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Abstract

Humulus lupulus L. (hops) is essential in brewing due to its contributions to bitterness,
flavor, and aroma. This study compared the volatile profiles of five commercially important
hop varieties—Amarillo, Ariana, Cascade, Centennial, and El Dorado—grown in their
main regions of origin (United States for Amarillo, Cascade, and El Dorado; Germany for
Ariana; and Brazil for Centennial). Headspace solid-phase microextraction coupled with
gas chromatography-mass spectrometry (HS-SPME/GC-MS) enabled the identification
of 312 volatile compounds, including monoterpenes (e.g., myrcene, linalool, geraniol),
sesquiterpenes (e.g., humulene, caryophyllene), esters, alcohols, aldehydes, and ketones.
Amarillo showed the highest myrcene content (22.61% of the total volatile area), while
Centennial was distinguished by elevated y-muurolene (20.59%), and El Dorado by the
highest level of undecan-2-one (10.47%), highlighting marked varietal differences in key
aroma-active constituents. Multivariate, including principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA), clearly discriminated the five varieties:
PC1 (41.04% of the variance) separated samples enriched in fruity /floral monoterpenes
and esters from those dominated by woody /resinous sesquiterpenes, whereas PC2 (25.93%
of the variance) reflected variation in medium-chain esters, ketones, and waxy compounds.
These chemometric patterns demonstrate that both genetic background and growing
region terroir strongly shape hop volatile composition and, consequently, aroma potential,
providing brewers with objective criteria for selecting hop varieties to achieve specific
sensory profiles in beer.

Keywords: Humulus lupulus; hops; aroma profiles; terroir; volatile compounds; gas
chromatography-mass spectrometry; brewing science; PLS-DA; PCA

Key Contribution: This study provides a comprehensive characterization of the volatile
compound profiles of five major hop varieties—Amarillo, Ariana, Cascade, Centennial,
and El Dorado—using HS-SPME/GC-MS and advanced multivariate statistical analysis,
demonstrating that both genetic background and terroir significantly influence hop aroma
and flavor. The findings underscore the importance of regional cultivation in shaping the
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sensory qualities of hops, paving the way for a more nuanced selection of hops to enhance
beer complexity and potential health benefits.

1. Introduction

Humulus lupulus, commonly known as hops, is a climbing perennial plant of the
Cannabaceae family, indigenous to Europe, Asia, and North America, and best known for
its essential role in brewing [1]. Hops are dioecious, with separate male and female plants;
only the latter produce cone-shaped structures called strobiles. These female cones, rich in
lupulin glands, are crucial for brewing, as they concentrate the essential oils and acids that
contribute to beer’s typical bitterness, flavor, and aroma [2,3].

Among the wide range of hop cultivars currently used in brewing, varieties such as
Amarillo, Ariana, Cascade, Centennial, and El Dorado are particularly valued for their dis-
tinctive aromatic signatures. Amarillo and El Dorado are typically associated with intense
citrus, tropical fruit, and stone fruit notes [4], whereas Cascade and Centennial are widely
recognized for delivering floral, citrus, and resinous characters in classic American-style
ales [5]. Ariana, a relatively recent German variety, has been described as exhibiting a more
complex profile, combining fruity, berry-like, and spicy notes. Nevertheless, the detailed
volatile composition responsible for these perceived aromas—and potential differences
arising from cultivation conditions or processing—remains only partially characterized [6].
A deeper chemical characterization of these hop varieties can provide brewers with more
precise guidelines for optimizing hop selection and usage.

Recent studies have deepened the understanding of the hop genome, particularly the
Cascade cultivar, which is widely recognized for its floral and citrus aroma. A notable
study conducted by Padgitt-Cobb et al. (2022) presented a chromosome-level assembly of
the Cascade genome, revealing that the cultivar has a significant genomic content, with
approximately 64% of repetitions [7]. This advancement in genomic research promises to
benefit hop cultivation by enhancing disease resistance strategies and enriching the flavor
characteristics of hops.

Besides the well-known bitter acids (- and (3-acids)—responsible for the characteristic
bitterness in beer [8]—hop cones contain a wide variety of bioactive compounds. These
include essential oils, polyphenols, and prenylated flavonoids, which have drawn scientific
attention due to their broad range of biological and potential health effects [2,8,9]. Some of
these compounds, such as phytoestrogens, are being investigated for their impact on hor-
mone regulation and possible roles in alleviating menopausal symptoms [10]. Flavonoids
like xanthohumol also exhibit notable antioxidant and sedative properties [11,12]. The hop
extract may also be utilized to formulate dietary supplements that promote satiety, having
the potential to assist in preventing or combating obesity [13].

The presence of powerful antioxidants—mainly polyphenols—may help reduce ox-
idative stress and lower the risk of chronic diseases [12]. In addition, volatile compounds
such as humulene and myrcene have been linked to relaxing and anti-inflammatory ef-
fects [14,15]. From a technical viewpoint, hop essential oils are exceptionally complex:
hundreds of distinct volatile compounds together represent only 0.5% to 3% of the dried
hop mass [8,16]. This complexity renders the sensory characterization of hop aroma a
persistent challenge.

Recent studies utilizing advanced techniques—such as headspace solid-phase microex-
traction coupled with gas chromatography—-mass spectrometry (HS-SPME/GC-MS)—have
underscored the variability of hop aromatic profiles. HS-SPME/GC-MS has become a key
analytical technique for characterizing hop volatile profiles. HS-SPME offers a solvent-free,

https://doi.org/10.3390/compounds6010004


https://doi.org/10.3390/compounds6010004

Compounds 2026, 6, 4

30f22

miniaturized, and highly sensitive approach for extracting volatile organic compounds
(VOCs) directly from the headspace of solid or semi-solid samples. When combined with
GC-MS, this technique enables the separation and identification of a broad range of chem-
ical families, including esters, aldehydes, alcohols, monoterpenes, and sesquiterpenes,
which are crucial to hop aroma. HS-SPME/GC-MS has been successfully applied to investi-
gate varietal differences, environmental effects, and processing impacts on hop aroma, and
thus represents an appropriate and robust approach for the comprehensive evaluation of
hop volatile composition [17,18].

It is now well recognized that the abundance and type of important volatile classes,
such as esters, monoterpenes, and sesquiterpenes, depend greatly on both genetic factors
and the environment in which hops are cultivated [3]. For example, Su and Yin (2021)
used HS-SPME/GC-MS to show that Cascade and Chinook hops grown in different loca-
tions in Virginia exhibited distinct volatile profiles, differing in 33 compounds including
esters, terpenoids, aldehydes, and alcohols, thereby underscoring the decisive influence
of growing region and terroir on hop aroma [19]. Similarly, Mozzon et al. [20] applied
multivolatile fingerprinting by HS-SPME/GC-MS to evaluate the brewing quality of hop
varieties cultivated in central Italy, demonstrating the usefulness of this approach for
varietal classification and quality assessment.

