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As a main ingredient in beer production, hop (Humulus lupulus L.) and its essential oils, resins and polyphenols,
significantly influence the aroma and bitter taste of beer. This study investigates the volatile organic compound
(VOCQ) profile of ten previously uncharacterised hop cultivars (Super Pride, Centennial, Pacific Jade™, Super-
delic™, Nectaron™, Rakau™, Pacifica™, Motueka™, Nelson Sauvin™ and Simcoe®) using headspace solid-
phase microextraction (HS-SPME), combined with comprehensive two-dimensional gas chromatography
(GCxGC) and mass spectrometry (MS). After SPME conditions were carefully selected the developed method
enabled the tentative identification of 136 VOCs across ten hop cultivars, providing insights into their complex
chemical composition. Major aspects of this work include the development of a recommended HS-SPME sam-
pling method, and an investigation of the precision of the GCxGC-MS methodology. A detailed analysis of the
identified VOCs and compound classes is performed. Consequently, key compounds, classes and markers are
determined. This contributes to our understanding of hop VOC profile and offers opportunities for the devel-
opment of methods for hop characterisation and quality control.

1. Introduction

Solid phase microextraction (SPME) is one of the most important
sample preparation techniques applied to complex samples for the
analysis of volatile organic compounds (VOCs) nowadays. For solid
samples, this technique relies on the equilibrium of VOCs between the
sample and headspace, and then sorption of the volatile compounds
from the headspace by a polymeric phase supported on a fibre. Most
commonly, the sorbed VOCs are subsequently desorbed in the injector
port, separated using gas chromatography (GC) and analysed/identified
by mass spectrometry (MS). Advanced chemical methodologies are
evolving to handle the complexity of small molecules in both natural
extracts, and synthetic tracers [1]. Since its first publication in 1991 by
Arthur and Pawliszyn [2], SPME has undergone extensive refinement,
including the use of different fibre materials [3,4], diverse geometries
[5], a better understanding of the theory [6,7], automated systems [8,9]
and an exceptionally diverse array of analytical applications. One of the
most relevant demonstrations of its importance in sample analysis can
be recognised by a Web of Science search, with >17.5 thousand studies

reporting the use of SPME, both for a myriad of sampling applications,
and as a subject of method development. SPME has many advantages,
such as its simplicity in the sample preparation step, alignment with the
principles of green chemistry as a solvent-free technique, the require-
ment of a relatively small amount of sample, and its versatility with
respect to matrix composition [10]. However, reported limitations
include the considerable cost of the fibres and fibre longevity and
robustness, and limitations in use for quantitative analysis and sample
extraction capabilities [10]. As a sample preparation tool, SPME can be
used in headspace (HS) and direct immersion modes for direct sampling,
or with protective coverings designed to exclude unwanted matrix ma-
terials from interfering with the sorption and analysis steps [10,11]. A
wide range of matrices across numerous research fields have been
investigated using SPME, e.g., environmental science [12,13], bio-
analysis [14-16], and food analysis [17-20] among others.

Food samples particularly benefit from SPME methodology, and its
potential for hop applications is no exception. More specifically,
hop—Humulus lupulus, a commercially valuable plant from the Canna-
baceae family—is widely used as a key bittering, flavouring and
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preserving raw material in beer production. Secondary metabolites and
bioactive compounds from this family can significantly enhance
immunological function and physical performance [21]. In hop specif-
ically, these complex chemical constituents—primarily essential oils,
resins, and polyphenols [22,23]—define the final product's character-
istics, including its aroma, bitterness, foam stability, and antiseptic
properties. Given the advantages of SPME, this technique has proved
effective for the determination of volatile compounds in hop, with a
range of prior studies using it in conjunction with one-dimensional GC
(1DGCQ) [24,25].

Hop are composed of non-volatile bitter acids and volatile essential
oils which are both found in lupulin [26,27]. Although hop essential oils
only make up a small proportion of dried strobili (0.5-3.0 % v/w), their
terpenes and terpenoids are among the most important products of the
plant, responsible for the flavour in beer [26]. Fig. 1 shows the chemical
structures of typical representatives of terpenes and terpenoids, one of
the main groups of chemical compounds in hop [28]. According to
several studies on the composition and odour characteristics of hop
essential oils, the monoterpene hydrocarbon (MTH) myrcene and the
sesquiterpene hydrocarbons (STHs) a-humulene, and f-caryophyllene,
dominate the VOC composition [28-31]. The diverse chemical compo-
nents in hop create different aromas. For example, geraniol, geranyl
acetate, geranyl isobutyrate and linalool provide a floral aroma, while
8-cadinene, y-cadinene, limonene and o-muurolene contribute to
citrus-piney aromas [32]. The complex chemical composition of
Humulus lupulus L. has been studied over the past centuries [26]. How-
ever, complete identification of all characteristic aroma compounds
remains ongoing, due to analytical challenges. In 1DGC-MS, many
overlapping peaks are apparent, and very low abundance peaks are
barely detectable. These circumstances complicate the identification of
the volatile components, and the sensitivity and selectivity of the
analytical method are impaired.

