanding how the hopping re-
= Alcohols = Saturated Esters gime and the use of a specific hop variety may
® Unsaturated Esters = Monoterpene hydrocarbons affect the patterns of aroma-active volatiles of
= Monoterpene alcohols ™ Sesquiterpene hydrocarbons beers.
u Oxygenated sesquiterpenes Others
. . . . . Table 5 summarizes the semi-quantitative
Fig.1  Concentrations (ug/L) of various compound classes in hops as well as in

wort and beer samples withdrawn along the brewing process as a function

of the hop variety used

concentrations of all compounds in all analyzed
hop samples. Intotal, 5 saturated esters, 6 unsatu-
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Table 6 (Semi-) Quantitative data (pg/L) of the 15 unhopped wort samples (PRE-EH). Compounds highlighted with an asterisk were
analyzed quantitatively
Compound Rl2 CAS® CEN° CIT° CHA® CLU® COL® GAL® MAG® NUG® PAL® SAA® SIM®> SOR® TET> WAR®
Terpenes
Monoterpene hydrocarbons
Beta-myrcene 965 157 099 050 503 7.08 204 065 nd. n.d. nd. nd. nd nd nd. nd.
2 157 099 050 5.03 708 204 065 nd. nd. nd. nd nd nd nd. nd.

Sesquiterpenes
Sesquiterpenes hydrocarbons

Beta-caryophyllene 1419 n.d. 0.98 0.68 n.d. 1.09 029 099 nd. 147 nd. nd. 091 030 nd. nd
Alpha-humulene 1434 1.34 245 1.31 3.27 291 113 186 n.d. 728 241 259 197 167 6.10 2.81
z 1.34 3.43 1.98 3.27 399 142 285 nd. 875 241 259 288 197 6.10 2.81

@ Calculated retention index (RTX-1 capillary column, 40 m x 0.18
mm i.d. x 0.20 um film thickness

® Worts derived from hop varieties according to table 1

n.d.: not detected

rated esters, 2 monoterpene hydrocarbons, 4 monoterpene alcohols,
14 sesquiterpene hydrocarbons, 10 oxygenated sesquiterpenoids
and 2-undecanone were detected. Whereas isoamyl and 2-meth-
ylbutyl esters were present in varying

T-cadinol were the predominant oxygenated sesquiterpenoids.
However, concentrations of oxygenated sesquiterpenoids in hops
could be correlated to the heat and oxygen load during the produc-
tion of hop pellets.

As already mentioned before, the monoterpene hydrocarbon
B-myrcene and the sesquiterpenes hydrocarbons a-humulene and

con-centrations in almost every hop p;?f
sample, these compounds were
not detectable in the hop variety Saaz. s00

The greatestconcentrationrange (7.9—
220 pg/L) was found for 2-methylbutyl
butanoate, whereas the concentrations 250
of all other compounds did not usually
exceed 60 pg/L.

PW

MAG NUG WAR

Concentrations of the unsaturated 200
esters varied significantly within all | "
hop varieties and it was not possible 150
to identify a common pattern. How-
ever, concentrations of unsaturated 1
esters were lowest in the hop vari-
eties Palisade, Sorachi Ace and
Tettnanger.

8

8

Interestingly, a direct correlation

: LI LJ L l \ Ll Jl.lll l ) LJ LJ b LI

Late Hopped

AL MAG NUG PA

(R? = 0.9803) between the concentra- ”;,"f
tion of the monoterpene hydrocarbons

B-myrcene and B-pinene was found. 150
A similar behavior (R? = 0.6906) was
observed for the monoterpene alcohols :
linalool and geraniol with the exception

g

of the hop varieties Citra, Nugget and 50 ll I l i J l l . l . : | .

Tett . which showed relativel | d i | d J

ettnanger, which showed relatively . J J i o
CAS CEN (=13 CHA cw coL GAL L SAA 5IM SOR TET

low concentrations of geraniol. Fur-

Dry Hopped

MAG NUG PA WAR

thermore, concentrations of all other
sesquiterpene hydrocarbons were high-
est for those hop varieties with high
concentrations of a-humulene and
B-caryophyllene.

m Alcohols

w Others

» Unsaturated Esters
w Sesquiterpene hydrocarbons

m Saturated Esters
® Monoterpene hydrocarbons
» Oxygenated sesquiterpenes

Fig. 2
Table 5 shows that caryophyllene oxide, ‘9

humulene epoxides | and Il, as well as

Concentrations (pg/L) of various compound classes — exclusive of the monoterpene
alcohols — in hops as well as in wort and beer samples withdrawn along the brewing
process as a function of the hop variety used
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Table 7 (Semi-)Quantitative data (ug/L) of the 15 pitching wort samples (PW). Compounds highlighted with an asterisk were analyzed
quantitatively

Compound RI2 CAS® CEN° CIT®° CHA® CLU® COL°* GAL°® MAG® NUG®> PAL° SAA°* SIM° SOR* TET® WAR®

Esters

Saturated esters

Isoamyl propionate 944  n.d. n.d. n.d. 1.18 n.d. 0.71 1.06 2.06 1.55 099 nd. 357 n.d. nd. 0.74
i':ggm;"rate 996 nd. 085 091 11.7 466 471 184 1.78 361 093 nd. 102 nd. nd. 1.68
2 Methyouty 1003 112 360 3145 412 198 166 114 117 119 539 nd. 226 151 nd.  6.00
iggiﬁ?gggg'e 1095 nd. 124 nd. 061 nd 051 124 114 188 nd. nd. 517 nd. nd nd.
ﬁé'\rfg;‘gﬁ:‘y' 1098 nd. 092 nd nd nd. 051 08 nd nd  nd nd nd nd. nd 087
Ethyl dodecanoate 1572 n.d. n.d. 0.61 n.d. n.d. n.d. nd. nd. n.d. n.d. nd. nd. 166 nd. nd.
Y 195 705 467 176 759 810 161 172 210 731 nd 4.6 343 nd 930