Likewise, Herkenhoff et al. (2024) [3] performed an in-depth comparative analysis
of five classic hop varieties grown both in Brazil and in their traditional regions of origin.
Using HS-SPME/GC-MS and chemometric analysis, they found significant differences
in the spectrum and abundance of volatile compounds between the countries of origin
and the Brazilian-grown samples. These findings reinforce the notion that the complex
chemistry and sensorial qualities of hops are deeply influenced not only by variety but
also by environmental and regional factors, making the study of terroir crucial for both the
brewing industry and for the broader food, flavor, and health sciences [3].

Building on these principles, this study aimed to evaluate the aromatic profile of
the hop varieties Amarillo, Ariana, Cascade, Centennial and El Dorado, using the HS-
SPME/GC-MS methodology (headspace solid-phase microextraction coupled with gas
chromatography-mass spectrometry).

2. Materials and Methods
2.1. Samples

In this research, pelletized hop samples (50 g each) were collected from five different
varieties. Ariana was sourced from Germany, while Amarillo, Cascade, and El Dorado
originated from the United States. All supplied by Barth Haas (Barth Haas, Nuremberg,
Germany). The Centennial variety was obtained from Dalcin (Dalcin, Taguai, SP, Brazil)
(Table 1).

Each sample was manually pulverized into a fine powder using a mortar and pestle
prior to analysis. Subsequently, approximately 40 mg (£0.5 mg) of the ground hops were
weighed and transferred into 20 mL glass vials equipped with an automated sampler. The
vials were securely sealed with PTFE/silicone septa and aluminum caps (Macherey-Nagel,
Bethlehem, PA, USA) to preserve sample integrity.

2.2. Instrumentation

The analysis of volatile profiles was performed utilizing headspace solid-phase mi-
croextraction (HS-SPME) in conjunction with gas chromatography—mass spectrometry
(GC-MS). An advanced instrument setup was employed, comprising the GCMSQP2020
NX system outfitted with a Nexis GC-2030 gas chromatograph, a quadrupole mass spec-
trometer, and an AOC-6000 Plus autosampler (Shimadzu, Nakagyo-ku, Kyoto, Japan). A
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DVB/CAR/PDMS (divinylbenzene/carboxen/polydimethylsiloxane) Smart Fiber, 80 pm
in thickness (Shimadzu), was used during the HS-SPME extraction step.

Table 1. Characteristics of the five hop (Humulus lupulus) varieties used in the present study. Green-filled
cells in the table indicate that the hop in question already has those sensory characteristics documented.

Hop . . Typical Alpha Acid Aroma Equivalent e .
Variety Origin Use (%) Characteristics Substitutes Citric Fruity Floral
Cascade,
United Citrus, Orange, Centennial,
Amarillo Aroma 10.34 Passion Fruit, Ahtanum,
States .
Sweet; Chinook,
Summer;
Mandarina
. . Fruity, Citric, Bavaria,
Ariana Germany Aroma/Bitter 8.6 Red Fruit Hallertau
Blang;
Citrus, Fruity, Ahtanum,
United Floral and Amarillo,
Cascade States Aroma 745 lesser, Earthy Centennial,
and Spicy; Columbus;
Citrus, Floral, Cascade,
Centennial Brazil Aroma/Bitter 10 Fruity, Herb, Chinook,
Spicy; Columbus;
. Galena
El United . . /
Dorado States Aroma/Bitter 14 Fruity Nugget,
Simcoe;

Prior to sample introduction, the SPME fiber underwent a preconditioning cycle at
240 °C, and two blanks were injected for system stabilization following the manufacturer’s
recommendations. Hop samples were equilibrated at 50 °C for 10 min in the autosampler’s
heated block before extraction commenced. The SPME fiber was then exposed to the sample
headspace for 50 min to allow adsorption of volatile components. Afterward, the fiber was
transferred into the gas chromatograph’s injection port, where thermal desorption of the
analytes occurred at 230 °C for 3 min in splitless mode, utilizing an SPME glass liner with a
0.75 mm internal diameter.

Chromatographic separation was accomplished using a PEG capillary column (HP-
INNOWAX, 30 m length x 0.25 mm internal diameter x 0.15 pm film thickness, Shimadzu)
with a constant helium flow of 1 mL/min. The oven temperature program began at 40 °C,
increasing at 5 °C per minute up to 150 °C, then accelerating to 225 °C at 20 °C per minute,
with holding periods of 5 min at the start and 20 min at the end, in alignment with the
procedure outlined by Su and Yin [19].

Detection by mass spectrometry utilized electron impact ionization at 70 eV, operating in
full scan mode across an 11/z range of 40 to 350 amu. The temperatures of the transfer line and
ion source were stabilized at 250 °C. All data were acquired under total ion current (TIC) mode.

2.3. Volatile Compounds Identification and Statistical Analysis

Volatile compounds were identified by comparing the molecular fragmentation pat-
terns of each chromatographic peak to reference spectra contained in the 2020 NIST MS
library (National Institute of Standards and Technology, Gaithersburg, MD, USA). Only
compounds exhibiting a similarity index (SI) above 85 were considered positively identified.
For peaks where identification was uncertain, retention indices were determined using a
homologous series of n-alkanes (C8-C23) to further confirm compound identity.
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A. Amarilo

6.0 .

To interpret the complex chromatographic data, chemometric classification techniques
were applied. These analytical approaches utilize experimental data to predict the qualitative
groupings—such as aroma profiles—within the set of samples. In particular, this study imple-
mented partial least squares discriminant analysis (PLS-DA), a multivariate statistical method,
to develop a robust classification model that could distinguish the different aroma attributes
among the hop varieties under investigation. PLS-DA models were built in the R environment
using the ropls package [21]. The PLS-DA model showed good performance (R?Y = 0.92,
Q? = 0.85 by seven-fold cross-validation; 200-run permutation test, p < 0.01), supporting the
robustness of the varietal discrimination and the reliability of VIP-based compound selection.

2.4. Database Software Analysis

For each compound identified, its CAS Registry Number was used to retrieve detailed
information from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed
on 1 January 2020), accessed on 10 October 2025. Additionally, the specific flavor and
aroma characteristics associated with these compounds were investigated by consulting
the Perflavory database (https:/ /perflavory.com/search.php, accessed on 1 January 2020).

All data are presented as mean =+ standard deviation (SD). Volatile compounds de-
tected in at least two hop varieties were semi-quantified by expressing the chromatographic
peak areas as a percentage of the total ion current (Area %) using LabSolutions GCMSolu-
tions software v.2.0 (Shimadzu). When comparing two groups, Student’s ¢-test was applied
after verifying normality of the data distribution. For comparisons involving three or more
groups, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was
used. Statistical significance was set at p < 0.05. Principal component analysis (PCA) was
performed in R (R Development Core Team, 2018) using the adegenet [22] and ggplot2 [23]
packages to explore the relationships among hop varieties based on their volatile profiles.

3. Results and Discussion
3.1. Classification by PLS-DA
A classification model was developed specifically to reveal differences arising from the

method of production. Chromatographic data, represented by GC-MS total ion current (TIC)
profiles, were analyzed using PLS-DA to distinguish between hop varieties (Figures 1 and 2).
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Figure 1. Chemical interpretation of the PLS-DA model. Samples are based on VIP scores and
regression coefficients. The selected hop varieties were (A) Amarillo, (B) Ariana, (C) Cascade,
(D) Centennial, and (E) El Dorado. The chromatogram regions significantly contribute to the PLS-DA
model. Red indicates that the compound identity is more than 85%. The colors served as a contrast
between blue and black to facilitate the visualization of the comparison between each hop.