Therefore, hop analysis can benefit from the separation advantages
of comprehensive two-dimensional GC (GCxGC), coupled with MS for
identification [33]. Prior research has applied GCx GC to profile the total
composition of various samples, revealing a significant proportion of
their heterogeneity. This demonstrates the advantages of GCxGC, as
compounds that coelute on the first column (1D) are often resolved using
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Fig. 1. Typical representatives of terpenes and terpenoids, one of the main
groups of chemical components in hop, categorised into their characteristic
classes (MTHs, STHs, OMT). The classes are colour coded according to a
recurring colour scheme used in the present work [28].
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the second dimension column (?D), resulting in greater peak separation
capacity. According to the literature there are only a limited number of
studies using SPME in combination with GCxGC for hop analysis.
Studies such as the one by Yan et al. [34] have employed hydro-
distillation sample preparation, using a Clevenger apparatus before
determination of hop extracts by GCxGC to chemotype and understand
the composition of different hop varieties. To the best of our knowledge,
only one study has utilised hop and HS-SPME-GCxGC [20], reporting
the advantages of using GCxGC for hop analysis over 1DGC, chemo-
typing different hop cultivars, and characterising their classes by sta-
tistical strategies.

The aim of this study is to investigate the SPME extraction and
equilibrium of compounds in detail, based on the chemical classes
identified through GCxGC, and to propose recommended SPME condi-
tions for the analysis of hop pellets. For this application, these conditions
will establish the principles of this sample preparation technique, with
variables such as fibre type, hop mass, extraction temperature and time
analysed. Additionally, this study aims to characterise the VOC
composition of newly reported hop varieties, contributing to their che-
motyping and enhancing the understanding of their chemical profiles.

2. Materials and methods
2.1. Reagents, chemicals, and solutions

For the HS-SPME-GCx GC analysis of hop, reagents (all from Sigma-
Aldrich Pty. Ltd., Macquarie Park, Australia) with a purity of >98% were
used, namely: n-hexane, 2-octanol, undecane as internal standards (I.S.),
a series of alkanes from Cg to Cg;, humulene, p-myrcene, p-linalool,
geraniol and geranyl acetate.

Pelletised hop samples type 90 of the following hop cultivars were
examined in this investigation: Super Pride and Centennial (Hop Prod-
ucts Australia, North Hobart, Australia), Pacific Jade™, Superdelic™
and Nectaron™ (New Zealand Hops Ltd., Appleby, New Zealand),
Rakau™, Pacifica™, Motueka™, (Clayton Hops NZ, Brightwater, New
Zealand) and Simcoe® (Yakima Chief Ranches, Zillah, WA, USA).
Cascade (Home Make It, Clayton, Australia) and Saaz (Hop Products
Australia, North Hobart, Australia) hop were used to establish SPME
operating parameters, subsequent to our earlier study [19], given that
these are well established varieties in the literature.

2.2. Sample preparation operating parameters

The SPME extraction procedure focused on selecting the most suit-
able fibre for extraction, and determining the ideal hop sample mass and
SPME parameters. A design of experiment (DoE) approach was
employed to select the best temperature, equilibrium time, and extrac-
tion time of the HS-SPME process.

Pelletised hop was used for extraction and ground immediately after
removal from the freezer, where it had been stored in vacuum-sealed
aluminium packaging until analysis. The resulting powder was then
aliquoted into a 20 mL clear glass SPME vial, which was fitted with a
screw top. The first experiments used a mass of 200 mg, a heating
temperature of 50 °C, an equilibrium time of 10 min and an extraction
time of 30 min. The SPME fibres were obtained from Supelco (Supelco,
Bellefonte, PA): 100 pm PDMS, 85 ym PA, 60 um PEG, 65 um DVB/
PDMS, 85 um CAR/PDMS, and 50/30 um DVB/CAR/PDMS. Fibre se-
lection was performed by 1DGC-MS analysis of all six fibres, with
assessment of the number of peaks, the total area and saturated peaks.
The four most suitable fibres were selected and then used for further
analysis by GCxGC-MS.

The best total ‘mass response’, an objective measurement parameter
for the method development process, was reported for the seven classes
of compounds, characterised by the compound with the most significant
presence in each class, as reported by Yan et al. [34]. The objective
function was chosen to be the chromatographic area divided by the area
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of the internal standard for the compound representing each class; i.e.
isoamyl isobutanoate (esters — Est), f-myrcene (MTH), p-linalool
(oxygenated monoterpenes — OMT), caryophyllene (STH), humulene
epoxide II (oxygenated sesquiterpenes — OST), 2-undecanone (ketones —
Ket) and perillene (furans — Fur).

The amount of ground hop was selected to be 25 mg, 50 mg, 100 mg,
250 mg, 500 mg and 1000 mg, in replicate analyses (n = 3), in accor-
dance with various mass ranges reported in the literature [24,35]. The
masses were analysed in a univariate condition, using the same condi-
tions for extraction as before, selecting the most suitable mass for the
DoE.

The DoE applied was based on the Box-Behnken Design (BBD) [36]
with three factors, considering the most important parameters described
for SPME in the literature and their potential application to hop.
Compared to other DoE response surface methodologies, the BBD is
highly efficient for three factors. It requires only 15 experiments
including three replicates of the centre point, while avoiding extreme
factor combinations [36]. Thus, the selected factors and their levels
were: (a) extraction temperature: 50 to 70 °C [25], (b) equili-
bration/incubation time: 10 to 30 min [35], and (c) extraction/sorption
time: 30 to 50 min [37]. The design included 15 experiments, as shown
in Table 1, where the last three lines represent the replicates of experi-
ments for the central point. The same compounds evaluated in the
univariate study of hop quantity were analysed using the BBD, resulting
in seven experimental designs representing each class.