Unsaturated esters
Methyl cis-2-

domoronte 1294 126 568 159 361 954 964 761 155 nd. 958 59.6 58.1 120 463 7.76
('\,"eeggé’! ;;%’:t’:’g' 1296 1.01 254 158 559 814 813 274 754 nd. nd. 871 327 nd. 39.0 3.24
Methyl geranate 1298 829 451 26.0 094 069 047 151 250 219 159 7.86 850 069 341 825
Neryl acetate 1359 512 0.36 0.61 n.d. n.d. n.d. 1.14 n.d. n.d. n.d. 174 nd. n.d. nd. n.d.
Neryl butyrate 1507 360 3.66 1.83 nd. n.d. n.d. 421 6.10 nd. n.d. nd. 243 245 21.0 nd.
) 143 574 601 101 184 182 172 317 219 112 122 200 433 140 143

Terpenes

Monoterpene hydrocarbons

Beta-pinene 968 049 081 079 nd 044 nd 1.03 3.81 1.05 112 278 4.05 0.74 nd. 0.97
Beta-myrcene 965 273 298 694 180 19.0 18.6 20.8 100 61.8 16.8 204 313 711 694 38.8
z 278 306 702 180 195 186 219 104 62.8 179 206 317 719 694 39.8

Monoterpene alcohols

Linalool * 1085 157 374 146 103 855 421 96.7 142 457 64.7 119 252 200 176 135
Alpha-terpineol 1170 n.d. n.d. n.d. n.d. 0.71  0.82 n.d. 1.01 n.d. n.d. nd. nd. n.d. nd. nd.
Beta-citronellol 1209 n.d. 0.70 n.d. n.d. n.d. n.d. nd. nd n.d. 0,5 nd. nd. n.d. nd. nd.
Geraniol * 1235 350 771 280 101 226 124 239 101 74.5 842 112 230 141 121 234
> 507 1146 426 113 312 546 336 244 531 149 232 482 161 298 369

Sesquiterpenes

Sesquiterpenes hydrocarbons
Beta-

caryophyllene 1419 183 142 135 272 3.00 3.00 195 213 241 11.0 553 202 66.6 80.3 14.3
Alpha-humulene 1434 69.0 449 353 156 11.3 11.6 60.0 102 81.9 26.1 190 55.2 281 274 33.2
Alpha-copaene 1377 028 0.28 nd. n.d. n.d. n.d. nd. 054 0.31 nd. 348 3.44 1.32 6.51 nd.
Beta-calarene 1474 044 118 nd. n.d. n.d. n.d. nd. nd. 0.68 nd. 891 467 1.73 528 nd.
Gamma-

muurolene 1477 189 1.01 099 nd. n.d. n.d. 206 188 1.93 1.09 186 195 6.45 198 0.86
Alpha-amorphene 1480 0.40 1.08 0,6 n.d. n.d. n.d. nd. n.d. 0.49 nd. 590 455 115 6.72 nd.

Table 7 continues next page ...
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Beta-selinene 1487 325 077 298 151 nd. nd. 3873 083 190 129 106 11.2 466 127 158
S;?rr;ﬁéne 1495 083 nd. nd. nd. nd. nd 068 nd 053 026 112 946 160 105 n.d.
Alpha-selinene 1498 381 085 373 153 nd. nd 735 nd 297 080 nd. 6.05 324 316 1.26
Epizonarene 1500 n.d. n.d. n.d. n.d. n.d. n.d. nd. 654 nd. nd. 6.68 24.0 252 385 0.24
Gamma-cadinene 1511 213 180 093 nd. nd nd. 182 28 163 081 204 252 764 282 0.89
Calamenene 1523 0.80 063 082 nd nd nd 093 nd 049 031 746 542 1.88 229 nd.
Delta-cadinene 1529 3850 277 nd. nd. nd. 022 312 387 310 157 342 406 136 19.0 1.53
(rans)Cadinal4- 4534 nd. nd. nd nd nd nd nd 057 033 nd 443 456 133 171 nd.
) 105 695 583 213 143 148 992 140 120 431 377 234 395 573 53.8
Oxygenated sesquiterpenes

Caryolan-1-ol 1541 053 043 050 nd. n.d. n.d. 0.64 n.d. n.d. 0.77 6.63 n.d. n.d. 16.5 0.23
gjggphy"e”e 1566 1.04 144 031 nd. nd nd nd nd nd 108 339 570 151 112 049
:g(;’)‘(ﬂee”le 1584 119 136 026 nd. 012 nd. 151 022 054 132 447 391 nd. 1.4 0.41
Humulol 1588 079 059 081 030 023 022 112 052 091 071 413 579 118 nd. 058
sggﬂzr‘lf 1595 311 338 060 062 043 043 290 069 117 236 444 827 169 109 0.76
gsc%?]ﬁ 1615 nd. 080 189 nd. nd nd nd nd nd 090 428 358 090 nd. 022
Humulenol 11 1634 190 248 nd. nd. nd nd 570 nd nd. 6.10 150 113 3.85 344 1.12
Caryophylladienol 1638 0.75 0.94 n.d. n.d. n.d. n.d. 1.64 nd. n.d. 260 nd. 437 0.81 11.11 n.d.
Tau-cadinol 1644 201 155 153 nd. nd. nd 185 nd  nd. 176 6.86 103 201 404 nd.
Alpha-cadinol 1655 112 079 075 040 nd. nd 116 nd  nd. 099 246 4.01 074 142 055
3 124 138 664 131 078 064 165 143 262 186 517 572 127 150 4.34
Others

2-Undecanone 1285 242 048 436 545 259 224 394 287 261 0.85 531 62.6 771 374 3.71
by 242 048 436 545 259 224 394 287 261 0.85 531 62.6 771 374 3.71

a Calculated retention index (RTX-1 capillary column, 40 m x 0.18 mm i.d. x 0.20
pm film thickness

® Worts derived from hop varieties according to table 1

n.d.: not detected

-caryophyllene were occasionally detected in low concentrations
(<8 pg/L) in the unhopped wort samples (Table 6). Although con-
centrations did not differ since all unhopped wort samples were
produced using the same brewing regime, these compounds were
not present in all samples.