To further assess the chemical distinctions among the beer groups studied, Variable
Importance in Projection (VIP) scores were derived from the PLS-DA model. These scores
quantify the influence of each variable within the model, with higher values indicating
greater relevance. Variables with normalized VIP scores exceeding 1 are typically regarded
as significant. By integrating PLS regression coefficients with the corresponding VIP
scores, it is possible to pinpoint the compounds that are most critical for differentiating the
sample groups, as well as interpret the direction and nature of the observed differences.
This separation pattern was supported by the statistical performance of the model, with
high goodness-of-fit and predictive ability (R%Y = 0.92, Q? = 0.85; 200-run permutation
test, p < 0.01), indicating that the discrimination among hop varieties is robust and that
VIP-selected variables are reliable markers of varietal differences.
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Figure 2. Comparison of Hop Varieties Based on the PLS-DA Model. The zoomed-in chromatogram
illustrates the separation of compounds present in the samples of the selected hop varieties and
comparison with (A) Amarillo and Ariana, (B) Ariana and Cascade, (C) Cascade and Centennial,
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(D) Centennial and El Dorado. The black and blue lines represent intensity curves associated with the
different chemical profiles observed. The chromatogram regions showing prominent peaks, especially
around 20 min, significantly contribute to the PLS-DA model based on variable importance scores
(VIP) and regression coefficients, highlighting chemical differences among the analyzed hops.

3.2. Aromatic Hop Profile

As shown in Tables 2 and S1, the relative abundance of each volatile was expressed
as the mean percentage contribution of its chromatographic peak area to the total ion
current (Area %), along with the corresponding standard deviation. This semi-quantitative
approach allows for direct comparison of the relative importance of each compound among
the different hop varieties. A total of 312 volatile compounds were identified by HS-
SPME/GC-MS across all hop samples (Tables 2 and S1). These compounds encompassed
several chemical classes, including alcohols, aldehydes, ketones, esters, monoterpenes, and
sesquiterpenes. The overall number of volatiles detected per variety ranged from 136 in
Ariana to 141 in Cascade, indicating differences in chemical complexity among the hops.

Table 2. Main volatile compounds identified in Amarillo, Ariana, Cascade, Centennial, and El
Dorado hop varieties by HS-SPME/GC-MS. Values are expressed as mean relative peak area (%
of total ion current, Area %) =+ standard deviation (SD). Odor and flavor descriptors are based
on https:/ /perflavory.com, accessed on 10 October 2025. ‘~” indicates that the compound was not
detected or was present below the reporting threshold.

Odor Flavor Amarillo Ariana Cascade Centennial El Dorado

Compound CAS Type Type Mean SD Mean SD Mean SD Mean SD Mean SD
Propan-2-one 67-64-1 Solvent 0.003 0.006 0.010 0.001 0.017 0.006
2-Methylpropenal 78-85-3 Floral 0.010 0.001 0.007 0.006
2-Methylbut-3-en-2-ol 115-18-4 Herbal 0.123 0.029 0413 0.195 0.373 0.098 0.077 0.023 0.033 0.012
Methyl 3-methylbutanoate 556-24-1 Fruity Fruity 0.010 0.001 0.060 0.104
Dimethyldisulfide 624-92-0 Sulfurous 0.020 0.001
Alpha-Pinene 80-56-8 Herbal Woody 0.137 0.029 0.220 0.001 0.093 0.029 0.017 0.006 0.183 0.006
2-Methylbutan-1-ol 137-32-6 Etheral Etheral 0.103 0.006 0.103 0.012 0.017 0.006 0.130 0.001
Camphene 79-92-5 Woody Camphoreus 0.087 0.012 0.083 0.006
2-Methylpropyl propanoate 540-42-1 Fruity Fruity 0.020 0.001 0.007 0.006
Hexanal 66-25-1 Green Green 0.010 0.001
Beta-Pinene 127-91-3 Herbal Pine 0.293 0.040 0.607 0.040 0.413 0.081 0.240 0.069 13.547
2-Methylbutyl acetate 624-41-9 Fruity Fruity 0.050 0.044
;:Memylpmpyl 97-85-8 Fruity Fruity 0030 0001 0997 0021 0050 0001 0033 0012

methylpropanoate
3-Methylbut-2-en-1-ol 556-82-1 Fruity Fruity 0.033 0.012 0.057 0.032 0.067 0.012
(E)-Myrca-1.3-diene 123-35-3 Spicy Woody 22.613 0.531 13.933 21.213 0.150 2.463 0.722
(IR.6R)-p-Mentha-1.5-diene 99-83-2 Terpenic Terpenic 0.010 0.017 0.020 0.017 0.027 0.012 0.020 0.001
(E)-Pent-2-enal 1576-87-0 Green Green 0.010 0.001
Geranyl isovalerate 109-20-6 Fruity Green 2.830 0.001
3-Methylbut-2-enal 107-86-8 Fruity Fruity 0.087 0.035 0.053 0.006
Methyl hexanoate 106-70-7 Fruity Fruity 0.003 0.006 0.010 0.001 0.023 0.012
Butyl 2-methylpropanoate 97-87-0 Fruity Fruity 0.020 0.001 0.003 0.006
Alpha-Terpinene 99-86-5 Woody Terpenic 0.010 0.001 0.010 0.001 0.010 0.001
(+)-Limonene 5989-27-5 Citrus Citrus 1.120 0.087 1.093 0.032 0.663 0.029 0.263 0.081 1.090 0.026
S-Methyl 3-methylbutanethioate 23747-45-7 Cheesy Fermented 0.040 0.001 0.013 0.012 0.023 0.012 0.017 0.006
Ethyl 4-methylpentanoate 25415-67-2 Fruity 0.007 0.006
(6R)-p-Mentha-1.5-diene 555-10-2 Minty 0.030 0.017 0.063 0.012 0.113 0.029 0.173 0.023
(E)-3.7-Dimethylocta-1.3.6-triene 3779-61-1 Herbal 0.017 0.006
3-Methylbutyl propanoate 105-68-0 Fruity Fruity 0.050 0.001
2-Methylbutyl propanoate 2438-20-2 Fruity 0.263 0.006
(+-)-alpha-Pinene 80-56-8 Herbal Woody 0.020 0.001 0.030 0.001 0.133 0.006
Hexan-1-ol 111-27-3 Herbal Green 0.020 0.001 0.020 0.001 0.017 0.006
2Methylpropy! 2445-67-2 Fruity Fruity 0487  0.021