2.3. Chromatographic and mass spectrometry instrument conditions

This study employed two GC systems: 1DGC-MS and GCxGC-MS.
For 1DGC, the instrument was an Agilent 7890a (Agilent Technologies,
Mulgrave, Australia) hyphenated with an Agilent 7000 (Agilent Tech-
nologies, Mulgrave, Australia) triple quadrupole mass spectrometer
system. The chromatographic configuration was based on literature
[20], with manual injection, a fibre desorption time of 3 min, a split ratio
of 50:1, a carrier gas flow of 1.0 mL min~, an injection temperature of
250 °C and a column comprising a DB-5 ms UI phase (Agilent Tech-
nologies; 30 m x 0.25 mm x 0.25 um). The oven started at 50 °C (hold for
3 min), then increased at a rate of 3 °C min~! to 210 °C, followed by a
rate of 10 °C min ! to 240 °C and maintained for 3 min. The MS con-
ditions were set to an ionisation energy of 70 eV, a scan range of m/z
35-350, an ion source temperature of 250 °C, a quadrupole temperature
of 150 °C and a data acquisition rate of 22.8 Hz.

The GCxGC-MS system was configured as an Agilent 7890A GC
coupled with a 5975C single quadrupole mass spectrometer (mass

Table 1

Experimental conditions and corresponding codes for BBD, studying the
extraction variables: temperature ( °C), equilibration (min), and extraction time
(min) for 500 mg of Cascade hop using HS-SPME-GCx GC-MS.

Experiment  Variables of extraction

Temperature ( Equilibration time Extraction time

°C) (min) (min)
1 50 (-1) 10 (-1) 40 (0)
2 70 (+1) 10 (-1) 40 (0)
3 50 (-1) 30 (+1) 40 (0)
4 70 (+1) 30 (+1) 40 (0)
5 50 (-1) 20 (0) 30 (-1)
6 70 (+1) 20 (0) 30 (-1)
7 50 (-1) 20 (0) 50 (+1)
8 70 (+1) 20 (0) 50 (+1)
9 60 (0) 10 (-1) 30 (-1)
10 60 (0) 30 (+1) 30 (-1
11 60 (0) 10 (-1) 50 (+1)
12 60 (0) 30 (+1) 50 (+1)
13 60 (0) 20 (0) 40 (0)
14 60 (0) 20 (0) 40 (0)
15 60 (0) 20 (0) 40 (0)
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selective detector, MSD; Agilent Technologies) and a SSM1800 solid-
state modulator (SSM) system from J&X (J&X Technologies, Nanjing,
China). The GCx GC system was equipped with a DB-5 ms UI (Agilent; 30
m x 0.25 mm x 0.25 pm) as the Ip column, and a SUPELCOWAX™10
(Supelco; 1.5 m x 0.1 mm x 0.1 um) as the 2D column. Fused silica
capillaries were used as the modulator column (1 m x 0.15 mm) and the
transfer line to the MSD (0.45 m x 0.1 mm). All columns were joined by
glass press fit connections (Restek Corp., Bellefonte, PA). The
GCxGC-MS oven temperature program was the same as that used in
1DGC-MS analysis and specific MS settings were as follows: MS source
temperature 230 °C, quadrupole temperature 150 °C, threshold 80, scan
rate 12,500 (u/s) and 22.8 scans s~L. The solid-state modulator config-
uration and conditions was based on the literature [20]; the modulator
inlet oven followed the GC temperature program, while the outlet oven
was set 20 °C above the GC oven temperature. The trap temperature
program was: —50 °C (8 min), rising at a rate of 2 °C - min™ to —20 °C
(37 min), while the modulation period was 6 s and desorption time was 1
s.

The retention index (RI) values were calculated according to the
linear temperature programmed van den Dool and Kratz equation (Eq.
(1)) [47] with reference to adjusted retention times and a series of
linear alkanes (C8-C21). Two alkane mixtures (C8-C15, and C16-C21)
were sampled by SPME and separately injected into the GC.

100(ty —t'n)
(fn+1 - fn)
Where: ‘Ix’ is the retention index of the solute, ‘n’ is the number of

carbons in the alkane immediately preceding the solute, n + 1 is that
immediately after the solute, and t are the respective retention times.

I, =100n + (€8]

2.4. Data treatment and software

GC-MS and GCxGC-MS data processing and chromatographic
analysis were performed using Agilent MassHunter Workstation Quali-
tative Analysis software version 10.0 (Agilent Technologies) and J&X
Canvas W1.5.14.30115 software (J&X Electronic Technology, Nanjing,
China). MS identification was performed based on the NIST 11 mass
spectrometry library.

Tentative identification of the VOC was carried out by correlation of
experimental and literature/reference data, including MS R. Match score
(>700) and linear RI, which were calculated using the alkane standard
mixtures. During SPME method development, data treatment employed
tests of normality (David’s test), removal of outliers (Dixon’s test), ho-
moscedasticity (Cochran or Barlett depending on the outlier’s removal)
and one-way Anova.

Statistica 10 software (StatSoft, Tulsa, OK) was utilised for experi-
mental design. The DoE included an Anova test, a Pareto chart and the
response surface methodology. Statistical data handling was carried out
using Excel® (Microsoft, USA).