The quantitative data of the compounds detected in the pitching
wort samples (PW) are summarized in Table 7. Concentrations of
the saturated esters were rather low in the PW samples. Only for
the varieties Challenger, Galena, Magnum, Nugget and Simcoe,
higher levels of isoamylisobutyrate and/or 2-methylbutyl butanoate
of 10—12 ug/L (with exception of variety Simcoe: 22.6 ug/L 2-meth-
ylbutyl butanoate) were found. In general, concentrations of the
unsaturated esters were found to be below 10 pg/L. Only for the
varieties Centennial, Citra, Saaz, Simcoe and Tettnanger, higher
concentrations (15-85 ug/L) of methyl cis-2-decenoate, methyl
trans-4,9-decadienoate, methyl geranate and neryl butyrate were
measured.

Concentrations of the monoterpenoids B-myrcene, linalool and
geraniol varied significantly (10-771 pg/L) and no correlation with
other substances was evidenced. Therefore, these compounds
are potential marker compounds for the used hop varieties. Also,
concentrations of the sesquiterpene hydrocarbons were low except
for a-humulene, y-muurolene and &-cadinene, which were present
inrather high concentrations in the pitching worts produced with the
hop varieties Saaz, Simcoe, Sorachi Ace and Tettnanger. Interest-
ingly, variety Tettnanger showed high concentrations for almost all
sesquiterpene hydrocarbons. Furthermore, pitching wort of the hop
variety Simcoe was the only sample in which the concentration
of &-cadinene was higher than the concentration of a-humulene.

Asimilar pattern was observed for the oxygenated sesquiterpenoids
whichwere presentin rather high concentrationsinthe beers derived
from the hop varieties Saaz, Simcoe and Tettnanger. Surprisingly,
the hop varieties Saaz, Simcoe and Tettnanger featured relatively
low concentrations of sesquiterpene hydrocarbons and oxygen-
ated sesquiterpenoids. That stands in contrast to the fact that, for
example, the hop varieties Cascade, Centennial, Citra, and Galena
featured high concentrations of sesquiterpene hydrocarbons as
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Table 8 (Semi-)Quantitative data (ug/L) of the 15 beers without dry hopping (late hopped beer — Late Hopped). Compounds highlighted
with an asterisk were analyzed quantitatively
Compound RI2  CAS® CEN° CIT°> CHA® CLU° COL® GAL® MAG® NUGP PAL®> SAA° SIM® SOR° TET® WAR®
Alcohols
n-Propanol 545 7.08 476 407 721 273 407 198 119 432 6.59 367 214 195 373 6.32
Isobutanol 608 189 156 147 189 150 179 124 129 146 133 198 156 227 124 14.6
3-Methyl-1-butanol 725 533 53.6 547 727 69.0 69.7 47.6 470 517 487 482 486 536 542 524
2-Methyl-1-butanol 729 133 144 146 174 164 170 123 122 131 13.7 123 11.8 13.0 141 129
Phenylethanol 1088 8.32 461 733 129 272 269 714 190 196 244 14.0 9.06 993 9.30 220
z 101 93.0 132 129 155 172 993 859 857 847 979 872 119 127 885
Esters
Saturated esters
Ethyl acetate * 600 625 658 70.3 66.6 633 586 59.0 526 554 632 745 342 727 67.1 63.1
Isobutyl acetate * 764 0.12 0.12 0.10 0.10 0.09 0.09 0.09 0.07 0.09 0.11 0.09 0.04 0.14 0.10 0.12
Ethyl butanoate * 791 0.19 021 021 0.14 0.15 0.15 0.18 0.17 0.15 0.19 0.16 0.12 0.21 0.21 0.18
Isoamyl acetate * 845 385 338 385 347 3.00 265 279 275 328 368 346 143 423 374 4.05
Ethyl hexanoate * 962 031 031 041 034 027 026 030 032 030 037 027 022 033 034 032
Isoamyl isobutyrate 996 n.d. nd. 054 nd. 107 317 038 217 055 nd. nd. 187 nd. nd 031
2-Methylbutyl butanoate 1003 n.d. 0.71 0.65 n.d. nd. nd 1283 nd. 186 055 nd. 311 nd. nd. 0.58
Ethyl octanoate * 1180 046 046 052 042 043 041 044 039 042 041 037 033 043 047 0.43
Phenethyl acetate * 1224 081 0.64 081 0.77 066 0.65 056 060 0.78 0.66 0.71 040 0.94 0.74 0.85
Ethyl decanoate * 1377 0.11  0.09 0.10 0.09 0.13 0.09 0.12 0.09 0.10 0.07 0.08 0.06 0.10 0.13 0.08
Ethyl dodecanoate 1572 790 0.64 3.07 358 11.98 1253 6.57 3.89 3.02 225 403 126 263 nd 217
z 762 724 806 755 811 786 716 631 655 714 837 430 817 728 722
Unsaturated esters
Methyl cis-2-decenoate 1294 nd. nd. nd. nd n.d. nd. nd. 069 nd. nd nd nd nd nd n.d.
Methyl geranate 1298 0.70 15.0 6.24 nd. nd. 127 044 059 036 035 nd. 157 nd. 235 0.59
Neryl acetate 1359 3.63 554 455 nd. 406 nd. 570 nd. nd. nd nd nd nd nd nd
Ethyl trans-4-decenoate 1364 2.63 3.93 4.50 n.d. n.d. nd. 4.00 287 371 271 283 542 nd. 333 362
Ethyl 4,9-decadiencate 1360 6.23 429 521 nd. 377 515 482 189 488 nd. 315 552 nd. 460 3.08
Ethyl cis-4-decenoate 1364 393 425 364 270 3.67 nd. nd. 193 185 355 10.7 794 144 114 1.91
z 171 331 244 270 115 732 150 798 108 6.61 16.7 346 144 21.7 9.20
Terpenes
Monoterpene hydrocarbons
Beta-myrcene 965 nd. nd nd nd nd. nd. nd nd nd nd 170 189 155 295 nd.
> n.d. nd. nd. nd n.d. nd. nd. n.d. nd. nd. 170 189 155 295 nd.
Monoterpene alcohols
Linalool * 1085 858 175 155 587 392 214 546 555 225 275 56.1 306 162 101 411