2-methylbutanoate
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Table 2. Cont.
Odor Flavor Amarillo Ariana Cascade Centennial El Dorado
Compound CAS Type Type Mean SD Mean SD Mean SD Mean SD Mean SD
(2)-3.7-Dimethylocta-1.3.6-triene 3338-55-4 Floral Green 0.740 0.156
g:x::;‘;}gi‘:fnyéate 589-59-3 Fruity Green 0030 0001 0127  0.006 0040  0.001
3.7-Dimethylocta-1.3.6-triene 502-99-8 Fruity 2.047 0.151
Hexyl pentanoate 1117-59-5 Fruity 0.040 0.001
;:x;‘}}:ﬁgﬁglamate 2445-69-4 Fruity 0673 0.023 0883 0058 0260 0087 1730  0.026
Ethyl hexanoate 123-66-0 Fruity Fruity 0.001 0.001 0.033 0.012
Methyl 4-methylpentanoate 2412-80-8 Fruity Fruity 0.087 0.006 0.033 0.006 0.063 0.012 0.037 0.012
Methyl (Z)-octadec-9-enoate 112-62-9 Fatty 0.010 0.001
Dodecane (nome ja IUPAC) 112-40-3 Alkane 0.047 0.012 0.080 0.001 0.057 0.012 0.007 0.006
;sg;gg;gss;:ez 586-62-9 Herbal Woody 0037 0006 0033 0006 0020 0001 0010 0001 0040 0001
Butyl 2-methylbutanoate 15706-73-7 Fruity Fruity 0.047 0.081
Hexyl acetate 142-92-7 Fruity Fruity 0.010 0.001 0.077 0.006 0.013 0.006
Pentyl 2-methylpropanoate 2445-72-9 Fruity 0.073 0.006 0.010 0.001 0.010 0.001
Methyl heptanoate 106-73-0 Fruity Fruity 0.010 0.001 0.020 0.001 0.010 0.001 0.180 0.035 0.010 0.001
(E)-Myrcene 123-35-3 Spice Woody 0.007 0.006 0.007 0.006 0.023 0.012
(Z)-Hex-3-en-1-yl acetate 3681-71-8 Green Green 0.007 0.006
Cyclopropanecarboxaldehyde 97231-35-1 Citrus 0.010 0.001 0.010 0.001
;xs:ﬁﬁpi:gﬁgg’:e 76649-23-5 Fruity 0020 0001 0167 0006 002 0017 0007 0006 0010 0001
Oct-1-en-3-ol 3391-86-4 Earthy Mushroom 0.040 0.001 0.037 0.012 0.020 0.001
6-Methylhept-5-en-2-one 110-93-0 Citrus Green 0.253 0.012 0.260 0.052 0.107 0.023
g:x::g};’;‘:ﬁyioate 27625-35-0 Fruity Fruity 0083 0012 0030  0.001
;xgﬁﬁﬁ&gfl\ oate 2445785 Fruity Fruity 0763 0055 0270 0052 0327 0006
gﬁ:{ﬂﬁg&g’;we 659-70-1 Fruity Green 0210 0035
3-Methylbutanoic acid 503-74-2 Cheesy Cheesy 0.567 0.023 0.367 0.076 0.100 0.035 0.093 0.006
g:ﬁgﬁﬁﬁ&gfl‘oﬂe 2445774 Fruity Fruity 035 0012 0613 0038 0060 0017 029 0010
Ethyl heptanoate 106-30-9 Fruity Fruity 0.053 0.012
(Z)-Hex-3-en-1-yl butanoate 16491-36-4 Green Green 0.120 0.010
3-[4-Methylpent-3-en-1-yl]furan 539-52-6 Woody 0.410 0.069 0.470 0.050 0.290 0.035 0.027 0.012 0.163 0.023
Hexyl propanoate 2445-76-3 Fruity 0.107 0.012 0.007 0.006
(Z)-Hex-3-en-1-yl propanoate 33467-74-2 Green Green 0.010 0.001 0.020 0.001
S-Methyl hexanethioate 2432-77-1 Fruity 0.027 0.006
2-Furanmethanol 34995-77-2 Floral 0.087 0.006 0.640 0.053 0.120 0.017
Methyl octanoate 111-11-5 Waxy Green 0.110 0.010 0.033 0.006 0.157 0.023
2-Methylpropyl hexanoate 105-79-3 Fruity Fruity 0.010 0.001 0.010 0.001
1.3.8-p-Menthatriene 18368-95-1 Terpenic Terpenic 0.007 0.006
Benzaldehyde 100-52-7 Fruity Fruity 0.030 0.001 0.030 0.001 0.030 0.001
Methyl octanoate 111-11-5 Waxy Green 0.030 0.001
2-Methylpropyl hexanoate 105-79-3 Fruity Fruity 0.001 0.001
Benzaldehyde 100-52-7 Fruity Fruity 0.030 0.001
1.3.8-p-Menthatriene 18368-95-1 Terpenic Terpenic 0.013 0.006
Ethyl octanoate 106-32-1 Waxy Waxy 0.003 0.006
Nonan-2-one 821-55-6 Fruity Cheesy 0.210 0.017 0.187 0.006 0.330 0.035 0.113 0.006
Nonan-2-ol 628-99-9 Waxy Waxy 0.010 0.001 0.020 0.001 0.013 0.006 0.037 0.006 0.001 0.001
Octan-1-ol 111-87-5 Waxy Waxy 0.057 0.006 0.070 0.010 0.023 0.006 0.057 0.006 0.057 0.006
3.7-Dimethylocta-1.6-dien-3-ol 78-70-6 Floral Citrus 2.700 0.121 1.617 0.071 1.840 0.191 2.750 0.139 0.960 0.035
Ethyl octanoate 106-32-1 Waxy Waxy 0.007 0.006
Heptyl propanoate 2216-81-1 Floral Fruity 0.057 0.006 0.020 0.001 0.013 0.006
(-)-Caryophyllene 87-44-5 Spicy Spicy 0.023 0.006 0.013 0.006
Hexyl 2-methylbutanoate 10032-15-2 Green Green 0.047 0.006
Decan-2-one 693-54-9 Floral Fermented 0.060 0.001 0.257 0.015 0.067 0.012 0.020 0.001 0.043 0.006
Octyl acetate 112-14-1 Floral Waxy 0.040 0.001 0.150 0.010 0.033 0.006 0.010 0.001
Heptyl 2-methylpropanoate 2349-13-5 Fruity Berry 0.023 0.006 0.153 0.012 0.070 0.001
Alpha-Cubebene 17699-14-8 Herbal 0.067 0.029 0.193 0.012
Fenchol 1632-73-1 Camphoreous ~ Camphoreous 0.047 0.006 0.027 0.006
(-)-Isopulegol 89-79-2 Minty Minty 0.007 0.006
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Table 2. Cont.