OriginPro® 2021b (OriginLab® Corporation, Northampton, MA)
was utilised for the graphical representation of the analytical data.
Chemical molecular structures were created using ChemDraw® Profes-
sional 22.2.0 (PerkinElmer®, Waltham, MA). Furthermore, Microsoft®
Excel® (Microsoft Corporation, Redmond, WA) and Microsoft® Pow-
erPoint® (Microsoft Corporation, Redmond, WA) were employed for
data analysis and illustration.

3. Results and discussion
3.1. Selection of an appropriate SPME method

The initial step in selecting the acceptable SPME conditions involved
selecting a suitable fibre type. In this study, six different fibre types were
analysed using 1DGC-MS (Table 2). The present method uses SPME to
assess the extraction/qualification of hop headspace composition, and in
particular reports various compounds based on the SPME extraction
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Table 2
Comparative study of SPME fibre types and determination of compounds in
Cascade hop by HS-SPME-GC-MS.

1 2 3 4 5 6
100 ym 85um 60um  65um 85 um 50/30 ym
PDMS PA PEG PDMS/ CAR/ DVB/
DVB PDMS CAR/
PDMS
No. of peaks 185 127 161 196 205 240
Total area 7.34 x 2.00 7.51 8.48 x 1.60 x 1.78 x
10° x10°  x 107  10° 10° 10°
No. of 2 6 1 5 11 9
saturated
peaks*

" Saturated peaks are those that saturate the response of the detector under the
sampling conditions used. This was observed for the Cascade sample during
method development, and not for other samples. Saturation affects the total area
reported for the samples.

recovery as expressed by the GC-MS and GCx GC-MS relative responses.
Actual hop compositions of VOC will vary according to specific chemical
properties of the compounds and the extraction fibre, temperature and
sorption equilibria. The best performance can be observed for the 85 pm
CAR/PDMS and the 50/30 um DVB/CAR/PDMS fibres, which show the
highest number of peaks and the largest total chromatographic area. The
presence of Carboxen, combined with the bipolar and adsorptive prop-
erties of these fibres, likely contributed to the enhanced extraction of
hop compounds. According to literature [10], the 50/30 pm
DVB/CAR/PDMS is recommended for volatile and semi-volatile com-
pounds with a molecular mass range of 40-275, whereas the 85 ym
CAR/PDMS is more suitable for low molecular mass compounds
(30-225). However, the increase in sensitivity also led to a higher
occurrence of saturated peaks, when using the two fibres with the best
performance. To determine the most suitable SPME fibre for volatile
extraction in GCxGC, the four fibres that were assessed to be
top-performing in 1DGC-MS—100 um PDMS, 65 um DVB/PDMS, 85 ym
CAR/PDMS, and 50/30 ym DVB/CAR/PDMS —were further examined.

Fig. 2 displays the HS-SPME-GC x GC-MS chromatograms of Cascade
hop obtained using the four different selected SPME fibres. It can be
observed that the 100 pm PDMS fibre exhibited the fewest peaks among
the four tested fibres, the 85 ym CAR/PDMS displayed a greater number
of peaks, especially within the first 15 min. However, this fibre also
showed greater peak broadening (apparent tailing in the first dimen-
sion) and longer retention times. In contrast the 50/30 ym DVB/CAR/
PDMS and 65 ym DVB/PDMS fibres demonstrated the best performance,
with similar distribution of compounds. Considering the number of
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‘saturated peaks’ detected in the GCxGC-MS analysis and the overall
chromatographic performance, the 65 um DVB/PDMS was selected.

After the selection of the fibre, seven key representative classes were
selected based on the study of Yan et al. (2018) [34] to characterise the
best response relative to those classes, starting by the detection of the
effective hop mass. The results for f-myrcene are presented in Fig. 3,
while the other compounds can be seen in Figs. S1 to S6. In Fig. 3a, the
chromatographic peak areas were normalised using the response of the
internal standard 2-octanol. The peak area ceased to increase at the
point at which the response stabilised, indicated by a horizontal trend in
the graph. This reflects the finite sorption capacity of the fibre, as the
sample mass increases, the amount of extracted analytes represents a
progressively smaller fraction of the total. Among the compound classes,
Est, MTH, and OMT were the last to reach this plateau condition,
whereas ketones reached it first. The optimal sample mass was chosen as
the minimum amount of hop required to ensure a representative
extraction for all compounds. Based on these findings, a mass of 500 mg
was selected for subsequent experiments.

To further select suitable extraction parameters, a multivariate
optimisation approach using the BBD was applied. The factors equili-
bration time, sorption time, and temperature were selected based on
literature. According to Kovacevic and Kac¢ (2001) [25], temperatures
between 25 and 80 °C were evaluated for humulene and p-myrcene in
GC-MS, with apparent thermal equilibrium observed between 50 and 70
°C. Consequently, this temperature range was selected. Regarding a
suitable equilibration time, Su and Yin (2021) [35] applied 10 min, and
for the present study, times between 10 and 30 min were tested as a
suitable range. The selection of an appropriate sorption time and fibre
exposure duration was based on the work of Van Opstaele et al. (2012)
[37], who used values between 30 and 50 min. To enhance the
robustness of the DoE models, pure error and bidirectional interactions
were incorporated into the experimental design.