Table 8 continues next page ...
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Alpha-terpineol 1170  n.d. nd. nd. nd nd. 374 nd. nd nd. nd. nd 267 223 nd. nd
Beta-citronellol 1209 nd. 090 nd. nd. nd. 742 nd. nd nd. nd. nd 262 nd nd nd
Geraniol * 1235 124 204 812 165 998 115 79.0 516 369 36.4 365 152 927 443 675
2z 210 380 236 752 139 340 134 107 262 639 926 189 257 145 109
Sesquiterpenes
Sesquiterpene hydrocarbons
Beta-caryophyllene 1419 0.52 nd. nd. nd 024 119 nd. 071 035 025 nd. nd. 063 122 0.51
Alpha-humulene 1434 68 nd. 045 055 079 138 076 174 105 020 nd. 125 134 332 0.88
)y 149 nd. 045 055 1.04 302 076 245 141 045 nd. 125 198 454 1.39
Oxygenated sesquiterpenes

Caryolan-1-ol 1541 nd. nd. 0.64 nd. nd. 0.74 n.d. n.d. nd. 020 nd. 139 148 nd. 054
Caryophyllene oxide 1566 n.d. nd. nd. nd n.d. n.d. n.d. n.d. nd. nd. nd nd 205 nd n.d.
Humulene epoxide | 1584 nd. 038 nd. 0.21 nd. 098 n.d. n.d. nd. 035 08 080 nd nd nd
Humulol 1588 nd. 226 058 nd. nd. nd. 070 045 nd. 025 119 202 143 nd. 0.56
Humulene epoxide Il 1595 0.76 160 026 086 155 11.0 064 nd. nd. 053 nd. 098 nd nd nd
Humulene epoxide Il 1615 n.d. nd. nd. nd 0.29 0.51 n.d. n.d. nd. nd. nd nd 076 n.d. n.d.
Humulenol 11 1634 156 242 041 nd. nd. nd. nd. nd nd 150 3.05 329 7.64 415 nd.
Tau-cadinol 1644 081 093 099 nd. nd. nd 08 nd nd 061 170 3.06 352 3.77 nd.
Alpha-cadinol 1655 nd. nd. 055 nd. nd. nd. 061 nd nd 051 085 nd 150 1.80 0.57
z 3.18 758 342 1.07 184 132 277 045 nd. 395 765 115 184 9.72 1.67
Others

4-ethyl phenol 1140 43.0 324 349 451 333 419 298 381 334 270 360 398 399 389 336
2 43.0 324 349 451 333 419 298 381 334 270 360 398 399 389 336

2 Calculated retention index (RTX-1 capillary column, 40 m x 0.18 mm i.d. x 0.20
um film thickness

® Beers derived from hop varieties according to table 1

n.d.: not detected

well as oxygenated sesquiterpenoids, whereas the corresponding
pitching worts contained only small amounts of these compound
groups. Interestingly, in some beers (varieties Challenger, Cluster,
Columbus, Magnum, Nuggetand Warrior), only very low concentra-
tions of all oxygenated sesquiterpenoids were detected.

The concentration of 2-undecanone was comparably low in all
beers, except for the beers that also exhibited high concentra-
tions of oxygenated sesquiterpenoids (varieties Saaz, Simcoe
and Tettnanger).

Table 8 summarizes the results of the beers without additional dry
hopping (late hopped beers). Total concentrations of the fermenta-
tion alcohols do not differ substantially. However, some samples
show increased levels, which are mainly due to increased concen-
trations of isopropanol. Concentrations of the saturated esters are
quite comparable with ethyl acetate being the predominant satu-
rated ester in all beers. As expected for hop-derived compounds,
the results of the unsaturated esters are more diversified. High

concentrations of methyl geranate are characteristic for the beers
derived from the hop samples Centennial, Citraand Simcoe. Ethyl
cis-4-decenoate is the only unsaturated ester that was measured
in the late hopped beers Challenger and Sorachi Ace.

Interestingly, hardly any monoterpene hydrocarbon was detectedin
the late hopped beers. As mentioned before, only 3-myrcene has
been found in the beers (varieties Saaz, Simcoe, Sorachi Ace and
Tettnanger). The greatest concentration variance was observed for
the monoterpene alcohols. With concentrations between 27.5-225
pg/Land 16.5—204 pg/L, respectively, linalool and geraniol showed
concentration differences by a factor of 10. a-Terpineol (beers of
the varieties Columbus, Simcoe and Sorachi Ace) and B-citronellol
(beers Centennial, Columbus and Simcoe) were only detectable in
3 beers each inrather low concentrations. As in some cases, those
compounds were not present in the corresponding hop samples,
since they have been formed in the course of the brewing process.
Takoietal.[54] as well as Kingand Dickinson[55] already observed
thatmonoterpene alcohols such as B-citronellol and a-terpineol can
be formed through biotransformation by different yeast species.