Odor Flavor Amarillo Ariana Cascade Centennial El Dorado
Compound CAS Type Type Mean SD Mean SD Mean SD Mean SD Mean SD
Methyl nonanoate 1731-84-6 Fruity Winey 0.027 0.012 0.083 0.006 0.027 0.006 0.150 0.017 0.013 0.006
Hexanoic acid 142-62-1 Fatty Cheesy 0.053 0.012 0.053 0.012 0.040 0.001 0.037 0.006 0.033 0.006
2-Methylbutyl hexanoate 2601-13-0 Ethereal 0.020 0.001 0.030 0.001 0.047 0.006 0.023 0.006
Methyl non-3-enoate 13481-87-3 Fruity Fruity 0.020 0.001 0.043 0.006 0.233 0.012
Copa-3.8-diene 3856-25-5 Woody 1417 0.075 1.133 0.091 1.027 0.098 0.570 0.069
Decan-2-one 693-54-9 Floral Fermented 0.393 0.015 0.207 0.012 0.533 0.012
3.7-Dimethylocta-2.6-dien-1-ol 106-24-1 Floral Floral 0.017 0.012 0.020 0.001
Sﬁ;ﬁmet}‘yl“‘a'z‘é'dien'l' 105-87-3 Floral Green 0010 0010
Methyl 3.7-dimethyloct-6-enoate 2270-60-2 Floral Floral 0.027 0.012
7-Methyl-3-methyleneoct-6-enal 55050-40-3 Aldehylic 0.247 0.012 0.283 0.006 0.213 0.023 0.197 0.006 0.143 0.023
5-Methylhexanoic acid 628-46-6 Fatty 0.053 0.006 0.103 0.021 0.027 0.006
Borneol 507-70-0 Balsamic 0.037 0.012 0.033 0.006
(-)-Borneol 464-45-9 Balsamic 0.033 0.006
2.6-Dimethylocta-1.5.7-trien-3-ol 29414-56-0 Camphoreous 0.240 0.087 0.200 0.087 0.477 0.248 0.437 0.156
Octyl propanoate 142-60-9 Fruity Estery 0.080 0.017 0.023 0.006
Octyl 2-methylpropanoate 109-15-9 Waxy Creamy 0.143 0.029 0.050 0.017
Nethy! (2y37-dimethylocta26= 1567 61.9 Floral 0060 0.001
Trans-alpha-Bergamotene 13474-59-4 Woody 0.620 0.208 1.013 0.300 0.960 0.831
Gamma-Muurolene 30021-74-0 Woody 24.740 20.587 23.060 0.083 0.012
Undecan-2-one 112-12-9 Fruity Waxy 8.000 0.554 8.147 0.327 8.993 0.248 8.207 0.115 10.470 0.718
(-)-Caryophyllene 87-44-5 Spicy Spicy 5713 0.127 2.583 0.192 5.520 0.121 3.063 0.133 4737
Citronellal 106-23-0 Floral Floral 0.140 0.001
(6Z)-beta-Farnesene 28973-97-9 Green 14.717
Gamma-Cadinene 39029-41-9 Woody 13.080
Beta-Farnesene 18794-84-8 Woody 5.957 0.092 5713 0.081 0.130 0.017
Geraniol 106-24-1 Floral Floral 2.393 0.202 2.223 0.158
Methyl undecanoate 1731-86-8 Waxy 0.123 0.015
Dodecan-2-one 6175-49-1 Citrus 3.317 0.287
Gamma-Cadinene 39029-41-9 Woody 12.263 0.949
Humulene 6753-98-6 Woody 5.240 0.433 4.540 0.195 5.700 0.121 4.180 0.104 3.540 0.380
Beta-Bisabolene 495-61-4 Balsamic 0.210 0.017
(-)-Alpha-muurolene 10208-80-7 Woody 0.487 0.023 0.433 0.023 3.013 0.375
Geranyl Acetate 105-87-3 Floral Green 0.663 0.029 4.767 0.539 1.907 0.219
Beta-Selinene 17066-67-0 Herbal 2.143 0.348 4.793 0.670
Farnesene 502-61-4 Woody Green 0.120 0.001 0.087 0.012 0.053 0.046 0.197 0.015
Delta-Cadinene 483-76-1 Herbal 2.470 0.260 2293 0.203 2.243 0.058 0.737 0.144
(-)-alpha-Gurjunene 489-40-7 Woody 0.503 0.196
Beta-Cadinene 523-47-7 Woody 0.113 0.012
Gamma-Cadinene 39029-41-9 Woody 1.153 0.254 1517 0.045
Beta-Sesquiphellandrene 20307-83-9 Herbal 0.007 0.006
Guaiyl acetate 134-28-1 Balsamic 0.150 0.017
Neryl isobutyrate 2345-24-6 Fruity Fruity 0.010 0.001
Neryl propionate 105-91-9 Fruity Green 0.030 0.001 0.013 0.006 0.027 0.012 0.020 0.001
Calamenene 483-77-2 Herbal 0.270 0.087 0.103 0.029
Neryl butyrate 999-40-6 Green Green 0.013 0.006 0.010 0.001
Perillyl acetate 15111-96-3 Fruity Green 0.007 0.006
Perillyl Alcohol 536-59-4 Green Woody 0.053 0.006 0.063 0.029
Geranyl propionate 105-90-8 Floral Waxy 0.233 0.006 0.083 0.006
Geranyl butyrate 106-29-6 Fruity Fruity 1.360 0.156 0.577 0.012 0.847 0.051
Germacrene B 15423-57-1 Woody 0.290 0.156
cis-Linalool oxide 5989-33-3 Earthy 0.013 0.006 0.010 0.001 0.017 0.006 0.010 0.001 0.013 0.006
Cyclohexadec-5-en-1-one 37609-25-9 Musk 0.010 0.001
Alpha-Calacorene 21391-99-1 Woody 0.043 0.029
Nerolidol 40716-66-3 Floral Green 0.023 0.006
Geranyl 2-methylbutyrate 68705-63-5 Fruity 0.017 0.006
Cyclopentadecanone 502-72-7 Musk 0.003 0.006
Neryl isovalerate 3915-83-1 Floral 0.017 0.006
Geranyl valerate 10402-47-8 Floral 0.010 0.001
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Table 2. Cont.

Odor Flavor Amarillo Ariana Cascade Centennial El Dorado
Compound CAS

Type Type Mean SD Mean SD Mean SD Mean SD Mean SD
Cubenol 21284-22-0 Spicy Spicy 0.020 0.001 0.040 0.001
Caryophyllene oxide 1139-30-6 Woody Woody 0.050 0.001 0.053 0.035 0.117 0.023 0.087 0.012 0.050 0.001
(4E,7E)-1,5,9,9-Tetramethyl-12-
oxabicyclo(9.1.0)dodeca-4,7- 19888-33-6 Herbal 0.060 0.001 0.063 0.021 0.077 0.006 0.033 0.006 0.010 0.001
diene
Alpha-Cadinol 481-34-5 Herbal 0.010 0.001 0.010 0.001 0.010 0.001
Beta-Eudesmol 473-15-4 Woody 0.120 0.001

Monoterpenes such as myrcene, linalool, and geraniol, as well as sesquiterpenes like
humulene and caryophyllene, were among the most abundant constituents, consistent
with previous reports for aroma hops [3,19,20]. However, the relative proportions of
these key terpenes varied markedly between varieties. For example, Amarillo and El
Dorado showed higher relative levels of fruity and floral monoterpenes (e.g., linalool,
geraniol), whereas Cascade and Centennial displayed a more pronounced contribution
from resinous and spicy sesquiterpenes (e.g., humulene, caryophyllene). Ariana exhib-
ited an intermediate profile with notable contributions from both fruity monoterpenes
and herbal/spicy sesquiterpenes.