An ANOVA table was constructed to evaluate the efficiency of the
DoE models, with determination coefficient (R?) values and lack-of-fit p-
values presented in Table 3. The models exhibited satisfactory perfor-
mance, with lack-of-fit p-values exceeding 0.05 and R*® values
approaching 1. The lowest R? value (0.8770) was observed for the ke-
tone 2-undecanone; however, it still provided a reliable fit within the
model framework.

Subsequently, Pareto charts were constructed (Fig. 3b) to identify
the significant factors for each analyte. The extraction temperature was
the most significant factor for all compounds, whereas time was less
influential. Apart from humulene epoxide II, the temperature exhibited
a negative effect, where an increase in temperature reduced the SPME
efficiency. The sorption process is inherently exothermic. Thus,
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Fig. 2. Chromatograms for Cascade hop analysis using HS-SPME-GCxGC-MS with four different SPME fibres.
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Fig. 3. Varied extraction conditions for p-myrcene in Cascade hop by HS-SPME-GCxGC-MS (a) mass study curves for volatile compounds, (b) Pareto charts showing
the significance of factors in the extraction process, and (c) response surface plots for the most significant factors affecting compound extraction. For (b): 1. Temp. =
Temperature of extraction (min), 2. Equil. = Equilibration time (min), 3. Ext. = Extraction time (min), L = Linear and Q= Quadratic.

according to Le Chatelier’s principle, increasing the extraction temper-
ature typically reduces the analyte amount at equilibrium. However, the
observed increase in extraction yield at higher temperatures, especially
for large molecules such as oxygenated sesquiterpenes (humulene
epoxide II), indicates that the system was operating under kinetic con-
trol rather than reaching thermodynamic equilibrium.

However, the equilibrium and extraction time showed low signifi-
cance, suggesting that the extraction system had already reached equi-
librium. To further analyse the data, response surface methodology
(RSM) was applied to assess the most significant interactions (Fig. 3c).
The results confirmed that temperature played the most critical role in
compound extraction, where lower temperatures significantly increased
the extraction yields across six of the seven studied classes. Based on
these findings, a temperature of 50 °C was selected as the best condition,
since it was indicated for six of the seven compound classes. Addition-
ally, the shortest equilibrium time (10 min) and sorption time (30 min)
were chosen to improve analytical efficiency. Following the develop-
ment of an optimised sampling method via HS-SPME with suitable
extraction times, the precision of the method for instrumental analysis
was evaluated.

3.2. Precision of the GCx GC-MS method

The precision of the established HS-SPME-GCx GC-MS method was
investigated by examining its repeatability (intra-day) and (long-term)
reproducibility (inter-day). In particular, the GCxGC system was re-
installed to the same configuration with new columns after being used
for other studies; the aim was to exactly reproduce 2D retention posi-
tions. To investigate long-term reproducibility, the Saaz cultivar was
chosen to ensure comparability between measurements taken during the
earlier experimental design of method conditions (DoE measurements)
and later studies (ca. six months later) which applied the method to hop
samples in the same instrument.

The extraction was performed using the established HS-SPME
method above. For each GCxGC-MS measurement, the five highest
peaks were considered in this section. Apart from oa-bergamotene and
(E)-p-farnesene the other compounds chosen (-myrcene, caryophyllene,
humulene) are major terpenes in hop [38-40].

3.2.1. Repeatability and reproducibility of the GCx GC-MS method
The repeatability of the GCxGC-MS was determined by
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Table 3

Details of the BBD experimental design for seven compounds from different
chemical classes in Cascade hop, including the reported and experimentally
determined retention indices (RI), determination coefficients (R?), and lack-of-
fit p-values as assessed by ANOVA.

No.  Compound Class Lit. RI Exp. R? Lack of Fit p-
a b RI ¢ value
1 f-myrcene MTH 991 988 0.9850  0.1276
+2
2 isoamyl Est 1015 1014 0.9919  0.4209
isobutyrate +3
3 perillene Fur 1101 1098 0.9704  0.4153
+2
4 p-linalool OMT 1099 1100 0.9819  0.1972
+2
5 2-undecanone Ket 1294 1292 0.8770 0.1789
+2
6 caryophyllene STH 1419 1426 0.9496  0.1243
+3
7 humulene OST 1606 1613 0.9835 0.4900
epoxide IT +2

a. MTH - Monoterpene hydrocarbons; Est - Esters; Fur - Furans; OMT -
Oxygenated monoterpenes; Ket - Ketones; STH - Sesquiterpene hydrocarbons;
OST - Oxygenated sesquiterpenes.

b. Literature retention index (RI) for a 5% phenyl-95% methyl polysiloxane
column phase with data from the NIST11 library + standard deviation.

c. Retention index calculated using the van den Dool and Kratz equation.

quadruplicate measurements conducted within one day (Supporting
Information Table S1). To investigate the reproducibility, an analysis of
three replicates (respectively four replicates on day one) was carried out
on three consecutive days (Supporting Information Table S2). The
analytical results are expressed by their relative standard deviation (%
RSD), for the mean retention times in 'D and 2D, the peak areas and
heights. The intra- and inter-day RSD values for the 'D retention time
revealed no variability, except for a-bergamotene which exhibited an
RSD of 0.1% in reproducibility. 2D retention time repeatability values
range from 0.5% to 0.8%, while humulene showed an RSD of 2.5%, and
reproducibility values ranged from 2.0% to 2.5%. The RSD values for
peak area intra-day precision ranged from 7.4% to 30.7% and the inter-
day precision values from 11.1% to 22.3%. For peak heights, intra-day
precision RSD values ranged from 3.8% to 25.9% and inter-day preci-
sion from 7.3% to 15.3%. The increased RSD of the peak areas and
heights can be explained by inconsistent integration during data analysis
with Canvas. Consequently, the peak integration of the hop samples (see
Section 2.4) was reviewed and manually corrected, if necessary. Manual
integration was utilised in Canvas for peak consolidation in cases where
automated peak detection resulted in fragmented signals or an incom-
plete area of a peak.