a-Humulene and B-caryophyllene were the only sesquiterpene hy-
drocarbons detectable inthe beer samples and their concentrations
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Table 9 (Semi-) Quantitative data (ug/L) of the 15 dry hopped beers (Dry Hopped). Concentrations are normalized to the hop amount used
to produce the dry-hopped beers. Compounds highlighted with an asterisk were analyzed quantitatively
Compound Rl2 CAS® CEN°® CIT® CHA® CLU*> COL* GAL® MAG® NUG® PAL*® SAA® SIM® SOR°® TET® WAR®
Alcohols
n-Propanol 545 n.d. 30.3 5.56 447 0.44 4.83 n.d. 30.0 4.39 35.1 11.6 593 7.99 9.31 4.06
Isobutanol 608 37.3 9.00 16.1 16.2 19.6 11.0 25.0 15.9 175 1.9 28.9 324 333 209 17.9
3-Methyl-1- 7
butanol 5 953 51.0 573 73.8 712 689 780 59.8 596 536 731 784 741 712 573
2-Metryl-1- 729 255 130 153 172 163 160 212 152 150 146 193 188 173 181 143
Phenylethanol 1088 17.4 11.6 9.38 25.6 12.5 38.6 6.83 2.77 4.20 5.76 171 216 178 224 4.63
z 176 115 104 177 120 139 131 124 101 121 150 157 150 142 98.1
Esters
Saturated esters
Ethyl acetate* 600 975 642 73.2 71.0 66.1 60.6 75.3 69.0 66.3 68.4 85.9 516 499 814 739
Isobutyl acetate* 764 0.66 0.08 0.09 0.10 0.09 0.09 0.10 0.08 0.09 0.09 0.14 0.07 0.08 0.12 0.12
Ethyl butanoate* 791 0.31 0.18 0.21 0.18 0.17 0.15  0.21 0.20 0.18 0.22 0.22 020 0.15 0.17 0.19
Isoamyl acetate* 845 4.00 2.15 3.12 3.22 2.48 1.83 2.68 2.49 2.67 3.42 4.05 154 169 324 3.17
Isoamyl 944 096 nd. 105 269 118 740 159 240 155 135 nd. 369 170 nd. 076
propionate . .d. . . . . . . . . .d. . . .d. .
Ethyl hexanoate* 962 025 0.19 0.23 0.14 0.19 0.07 0.19 0.22 0.08 0.19 0.25 0.13 0.10 0.16 0.21
Isoamyl 996 1.39 347 146 229 642 195 338 158 461 145 nd. 143 199 934 148
isobutyrate
2-Methylbutyl
butanoate 1003 3.09 9.35 3.73 9.58 3.07 158 152 n.d. 11.3 6.52 n.d. 19.6 750 nd. 4.69
2-Methylbutyl
isopentanoate 1095 n.d. 5.06 n.d. n.d. n.d. n.d. 1.95 n.d. 1.30 2.23 n.d. n.d. n.d. n.d. 1.61
2-Methylbutyl
pentanoate 1098 n.d. 3.05 n.d. n.d. n.d. n.d. 1.26 n.d. 1.74 1.56 n.d. n.d. n.d. n.d. 0.76
Ethyl octanoate* 1180 0.25 0.32 0.40 0.33 0.37 0.27 0.19 0.28 0.34 0.36 0.23 0.15 0.15 0.19 0.33
E:;g‘fét‘y' 1224 079 047 066 074 067 043 046 047 059 056 105 036 045 067 066
Ethyl decanoate * 1377 0.06 0.06  0.09 0.08 0.12 0.06 nd. 0.05 0.07 0.07 0.06 n.d. nd. 0.06 0.07
Ethyl
dodecanoate 1572 16.0 9.44 5.01 5.69 14.2 7.29 0.72 7.85 5.50 2.25 n.d. 142 162 nd. 5.01
z 125 98.0 89.3 117 95.0 99.3 103 98.8 96.3 88.7 91.9 93.1 65.3 953 93.0
Unsaturated esters
Methyl cis-2- 1294 n.d n.d 0.50 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
decenoate .d. .d. . d. .d. d. .d. d. .d. .d. .d. d. .d. d. .d.
Methyl geranate 1298 495 80.3 181 1.14 0.24 3.91 1.71 1.45 1.09 0.75 4.71 46.5 1.27 123 1.43
Neryl acetate 1359 147 176 5.27 n.d. 0.28 20.7 142 n.d. n.d. n.d. n.d. n.d. nd. nd. n.d.
Ethyl trans-4-
decenoate 1364 8.50 18.7 7.16 1.34 5.01 n.d. 7.23 6.20 7.63 4.37 6.61 14.5 n.d. 8.22 6.18
Ethyl 4.9-
decadienoate 1360 11.7 6.87 4.71 2.20 4.31 9.23 4.63 3.68 9.37 n.d. 8.21 148 283 135 3.98
Ethyl cis-4-
decenoate 1364 n.d. 7.91 n.d. 1.52 217 n.d. n.d. 1.85 1.62 1.78 144 554 4.04 127 1.35
Neryl butyrate 1507 n.d. 1.55 n.d. n.d. n.d. 1.71 n.d. 1.82 0.59 n.d. n.d. n.d. n.d. n.d. n.d.
z 39.9 128 32.7 6.20 12.0 355 27.8 15.0 20.3 6.90 34.0 81.4 8.13 46.7 12.9
Terpenes
Monoterpene hydrocarbons
Beta-pinene 958 n.d. n.d. n.d. n.d. 0.33 n.d. n.d. 1.04 n.d. 0.39 n.d. n.d. nd. nd. n.d.
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Beta-myrcene 965 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.75 n.d. n.d. 240 373 253 351 n.d.
z n.d. n.d. n.d. n.d. 0.33 n.d. n.d. 3.79 n.d. 0.39 240 373 253 35.1 n.d.