These differences in volatile composition help explain the sensory descriptions com-
monly associated with these hops. Varieties enriched in floral and fruity monoterpenes
tend to be linked to citrus, tropical fruit, and stone fruit notes, whereas those dominated by
sesquiterpenes such as humulene and caryophyllene are more often described as herbal,
woody, or resinous. Thus, the chemical data in Tables 2 and S1 provide a detailed molecu-
lar basis for the distinct aromatic profiles of Amarillo, Ariana, Cascade, Centennial, and
El Dorado

In addition to the findings by Lyu et al. [24], the study by Mozzon et al. [20] further
highlights the chemical profiles of hop varieties cultivated in Central Italy, particularly
emphasizing the high content of «- and (-acids and myrcene in Centennial, Brewer’s
Gold, and other notable varieties. These compounds contribute significantly to the
aromatic profiles and overall brewing quality of these hops (Figure 3). The recent study
by Resende et al. [25] also emphasizes the complexity of hop metabolite profiles, iden-
tifying 137 compounds through comprehensive two-dimensional gas chromatography
coupled with mass spectrometry (GC x GC-MS). This study demonstrates not only the
advantages of enhanced detection but also reveals significant variations in the chemical
composition among different hop varieties, such as higher concentrations of sesquiter-
pene hydrocarbons in Enigma and notable concentrations of monoterpene hydrocarbons
in Zappa.

The study by Lyu et al. [24] finds that humulone is the most abundant phenolic
compound in hop strobiles, with concentrations ranging from 50.44 to 193.25 pg/g. These
compounds are important for the aromatic profile and antioxidant activity of hops, which
can influence the sensory characteristics of the beers produced.
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Citrus
5
Resin / Pine Tropical Fruit
Spice Stone Fruit
Herbal Berry B Amarillo
I Ariana
Grassy Floral . Cascade
Citrus
5
Resin / Pine Tropical Fruit
Spice Stone Fruit
!'
Herbal Berry I Centennial *
I El Dorado
Grassy Floral . Cascade

* All zero values mean there are no aroma values available for that hop.

Figure 3. Aromatic profiles according to the hop (Humulus lupulus) strain producers for the varieties
used in this study grown and according to Beer Maverick (https://beermaverick.com/) (accessed on
8 August 2025). * The mentioned profile of Centennial refers to American cultivars. We do not have
data on the profile of cultivars planted in Brazil, as were the samples used in the present study.

3.3. Amarillo: Fruity-Floral Complexity with Resinous Depth

Amarillo, an aroma hop from the United States, is noted for its floral, spicy, and tropi-
cal fruit characteristics, including citrus, orange, lemon, melon, apricot, peach, grapefruit,
and dank. Chemically, its profile is dominated by (E)-myrcene (22.61%), responsible for
spicy and slightly herbal notes, and y-muurolene (24.74%), which contributes woody and
resinous undertones. Geraniol (2.39%) enhances the sweet floral aroma, while (E,E,E)-
humulene (5.24%) provides dry, woody, and mildly spicy balance. This composition gives
Amarillo its characteristic blend of citrus freshness with resinous depth, confirmed by stud-
ies such as Cibaka et al. [26] and Kankolongo Cibaka et al. [27], which also highlighted its
thiol derivatives (e.g., 3-sulfanyl-4-methylpentan-1-ol) contributing grapefruit-like flavors.

The study of Cibaka et al. [26] showed that among the compounds that enable dis-
crimination, Amarillo was identified as being rich in monoterpenes, in addition to exhibit-
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ing unique aromatic characteristics that contribute to the flavor of the beer. The recent
findings indicate that Amarillo also contains significant concentrations of 3-sulfanyl-4-
methylpentan-1-ol, a compound contributing grapefruit-like flavors, at levels that surpass
initial expectations based on its thiol content in hop. This aligns with the discovery by
Kankolongo Cibaka et al. [27], which highlighted the presence of glutathione S-conjugates
in Amarillo, suggesting that these precursors can further enhance its aromatic complexity.

3.4. Ariana: Resinous and Fruity with Herbal Nuances

Ariana, an aroma hop from Germany, offers citrus, tangerine, passion fruit, pineapple,
jasmine, herbal notes, fruity, and gooseberry aromas. Its chemical profile features copa-3,8-
diene (1.42%), delivering a deep resinous backbone, and undecan-2-one (8.00%), which
provides a fruity-waxy character. (—)-trans-caryophyllene (5.71%) adds warm spiciness,
and (E)-B-farnesene (5.96%) contributes herbal-green nuances. Together, these compounds
make Ariana versatile for beers aiming for a balanced, fruity yet structured profile.

(E)-Myrca-1,3-diene and other terpenes are present, though less aggressively than in
Amarillo. They add subtle herbal and mild earthy aromas, while superior esters and alco-
hols impart intense fruitiness (peach, grape, strawberry, red berries). Other compounds, like
2,2,4,6,6-Pentamethylheptane, give woody and softly sweet floral notes, with a delicately
spicy, mentholated touch underneath.

3.5. Cascade: Citrus—Resinous and Bioactive Potential

Cascade, a dual-purpose hop from the United States, is characterized by grapefruit,
floral, spicy, citrus, and pine attributes. Key compounds include (E)-3,7-dimethylocta-2,6-
dien-1-yl acetate (4.77%), which imparts fresh floral and fruity notes, (E,E)-x-farnesene
(5.08%) with herbal-green aromas, geraniol (2.39%) for sweet floral tones, and (15-cis)-4,7-
dimethyl-1-(propan-2-yl)decahydronaphthalene (2.47%) enhancing herbal depth.

Cascade is a hop variety with over 70% of its genome being repetitive, which implies
complexity relative to plant genomes. Furthermore, genome analysis identified a homolog
of cannabidiolic acid synthase (CBDAS) that is expressed in multiple tissues, which may
have implications for the production of desirable metabolites [28]. Although the Cascade
cultivar shows partial resistance to powdery mildew (Podosphaera macularis), recent studies
indicate that this resistance can be overcome by virulent isolates of the pathogen, especially
under supra-optimal temperature conditions. This factor makes the implementation of ac-
tive management strategies essential to minimize crop damage. Data suggest that exposure
of Cascade plants to elevated temperatures before or after inoculation may moderate the
risk of powdery mildew development, making disease management a constant need in hop
production [29].

The results of the studies conducted by Visin et al. [30] suggest that the Cascade hop,
cultivated in Brazil, has potential as a valuable source of bioactive compounds, which
could benefit its applications in the food and pharmaceutical industries. Cascade, along
with other tested cultivars, exhibited qualitative similarities in their profiles but marked
quantitative differences in specific compounds, highlighting its individuality in terms of
acid and flavonoid content [30].

In the study conducted by Leto et al. [31], it was observed that the viability of the
Cascade explants was influenced by the type of cytokinin used in the culture medium.
Cultures with 6-(y,y-Dimethylallylamino)purine (2iP) and meta-topolin showed a higher
viability rate (99.17% and 95.00%, respectively) compared to those cultured with kinetin.
The differences in response to the cytokinins and in the production of bioactive compounds
reinforce the potential of the Cascade cultivar as a valuable source of bioactive substances,
with potential applications in the food and pharmaceutical industries [31].
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The addition of Cascade hops to fermented beverages, particularly during the pre-
fermentation phase, results in a significant reduction in the formation of free radicals
in kombucha, as measured by electron spin resonance spectroscopy (ESR) [32]. This
has contributed to enhanced DPPH antiradical activity and increased levels of «-acids.
Furthermore, it has been demonstrated that hop fortification not only improves the sensory
and antioxidant characteristics of kombucha but may also offer additional health benefits,
such as a reduced risk of diseases associated with oxidative stress [32,33].