3.2.2. (Long-term) reproducibility of the GCxGC-MS retention times

The (long-term) reproducibility of the retention times was evaluated
by comparing the measurements acquired on the third day (Day 3) and
the results obtained approximately six months prior (during the DoE
study), subsequent to the establishment and validation of the analytical
method in the same laboratory environment, with the same column set
phases and dimensions, and nominal conditions. Table 4 shows the
average retention times in D and %D (1tR, 2tR) of the triplicate de-
terminations. Additional measurements were performed at a slightly
increased flow rate of 1.1 mL min~'. This was intended to compensate
for shifts in the GCxGC 2D plot relative to the previous experimental
studies (i.e. conducted six months earlier), such that closely similar re-
tentions were obtained, when an equivalent column set was installed in
the GC. The measurements of the third day showed increased and non-
reproducible retention times in both dimensions compared to the DoE
measurements. As an increased flow rates typically result in decreased
retention times, the elevated flow rate was implemented to realign the
third day results more closely with the earlier DoE data.
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Table 4
Reproducibility of the retention times (‘tg, %tg) of the GCxGC-MS analyses
expressed by average retention times of the triple determinations.

Peak Measurement ltR [min] 2tR [s]
Day 3 19.66 1.97
1. p-myrcene DoE 17.29 1.08
1.1 mL min™ 19.06 1.84
Day 3 40.36 2.12
2. caryophyllene DoE 38.26 1.38
1.1 mL min™ 39.76 1.95
Day 3 40.72 1.96
3. a-bergamotene DoE 38.66 1.25
1.1 mL min™ 40.06 1.85
Day 3 41.36 2.23
4. (E)-p-farnesene DoE 39.36 1.44
1.1 mL min™ 40.76 2.10
Day 3 41.86 2.31
5. humulene DoE 39.76 1.57
1.1 mL min™ 41.22 2.14

Furthermore, the variance of the retention times, shown in the Table,
highlight the importance of R. Match score and RI data for the identi-
fication of VOCs. Since retention times can vary significantly even
within the same laboratory, they provide only a preliminary basis for
identification. Given that the identification in this study was performed
by means of chromatographic data, the NIST11 database and R. Match
score, and that the individually identified retention times for the various
analytes were reproducible, further adjustment of the flow rate to return
retention time data to the DoE results was deemed unnecessary.

3.3. Chemotyping of different hop genotypes using HS-SPME-
GCxGC-MS

The composition of hop headspace is very complex [22]. The use of
advanced analytical platforms to understand the complex chemical
profiles of plant-derived materials and their resulting biological differ-
ences is essential [41]. Based on that and in the results, the separation of
individual VOCs was incomplete for hop analysis using 1DGC, which
lacks sufficient peak capacity. In 1DGC-MS analysis, many overlapping
peaks are evident, with impaired resolution. This complicates the
identification of the volatile components, and the sensitivity and selec-
tivity of the analytical method are compromised. The GCxGC analysis
offers significantly higher resolution, through the addition of a second
separation dimension; most of the peaks no longer overlap [42]. Com-
positions of the varieties Super Pride (SP), Centennial (CEN), Pacific
Jade™ (PJ), Superdelic™ (SUP), Nectaron™ (NEC), Rakau™ (RAK),
Pacifica™ (PAK), Motueka™ (MOT), Nelson Sauvin™ (NS) and Sim-
coe® (SIM) were investigated as part of this work using the established
HS-SPME-GC x GC-MS method. Hop cultivar selection primarily focused
on varieties originating from Australia and New Zealand to enhance the
potential for correlations between hop composition and lineage for
planned phylogenetic analysis using hierarchical cluster analysis and
principal component analysis. Moreover, varieties whose VOC profiles
have been previously reported in the literature (e.g., CEN), as well as
those less extensively investigated new hop varieties (e.g., SUP, NEC),
were examined using GCx GC-MS with the aim of improving the char-
acterisation and confirming the applicability of the established method.
GCxGC-MS provides a more detailed profile of hop aroma compounds
even for previously studied varieties due to its superior separation,
resolution, and sensitivity compared to conventional 1DGC [42-46] .

The distinct VOCs were tentatively identified through GCxGC-MS
data analysis performed with J&X Canvas W1.5.14.30115 and NIST 11.
The results are summarised in Supporting Information Table S3. To
confirm the tentative identities of the compounds, an R. Match score of
>700 was applied. In addition, retention indices (RIs) (with a deviation
of +20) were calculated using alkane standards and the van den Dool
and Kratz equation and applied as a criterion for identification [47,48].
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Of particular interest for the investigation of hop compositions are the
1D and 2D retention times listed in Table S3, as well as the chemical class
affiliation of the components. In addition, the table includes compound
identification numbers (No.), compound name (compound), CAS num-
ber (CAS), molecular formula (formula), retention indices (RIs) obtained
from literature and this experiment, as well as the relative GCxGC
chromatographic area of each species in % (as obtained using the SPME
method).