Monoterpene alcohols
Linalool* 1085 230 518 496 111 939 420 115 189 718 824 141 430 263 453 155
Alpha-terpineol 1170 n.d. n.d. n.d. n.d. n.d. 2.78 nd. n.d. n.d. n.d. 355 822 359 nd n.d.
Beta-citronellol 1209 1.64 390 0.59 n.d. n.d. 3.38 nd. n.d. n.d. n.d. n.d. 6.62 n.d. n.d. n.d.
Geraniol* 1235 370 754 189 25.7 210 163 164 95.7 74.0 775 89.7 427 241 196 167
hX 601 1276 685 137 303 589 280 285 792 160 235 871 508 650 321
Sesquiterpenes

Sesquiterpenes hydrocarbons
Eaelj[;c;phyllene 1419 199 232 0.73 0.38 0.19 538 1.58 4.63 6.21 0.48 093 259 8.03 499 225
Alpha-humulene 1434 5.88 6.18 1.93 2.52 080 11.00 469 21.09 18.30 1.13 363 6.22 285 16.0 4.07
Beta-calarene 1474 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.27 nd. n.d.
Sqﬁ?rg}:ne 1477 nd. nd. nd. nd nd nd nd 055 060 nd nd nd nd nd 033
Beta-selinene 1487 n.d. n.d. n.d. 0.43 n.d. 1.68 0.82 n.d. 1.03 n.d. n.d. n.d. 142 nd. 054
aG;?rr;t?éne 1495 n.d. n.d. n.d. n.d. n.d. nd. 0.44 n.d. n.d. n.d. n.d. nd. 073 nd. n.d.
Alpha-selinene 1498 n.d. n.d. n.d. 0.43 n.d. 1.68 0.82 n.d. 1.03 n.d. n.d. nd. 142 nd. 0.54
Gamma-cadinene 1511 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.81 0.70 n.d. n.d. n.d. 1.00 0.90 4.47
Delta-cadinene 1529 0.71 0.75 n.d. n.d. n.d. 151 0.50 1.28 1.50 n.d. n.d. 090 202 1.46 0.43
gﬁﬁ& 4diene 153 nd. nd.  nd  nd nd 370 nd nd 03 nd nd 155 075 149 nd
2z 857 9.26 2.66 3.34 0.99 23.3 7.98 28.4 295 1.60 4.55 11.3 43.7 248 124

Oxygenated sesquiterpenes
Caryolan-1-ol 1541  n.d. n.d. 0.28 n.d. n.d. 0.77 6.97 n.d. 0.33 047 057 149 119 163 0.38
(C));(rj);ophyllene 1566 n.d. n.d. n.d. n.d. n.d. nd. 1.39 2.34 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
:;’g:(ﬂee”le 1584 nd. 132 nd. nd  nd 120 nd nd 029 064 133 079 nd 194 0.21
Humulol 1588 n.d. 1.22 n.d. n.d. n.d. n.d. 11.8 n.d. 0.39 0.29 1.33 165 1.18 nd. 0.30
Sgg‘(fcﬁnlf 1595 173 441 025 153 nd 877 098 nd 069 100 119 112 319 325 0.89
gggj(:’d'gnlﬁ 1615 nd. nd. nd 227 016 066 nd nd. nd nd nd nd 068 nd nd
Humulenol Il 1634 3.10 n.d. 0.81 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 566 649 758 nd. n.d.
Tau-cadinol 1644 3.12 3.61 1.42 n.d. n.d. nd. 210 n.d. n.d. n.d. 320 7.04 435 nd n.d.
Alpha-cadinol 1655 nd. 160 0.72 n.d. n.d. nd. 1.01 n.d. 0.63 082 1.10 24 214 nd. 079
z 795 122  3.48 4.23 0.16 114 243 2.34 2.33 3.22 144 209 203 6.82 258
Others
4-Ethylphenol 1140 639 31.6 36.8 47.2 42.3 40.1 40.9 41.8 44.9 40.1 46.2 554 519 40.7 408
2-Undecanone 1285 1.99 1.37 1.38 3.97 1.24 n.d. 1.53 0.92 1.15 0.58 267 715 592 452 1.20
z 659 329 382 51.2 43.5 401 424 42.7 46.1 40.6 488 626 57.8 452 420

2 Calculated retention index (RTX-1 capillary column, 40 m x 0.18 mm i.d. x 0.20

um film thickness

® Beers derived from hop varieties according to table 1

n.d.: not detected
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Table 10  Transfer rates (%) of linalool into pitching wort (PW), late hopped beers and dry hopped beers for each hop variety
Transfer rate® into CAS® CEN° CIT° CHA® CLU* COL*® GAL® MAG° NUGP PAL® SAA°* SIM®° SOR® TET® WAR®
PW 36.0 408 13.8 341 51.3  96.9 40.6 36.8 376 258 379 373 3.61 19.2 405
Late hopped beers 196 191 146 195 236 492 22.9 14.4 185 11.0 178 453 293 10.9 12.3
Dry hopped beers 46.2 524 451 243 460 66.6 35.6 48.7 568 30.7 379 827 256 53.7 477

2 Transfer rates for each wort and late hopped beer sample are calculated on the basis of the used hop amount used during early and late kettle hopping. Transfer rates
for the dry hopped beer are calculated on the basis of the hop amount additionally used during the dry hopping step

® Beers derived from hop varieties according to table 1

rarely exceeded 1.00 ug/L. Low concentrations of those compounds
in beers are mainly due to a low solubility and, most importantly,
to losses during fermentation including adsorption to yeast cells
[49]. Ingeneral, concentrations of the oxygenated sesquiterpenoids
were comparably low and no clear concentrations or distribution
patterns were observed. However, increased concentrations were
detected in the late hopped beers derived from the hop varieties
Saaz, Simcoe, Sorachi Ace and Tettnanger as it was already the
case for the pitching worts. Although the concentrations measured
in the late hopped beer samples were lower than the concentra-
tions of the pitching worts, the results underline once again that the
hop varieties Saaz, Simcoe, Sorachi Ace and Tettnanger behave
differently from the other hop varieties.

In contrast to the pitching wort samples, 2-undecanone was not
detectable in any sample. Instead, 4-ethylphenol as a fermentation
product was observed in all beer samples in comparable concen-
trations (36.5 pg/L + 9.50 pg/L).