The study by Monacci et al. [34] discusses the influence of different drying techniques
and the use of the dry-hopping method with Cascade hops on the chemical, aromatic, and
sensory quality of beer. The dry-hopping technique resulted in a significant increase in the
bitterness index and a reduction in the titratable acidity of the beer. The addition of hops
during the fermentation or maturation phases enhanced the perception of bitterness and
aroma. The presence of volatile compounds, such as isoamyl acetate and esters, was noted,
indicating that Cascade hops, particularly through the dry-hopping technique, can enrich
the sensory complexity of the beer [34].

3.6. Centennial: The “Super Cascade” with Strong Resinous Character

Centennial, also a dual-purpose hop from the United States, displays pine, citrus,
floral, grapefruit, and tangerine notes. Its chemical composition highlights y-muurolene
(20.59%), (E)-B-farnesene (5.96%), caryophyllene (5.71%), and humulene (4.54%), forming
an intense herbal-resinous profile with citrus layers. Centennial, a dual-purpose hop
from the United States, features pine, citrus, floral, grapefruit, and tangerine notes, as
corroborated by Mozzon et al. [20], who emphasized its role in producing high-quality
bitterness and aroma.

Centennial boasts (E)-Myrca-1,3-diene at levels comparable to Amarillo, leading to
strong pine, resin, and spicy herbal notes. Monoterpenes and sesquiterpenes enhance its
pronounced herbal-citrus character, with aldehydes and green alcohols layering in hints of
grass, lemon zest, and Sicilian lemon, further validating the findings of Mozzon et al. [20]
regarding its brewing quality. It is important to emphasize here that the Centennial samples
in this study were obtained from Brazilian cultivars of this variety. Evidence shows that
the notable differences in aromatic profiles highlight how terroir affects the production of
volatile compounds in hops. Hops cultivated in Brazil may offer unique characteristics,
enhancing their utilization in the beer industry, particularly in styles that value distinctive
aromatic profiles [3].

3.7. El Dorado: Intensely Fruity with Tropical Dominance

El Dorado, another dual-purpose hop from the United States, is distinguished by
tropical fruit flavors such as pear, watermelon, candy, and stone fruit. It exhibits high con-
centrations of (E)-myrcene (13.93%), (E)-3,7-dimethylocta-2,6-dien-1-yl butanoate (1.36%),
geraniol (1.62%), and 'y-muurolene (10.47%), creating a vivid fruity-tropical profile. Esters
such as 2-Methylbutyl acetate/propanoate further enhance its juicy aroma (pineapple,
mango, lychee), while green notes (hexanal, (E)-pent-2-enal) add freshness. Compared to
other varieties, El Dorado is less mentholated or piney and instead lingers as sweet, juicy,
and candy-like.

El Dorado stands out for its extremely high ester concentration (e.g., 2-Methylbutyl
acetate/propanoate), resulting in a vivid, tropical fruit profile (pineapple, pear, mango,
melon, green apple, lychee). Terpenes supply a touch of herbal and citrus, but fruitiness
always dominates. It’s less mentholated or piney than the other hops and instead lingers as
sweet and juicy on the nose.
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(E)-FarEpox

PC2 (25.93%)

Although the present study focuses on the brewing relevance of hop volatile pro-
files, it is worth noting that several of the identified terpenes (e.g., geraniol, y-muurolene,
undecan-2-one, (E)-B-farnesene, and (E,E)-a-farnesene) have been reported to display
diverse biological activities and applications in pharmaceutical, food, and cosmetic con-
texts [35-46], aspects that lie beyond the scope of the current work.

3.8. Principal Component Analysis (PCA) of Hop Varieties

The scatter plots generated from the Principal Component Analysis (PCA) provide
insightful visualizations of the relationships among different hop varieties: El Dorado,
Centennial, Ariana, Cascade, and Amarillo (Figures 4 and 5). These varieties were analyzed
based on their chemical profiles, allowing for a deeper understanding of their varying
aromatic and flavor characteristics.

Centennial
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Figure 4. Scatter plot showing the Principal Component Analysis (PCA) of hop varieties: El Dorado,
Centennial, Ariana, Cascade, and Amarillo. The X-axis represents the first principal component
(PC1), which accounts for 41.04% of the variance, while the Y-axis represents the second principal
component (PC2), which accounts for 25.93% of the variance. The arrows (vectors) indicate the
direction and magnitude of various chemical compounds associated with the varieties, suggesting
their relationships and influences on aromatic characteristics. The arrangement of points in the plot
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illustrates the similarities and differences among the hop varieties, highlighting how their
chemical compositions impact their sensory profiles. = Methyl heptanoate — MeHpEst;
Methyl nonanoate — MeNnEst; Nonan-2-ol — Nn20l;, Methyl dodeca-3,6-dienoate —
MeDo3,6DiEnEst; Methyl 4-methylenehexanoate — Me-4MetidHxEst; Methyl 6-methylheptanoate
— Me-6MeHpEst; 3,7-Dimethylocta-1,6-dien-3-ol — 3,7-DiMeO1,6DiE30l; Methyl 6-methyloctanoate
— Me-6MeOcEst; Methyl 7-methyloctanoate — Me-7MeOcEst; Tridecan-2-one — Td2K; 14-
Hydroxycaryophyllene — 14OH-Caryo; 2-Methylpropyl 2-methylpropanoate — 2MePrp-2MePrEst;
4-Hydroxyhexan-3-one — 4OH-Hx3K; 7-Methyl-3-methyleneoct-6-enal — 7Me-3MetidOc6EnAl;
2-Methylbut-3-en-2-ol — 2MeB3E20]; 4-Isopropyl-6-methyl-1-methylenetetrahydronaphthalene
— 4iPr-6Me-1MetidTHNaph; 5,5-Dimethyldihydrofuran-2(3H)-one — 5,5-DiMeDHFur2(3H)K;
Hexahydro-1,1-dimethyl-4-methylene-4H-cyclopenta[c]furan — HH-1,1-DiMe-4Metid-CPcF; 3-[4-
Methylpent-3-en-1-yl]furan — 3-(4MePe3Elyl)F; (1S,55)-2,6,6-Trimethylbicyclo[3.1.1]Thept-2-ene
— (15,55)-2,6,6-TriMeBcl311Hp2E; (R)-1-Methyl-4-(1-methylethenyl)cyclohex-1-ene — (R)-1Me-4-
MeEtenCHex1E; 1-Methyl-4-(propan-2-ylidene)cyclohexene — 1Me-4-iPridCHexE; Methyl (Z)-3,7-
dimethylocta-2,6-dienoate — Me-(Z)-3,7-DiMeO2,6DiEnEst; (—)-trans-Caryophyllene ((1R,4E,9S)-
4,11,11-TriMe-8MetidBcl720U4,9DiE) — trans-Caryo; Undecan-2-one — Ud2K; (1R,5R)-6,6-Dimethyl-
2-methylenebicyclo[3.1.1]heptane — (1R,5R)-6,6-DiMe-2MetyBcl311Hp; (E)-Farnesene epoxide
— (E)-FarEpox; (1R,4E,9S)-4,11,11-Trimethyl-8-methylenebicyclo[7.2.0]lundeca-4,9-dien-3-o0l ox-
ide — (1R,4E,95)-4,11,11TriMe-8MetidBcl720U4,9DiE30lox; (1R,3E,7E,11R)-1,5,5,8-Tetramethyl-
12-oxabicyclo[9.1.0]dodeca-3,7-diene — (1R,3E,7E,11R)-1,5,5,8-TetraMe120Bc1910Do3,7DiE; 10,10-
dimethyl-2,6,6a,10-tetrahydro-9H-cyclopropa[fg]naphthalene-9-ol oxide — 10,10-DiMe-2,6,6a,10-
THI9H-CP[fg]Naph9Olox.