With a total of >90 tentatively identified VOCs, most of the com-
pounds in the cultivars Super Pride (90), Pacific Jade™ (92) and
Rakau™ (92) were elucidated. The number of compounds found in the
other seven hop varieties range between 70 and 89 (Centennial (82),
Superdelic™ (89), Nectaron™ (84), Pacifica™ (73), Motueka™ (70),
Nelson Sauvin™ (85), Simcoe® (88)), highlighting that significantly
more compounds were identified in all ten varieties using the GCxGC
method compared to a 1DGC method. In the literature, fewer than 70
hop components per hop cultivar have reportedly been identified using
GC-MS [38-40].

A total of 136 volatile chemical compounds were tentatively iden-
tified in the ten hop cultivars. The classification of VOCs depicts the
number of compounds assigned to each class. The predominant classes
observed in this work include esters (Est, 48), monoterpene hydrocar-
bons (MTH, 18) and sesquiterpene hydrocarbons (STH, 40). In addition,
the following number of identified compounds can be assigned to the
respective classes, arranged in ascending order according to the reten-
tion time of the first representative of each respective class: 3 Ald, 3 HC,
2 Oth, 8 Ket, 8 OMT, 3 Alc and 3 OST.

Since the number of VOCs assigned to a class does not automatically
correspond to the largest area percentage, the expression of the impor-
tance of the respective class in the hop samples can be assessed more
precisely based on the area. Table 5 shows the total area percentage of
the identifiable VOCs in the ten different samples. It becomes clear that
100% of the sample could not be identified using the criteria described
for data analysis. The discrepancies in the total identifiable area per-
centages across samples—particularly those with lower identification
rates—may be attributed to the inherent limitations of the quadrupole
mass analyser in a GCxGC setup. The high data acquisition speeds
required for narrow second dimension peaks can lead to mass spectral
skewing and reduced sensitivity, which hinders the accurate library
matching of trace-level hop constituents. Nevertheless, in most samples,
>90% of the volatile components were assigned. Wong et al. discussed
the value of GCxGC to report more of the total composition of samples
[49].

The three most abundant compounds with the largest area percent-
age across all samples are the key terpenes p-myrcene, and the isomers
caryophyllene and humulene (see Supporting Information Table S3). A
dominance of the three terpenes is also noted in the literature [38-40].
However, the two hop varieties Super Pride and Motueka™ deviate from
this observation. In both samples, caryophyllene and humulene show a
significantly lower abundance compared to all other samples. Cultiva-
tion- and genetic-induced shifts in terpene metabolism may explain the
comparatively reduced content of caryophyllene and humulene. These
changes may favour the production of bitter compounds or fruity
monoterpenes [50]. Besides f-myrcene (17.7%), the VOCs p-eudesmene
(20.3%) and a-selinene (20.7%) are particularly strongly represented in
Super Pride. In Motueka™, f-myrcene (58.5%), (E)-B-farnesene (13.3%)
and a-selinene (5.1%) are most abundant.

Referring back to the three components that generally have the
highest abundance, Motueka™ contains the largest area of f-myrcene
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(58.5%), followed by Centennial (49.4%) and Simcoe® (46.8%). The
largest area percentage of caryophyllene is found in Superdelic™
(14.8%), Pacifica™ (13.4%) and Centennial (13.2%). Moreover, the
highest abundance of humulene is observed in Nelson Sauvin™ (32.2%),
followed by Pacifica™ (30.3%) and Superdelic™ (30.0%). The MTH
B-myrcene lends the hop variety citrusy, resinous-pine aroma, while the
STHs caryophyllene and humulene produce spicy and woody aromas
[51].

Fig. 4 enables a closer examination of the relative percentages of the
respective classes to the total area, regarding all ten hop samples. The
classes of STHs, MTHs and Ests account for the largest area percentage in
the compositional profile of most hop samples. Although the class of Ests
comprises the largest number of compounds (48), it is underrepresented
in area compared to the STHs and MTHs. In Pacifica™, the area share of
Ests (0.4%) is the lowest, whereas Super Pride contains the most esters
by area (11.3%). The class of MTHs is the second most abundant. A
particularly large share of its total area can be found in Motueka™
(60.1%), Centennial (50.5%) and Simcoe® (48.3%). The significant
abundance of MTHs is primarily attributed to the concentration of
B-myrcene, the characteristic VOC for this class. The largest class in
terms of area percentage, STHs, is predominantly characterised by the
isomers caryophyllene and humulene and is most abundant in Super-
delic™ (68.1%), Super Pride (53.3%) and Rakau™ (52.5%). The area
percentages of Kets and OMTs are significantly lower, but relatively
large compared to all other identified classes. Kets are most abundant in
Super Pride (4.2%) and Simcoe® (1.7%), while the largest area per-
centage of OMTs can be found in Nectaron™ (2.1%), Simcoe® (2.0%)
and Motueka™ (1.5%).