Table 9 summarizes the results of the beers with additional dry
hopping. In general, the concentrations of all compound groups are
increased compared to the late hopped beers. For the alcohols,
the concentrations of especially 2-methyl-1-butanol and 3-methyl-
1-butanol increased. This could be due to a slightly higher yeast
activity during fermentation thereby releasing those alcohols from
the corresponding hop-derived butanoate esters as dry hopping
was already started at the end of fermentation. For the saturated
esters, only ethyl acetate showed a pronounced concentration
increase, whereas the concentrations of all other saturated esters
remained at low levels. Again, a higher yeast activity may account
for a slightly higher ethyl acetate concentration. This effect resulted
either randomly or induced by compounds present in the hop used
for dry hopping.

In case of the unsaturated esters, an increase of the total con-
centrations was especially noticeable for beers derived from the
hop varieties Centennial, Columbus and Simcoe, which was

caused by increased concentrations of methyl geranate and/or
neryl acetate.As observed for the late hopped beers, 3-myrcene
was found in the beers of the hop varieties Saaz, Simcoe, Sorachi
Ace and Tettnanger. Yet, concentrations in the dry hopped beers
where slightly higher ranging from 24.0 to 37.3 pg/L. Additionally,
a low concentration of B-myrcene (2.75 pg/L) was found in the
beer derived from the hop variety Magnum. The monoterpene
alcohols are the group that was influenced most by the dry hop-
ping process and especially the concentrations of linalool and
geraniol were boosted (see paragraph 3.2). a-Terpineol (beers
of the varieties Columbus, Saaz, Simcoe and Sorachi Ace) and
B-citronellol (beers of the varieties Cascade, Centennial, Citra,
Columbus and Simcoe) were only detectable in some beers in
rather low concentrations (0.59 — 8.22 pg/L). a-Humulene was
the predominant sesquiterpene hydrocarbon in the dry hopped
beers (up to 28 pg/L). Besides, low concentrations of several
other sesquiterpene hydrocarbons, including B-caryophyllene,
were measured in the dry hopped beers. However, their con-
centrations were always below 5 pg/L. Several oxygenated
sesquiterpenoids were detected in all beers albeit in rather low
concentrations (< 10 pg/L). Only for the beers derived from the
hop varieties Centennial, Columbus, Galena, Saaz, Simcoe
and Sorachi Ace elevated concentrations (up to 24.3 pg/L) were
observed. Although it could be expected that the concentrations
of the oxygenated sesquiterpenoids increased by dry hopping,
such effect was clearly not evident. A possible explanation could
be the limited solubility of those compounds in the beer matrix.

Besides slightly increased concentrations of 4-ethylphenol, low
concentrations of 2-undecanone (< 6 pg/L) were detected in all
beer samples (except beer derived from the variety Columbus).
Elevated concentrations of 4-ethylphenol once again indicated that
the yeast performance could have been slightly different. The same
behavior was observed for the components ethyl acetate as well
as for 2-methyl-1-butanol and 3-methyl-1-butanol. The presence
of 2-undecanone was clearly caused by the dry hopping process
as this volatile is already present in hops.

Table 11  Transfer rates (%) of geraniol into pitching wort (PW), late hopped beers and dry hopped beers for each hop variety
Transfer rate? into CAS® CEN° CIT> CHA® CLU® COL°® GAL® MAG°® NUG® PAL°® SAA* SIM° SOR* TET®> WAR®
PW 63.2 91.7 407 38.7 160 151 144 150 150 464 113 46.8 52.0 139 883
Late hopped beers 225 243 118 63.0 71.0 141 477 770 744 200 370 311 342 507 255
Dry hopped beers 62.0 915 219 49.1 109 813 721 919 104 317 756 78.0 76.7 244 524

a Transfer rates for each wort and late hopped beer sample are calculated on the basis of the used hop amount used during early and late kettle hopping. Transfer rates
for the dry hopped beer are calculated on the basis of the hop amount additionally used during the dry hopping step

® Beers derived from hop varieties according to table 1
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3.2 Transfer rates of hop oil-derived compounds

The obtained results indicate that the total concentrations increased
during dry-hopping for each compound group. Recently, Forster
et al. reported that the levels of linalool in beers can be explained
by the linalool content derived from hops whereas the geraniol
contents in beers exceeded the introduced amounts [32, 33, 56].
The authors were able to show that the presence of geranyl acetate
in hops could account for the high levels of geraniol in beers [57].
Therefore, transfer rates of the most important hop-derived com-
pounds are calculated for the pitching wort, the late hopped beers
and the dry hopped beers. Surprisingly, linalool and geraniol were
the only compounds for which significant transfer rates were found.

Transfer rates for the dry hopped beers were calculated on the
basis of the amount of hops used. The pitching wort samples and
the late hopped beers were calculated on basis of the amount of
hops used to produce these samples. Transfer rates for the dry
hopping minus the amount present in the late hopped beers served
to focus on the effect of the dry hopping on the transfer rates.

Transfer rates of linalool

Table 10 summarizes the transfer rates of linalool in the pitching
wort, the late hopped and the dry hopped beer samples for all
hop varieties. In general, linalool levels of the pitching wort sam-
ples ranged from 20 to 40 %. For some samples, lower transfer
rates of 3.61 % (variety Sorachi Ace) and 13.8 % (variety Citra)
were observed, whereas variety Columbus displayed an almost
quantitative transfer rate (96.9 %) of linalool. During subsequent
process steps, about 50 % of linalool, present in the pitching wort,
was lost, resulting in transfer rates of about 10 to 20 %. Some
exceptions were observed at this stage: for the late hopped beer
derived from hop variety Columbus, a relatively high transfer rate
of almost 50 % was observed. Yet, the initial transfer rate com-
pared with the pitching wort samples was reduced up to 50 % as
well. More interestingly, the transfer rate of the beer derived from
the hop variety Citra did not change significantly compared with
its pitching wort sample. Surprisingly, for the beer derived from
hop variety Simcoe, a significant loss was recorded (from 37.3 %
to 4.53 %) and for beer derived from the variety Sorachi Ace, an
increase was observed (from 3.61 to 29.3 %). The reason for this
unexpected and contradictory behavior of samples derived from
the hop varieties Citra, Simcoe and Sorachi Ace remained unclear.