The El Dorado cultivar, identified in the study by Lyu et al. [24] as exhibiting significant
antioxidant activity with a high concentration of phenolic compounds such as humulone,
was noted for its intense fruity notes, including mango and watermelon, highlighting its
distinctive position in the PCA plot.

In light of the study by Mozzon et al. [20], it becomes clear that Centennial and other
varieties cultivated in Central Italy demonstrate consistent flavor profiles and chemical
properties that further elucidate their application in brewing. The findings indicate the
significance of regional variations in chemical composition, reinforcing the necessity for
brewers to consider local hop cultivation when choosing ingredients for specific beer styles.

The first two principal components explained 67.0% of the total variance in the volatile
composition of the hop samples (PC1 = 41.04%, PC2 = 25.93%; Figures 4 and 5). PC1
mainly separated samples according to the relative contribution of fruity/floral esters
and monoterpenoid alcohols versus more resinous sesquiterpenoids. Positive loadings
on PC1 were associated with several esters and oxygenated terpenes, such as methyl
4-methylenehexanoate (Me-4MetidHxEst), methyl 6-methylheptanoate (Me-6MeHpEst),
methyl 6- and 7-methyloctanoate (Me-6MeOcEst, Me-7MeOcEst), and 3,7-dimethylocta-
1,6-dien-3-ol (3,7-DiMeO1,6DiE30l), which are typically linked to fruity and floral/citrus
notes. In contrast, negative loadings on PC1 were driven mainly by sesquiterpenes and
related hydrocarbons, including (E)-farnesene epoxide ((E)-FarEpox), (1R,5R)-6,6-dimethyl-
2-methylenebicyclo[3.1.1]heptane, y-muurolene and other woody/spicy terpenoids, reflect-
ing more resinous and herbal characters.

PC2 captured additional variability related to differences in medium- and long-chain
esters, ketones and alcohols. High positive loadings on PC2 were observed for compounds
such as methyl heptanoate (MeHpEst), methyl nonanoate (MeNnEst), nonan-2-ol (Nn20l)
and other waxy/fruity volatiles, whereas negative scores on PC2 were more closely as-
sociated with higher contributions of certain sesquiterpene derivatives and oxygenated
terpenoids, including 10,10-dimethyl-2,6,6a,10-tetrahydro-9H-cyclopropa[fg]naphthalene-
9-ol oxide and related structures.
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Figure 5. Scatter plot representing the Principal Component Analysis (PCA) of hop varieties: El
Dorado, Centennial, Ariana, Cascade, and Amarillo. The X-axis denotes the first principal component
(PC1), which accounts for 41.04% of the variance, while the Y-axis denotes the second principal
component (PC2), which accounts for 25.93% of the variance. This plot provides a clear visualization
of the distribution of hop varieties based solely on their aromatic profiles without the influence of
specific chemical vectors. The arrangement of points illustrates the relationships and distinctions
among the varieties, highlighting their unique sensory characteristics.

In the scores plot (Figure 5), Ariana is clearly positioned on the positive side of PC1,
indicating a volatile profile enriched in fruity and floral components. This is consistent
with its higher relative levels of several esters (e.g., 2-methylpropyl 2-methylpropanoate,
2-methylbutyl propanoate, methyl 4-methylenehexanoate) and oxygenated monoterpenes,
which collectively support the fruity—floral descriptors typically attributed to this variety.
Centennial, in turn, appears at positive values of PC2 and slightly negative PC1, reflect-
ing a greater influence of medium-chain esters and ketones such as methyl heptanoate,
methyl nonanoate and nonan-2-one, and a comparatively lower contribution from the more
intensely fruity monoterpenes that dominate Ariana.

Amarillo and Cascade cluster in the lower half of the plot with negative PC2 scores,
and Amarillo also exhibits slightly negative PC1 values. This region of the biplot is
associated with higher relative contributions from sesquiterpenes and terpene-derived
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compounds such as (-)-trans-caryophyllene (trans-Caryo), humulene-type structures and
several bicyclic/azulene-like sesquiterpenoids, which are linked to herbal, spicy and woody
notes. These patterns are in line with the more resinous and citrus—resin character often
reported for Amarillo and Cascade. El Dorado is positioned on the negative side of PC1 and
close to the origin of PC2, indicating a profile intermediate between the richly fruity Ariana
and the more sesquiterpene-dominated Amarillo/Cascade cluster, but still influenced by
farnesene-type and other sesquiterpenoid compounds.

Conclusively, this analysis illustrates that PCA serves as an effective tool in visualizing
and understanding the dynamics among hop varieties. The identification of distinct clusters
and the importance of specific chemical compounds can inform future brews, encouraging
innovations in hop utilization and beer production. Future studies incorporating a broader
array of hop varieties and additional chemical analyses, as suggested by the findings of
both Lyu et al. [24] and Mozzon et al. [20], can further elucidate the intricate flavor and
aroma profiles that define the rich diversity of hops in brewing.

4. Conclusions

In conclusion, this study highlights the significant chemical diversity among various
hop strains and their potential implications for the brewing industry. Through the ap-
plication of PLS-DA and PCA, the analyses reveal distinct aromatic profiles and critical
compounds that differentiate each hop variety. Notably, the presence of specific terpenes,
such as geraniol and 'y-muurolene, demonstrates promising pharmacological attributes,
linking the natural properties of hops to potential therapeutic applications. The findings
underscore the importance of regional varieties and cultivation methods, reinforcing the
idea that terroir plays a crucial role in the aromatic characteristics of hops. By providing
insights into the chemical compositions and their influence on flavor, this research paves the
way for innovative brewing practices and the development of unique beer styles. Future
investigations into a wider range of hop varieties and their interactions will further enhance
our understanding of this essential ingredient in brewing, driving advancements in both
flavor profile development and health-related applications.
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/ /www.mdpi.com/article/10.3390 /compounds6010004/s1, Table S1: Volatile compounds identified
in Amarillo, Ariana, Cascade, Centennial, and El Dorado hop varieties by HS SPME/GC MS. Values
are expressed as mean relative peak area (% of total ion current, Area %) + standard deviation (SD,
n = X). Odor and flavor descriptors are based on [source/database]. *~" indicates that the compound
was not detected or was present below the reporting threshold.
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