Correlations between the relative percentages of the respective
classes to the total area and the potential aroma composition from
literature reports of compounds and the hop cultivars can be observed
(see Supporting Information Fig. S7). Previous studies have shown that
MTHs are predominantly responsible for a citrusy, fruity aroma and
STHs contribute to a woody, earthy and herbal or spicy aroma [39]. For
example, Super Pride, which has low MTHs, is less fruity and citrusy

100 A Est
B MTH
[_Jowmr
80 I STH
[ JosT
B Ket
[ JHC
T 60+ A
[ Ald
3 I oth
2 40
20
0 -

> @ <& & > 2> >
& o & ST
ST 9&@ & Q® & 09 N

& &
QQQ (4 Qo"\ \90

Hop Cultivar *°

Fig. 4. Chemical composition of the ten hop cultivars under investigation
based on the area percentages of identified component classes, as detailed in
Supporting Information Table S3.

Table 5

Total area percentage” of the identified VOCs in the ten different samples.
Hop cultivar SP CEN PJ SUP NEC RAK PAC MOT NS SIM
Total area [%] 88.0 92.9 70.9 94.6 95.8 97.1 96.7 94.5 96.1 94.6

" Based on TIC data, some of the total peak area cannot be identified according to the criteria in the text.
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compared to the other cultivars, while Superdelic™, having the highest
percentage of STHs exhibits the woody, earthy, and herbal aroma [52,
53]. However, since an aroma component cannot always be distinctly
assigned to a single class but rather to multiple classes, only a broad
assessment can be made here.

Fig. 4 shows that the hop varieties Nelson Sauvin™ and Rakau™ are
most similar in respect to the area distribution of the different classes.
This similarity likely arises from the comparable area percentage of
characteristic representatives within the respective classes: p-myrcene,
caryophyllene, and humulene, as outlined in Supporting Information
Table S3.

The distribution of the classes over the 2D GCxGC plot was exam-
ined in more detail using the apex plot (Fig. 5). The figure demonstrates
that a distinction between different classes can be made based on their
retention time windows — i.e. positions. Compounds of a class are
identified with the same colour/symbol and accordingly grouped in
dashed geometric shapes indicating their respective classes. Est are
found across the entire retention period in the first dimension, with
notable accumulation in the second dimension occurring between ca. %ty
=1.25s-1.75 s. Kets are also found over a wide range of the retention
times, predominantly after ca. 2tR = 1.80 s in the second dimension.
MTHs eluted relatively early in p (1tR = 17.07 min - 25.27 min) and
were detected in 2D between ca. ztR = 1.00 - 3.00 s. In the first dimen-
sion, the retention time window of OMTs is comparatively large. In 2D,
however, this class eluted last compared to all other classes (ZtR =1.79-
4.45 s). Since the ?D separation is based on polarity, 2D retention time
extends from less polar to polar, and polar molecules therefore are found
at late 2D retention times. The most polar group is the OMTs. However,
polar Ests are also present in the different hop samples. The large group
of STHs, characterised by 40 compounds, covers a retention range from
ltR = 37.07 - 48.97 min and from ZtR =1.13s-2.76 s. OMTs is the least
volatile class with the highest boiling point and are polar molecules.
Therefore, this class eluted last in both dimensions.

In addition to examining the classes and their distribution over the
2D plot, marker components of the individual hop varieties were
determined. The marker components are VOCs that occurred exclusively
in one of the cultivars examined (Table 6). For Super Pride, evidently the
largest number of marker compounds were identified, which in this
work are unique to this hop cultivar.

4. Conclusions

In this work, an approach was developed to analyse the complex VOC
profile of hop cultivars. Using HS-SPME coupled with GCxGC-MS, 136
VOCs were identified in ten hop varieties, primarily originating from
Australia and New Zealand. Detailed analysis revealed Est, MTHs and
STHs as the predominant classes, accounting for the largest area per-
centages. f-myrcene, caryophyllene and humulene were found to be the
most abundant volatiles across all samples. Apex plot analysis showed
distinct elution patterns for the different VOC classes. Furthermore,
marker compounds were identified, particularly in the cultivar Super
Pride.

While a reproducible method for hop VOC analysis was successfully
established, subsequent chemotyping, including hierarchical cluster
analysis and principal component analysis (data not shown), did not
show the expected correlation between hop composition and lineage.
This suggests limitations in the current dataset, likely due to insufficient
ancestral similarity among the hop samples examined. For this reason,
future studies with more closely related lineages could potentially
establish such correlations, as the potential for a comprehensive inves-
tigation by GCxGC-MS, suitable data analysis, and chemotyping has
been demonstrated.
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Fig. 5. Apex plot illustrating the chemical composition of the ten hop cultivars
under investigation based on the identified retention times in first (ltR) and
second dimension (ztR) (see Supporting Information Table S3). The identified
chemical compounds are categorised by class and colour coded.

Table 6

Proposed marker compounds determined for the hop cultivars under investi-
gation. Marker compounds are VOCs that were identified exclusively in one
sample. No hop-cultivar-specific marker compounds were determined for the
hop varieties Centennial, Pacific Jade™, Nectaron™, or Nelson Sauvin™.

Hop Cultivar Marker VOC (Peak Number)

Super Pride amyl isobutyrate (37), 2-nonanol (49), benzyl isobutyrate (70),
methyl undecenoate (92)

Superdelic™  y-selinene (127)

Rakau™ cis-a-bergamotene (90)

Pacifica™ cis-B-ocimene (35)

Motueka™ ipsdienol (56), trans-a-bergamotene (90), p-bisabolene (117)

Simcoe® trans-calamenene (122)

animals were not performed in this study.
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