In general, between 35 and 65 % of linalool present in the hops
used for dry hopping were transferred into the final beers. For
beers of the varieties Challenger and Palisade, however, a lower
transfer rate of 24.3 and 30.7 %, respectively, was detected. Inter-
estingly, for the beer of the variety Simcoe a transfer rate of 82.7
% was observed. Lower concentrations could be due to a more
pronounced conversion of linalool to nerol and geraniol [58]. Higher
concentrations could be explained by the release of linalool from
its corresponding glycosides [59].

Transfer rates of geraniol

Table 11 summarizes the transfer rates of geraniol in the pitching
wort samples, the late hopped and the dry hopped beers. Transfer

rates for the pitching worts ranged from 38.7 % to 464 %. Interest-
ingly, the hop varieties seemed to be separatedinthree groups. One
group consists of the varieties Cascade, Centennial, Challenger,
Simcoe, Sorachi Ace and Warrior with rates up to 91.7 %. Another
group comprises the varieties Cluster, Columbus, Galena, Magnum,
Nugget, Saaz and Tettnanger with rates between 139 and 160 %.
The third group is formed by the varieties Citra and Palisade with
transfer rates above 400 %. In general, a reduction of the yield of
geraniol is observed for the late hopped beers. Transfer rates are
varying between 22.5 % (variety Cascade) and 77.0 % (variety
Magnum). Only the varieties Citra, Columbus and Palisade show
transferrates above 100 %. The additional dry hopping step reveals
transfer rates between 49.1 % and 317 %. Forster et al. [32, 33,
56] provided a possible explanation for transfer rates above 100 %.
In an initial study on 4 hop varieties, they found evidence that the
transfer rates of geraniol are either around 50 % or above 130 %.
Previous studies [55, 57] were able to show that, when geraniol is
takeninto account as released from geraniol acetate, transfer rates
varied between 38 % and 62 %. As the geraniol concentrations in
the dry hopped beers (Table 9) were not able to be explained by
high transfer rates and no geraniol acetate was detected in the
analyzed hop varieties, it is feasible that other hop-derived precur-
sors such as neryl acetate, nerylbutyrate and methyl geranate (see
Table 7) as well as glycosylated volatiles [59] may be involved in
the formation of geraniol during beer production.

4 Conclusions

In the hop samples, especially the concentrations of unsaturated
esters, monoterpene and sesquiterpene hydrocarbons and oxy-
genated sesquiterpenoids showed great differences. In general,
the varieties Challenger, Cluster, Columbus, Palisade and Warrior
showed the lowest concentrations of the mentioned compound
classes. Varieties Cascade, Centennial, Citra, Galena, Magnum
and Nuggetfeatured medium concentrations and the highest con-
centrations were found for the varieties Saaz, Simcoe, Sorachi Ace
and Tettnanger. Results indicated furthermore a direct correlation
of the concentrations of linalool and geraniol as well as for the
concentrations of B-myrcene and B-pinene in the hop samples.
Yet, these characteristic patterns were not carried over to the late
hopped or dry hopped beers.

Total concentrations of higher alcohols and esters in beers were
mainly influenced by the fermentation process and were found to
be independent of the hop variety used for additional dry hopping,
as similar concentrations were found for all late and dry hopped
beers. However, the total concentrations of esters greatly differed
before the fermentation and were found to be variety-dependent.
Furthermore, it was observed that the occurrence as well as the
concentration of volatiles is influenced by the hop variety, even
after the fermentation.

The levels and the compositions of the “floral” (the oxygenated frac-
tion of hop essential oil comprising monoterpene alcohols, esters,
ketones and aldehydes) and the sesquiterpenoid hop oil fractions
significantly changed along the brewing process. The fermentation
was identified as the crucial process step, as indicated previously
[49, 60]. Late and dry hopping showed a high impact on the levels
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but not on the qualitative composition of the hop-derived volatile
fractions in worts and beers.

As the qualitative profiles of the analyzed beers showed only small
differences, mainly quantitative changes were noticed. Therefore,
it is likely that the interaction of several volatile compounds affect
the perceived aroma impressions. Especially the samples derived
from the varieties Saaz, Simcoe, Sorachi Ace and Tettnanger be-
haved clearly different from all other samples. For example, high
concentrations of monoterpene hydrocarbons and oxygenated
sesquiterpenoids are increased in the pitching worts as well as in
the beer samples, whereas only small concentrations were detected
in the hop samples. In order to investigate possible interactions,
it is essential to perform sensorial reconstitution and omission
experiments to investigate the interactions of single compounds
and compound classes. The present study demonstrates that dry
hopping boosts individual volatiles (e.g., linalool and geraniol) with
a floral aroma and oxygenated B-caryophyllene and a-humulene
derivates for spicy, herbal and woody aroma perceptions [61,
62] for beers derived from the hop varieties Galena, Simcoe and
Sorachi Ace.

Calculations of the transfer rates of the most predominant hop-
derived essential oil compounds revealed that linalool and geraniol
are the only compounds for which significant transfer rates were
found for the pitching wort, the late hopped beers and the dry
hoppedbeers. The determined transfer rates of linalool and geraniol
indicated a strong varietal impact on final product concentrations
for the dry hopped beers. Regarding synergistic effects, this may
indicate thatinteractions with other volatiles could account for differ-
ently perceived aromas of dry hopped beers. As already observed
by Forster et al. [32, 33, 56, 57], the occurrence of geraniol could
not entirely be explained by hop-derived free geraniol, but must
be released or intrinsically formed from precursors such as esters
[57] or glycosides [58].

From a practical point of view, the results of this investigation,
combined with further insights that will be obtained from follow-
ing projects, will help to improve hop utilization and will open up
new perspectivesin view of enhanced quality control of hop aromat-
ic character and the prediction of varietal fresh hoppy flavors in
beers.
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