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Abstract: Aqueous extracts from four different American hops varieties (Mosaic, Chinook, Citra, and
Centennial) were produced using the Synergy Pure technique, an innovative extraction distillation
process developed by Synergy Flavours, a global specialist in the manufacturing of flavors, extracts
and essences. This process is able to preserve and maximize the aromatic characteristics without
increasing the bitterness of the final product. Therefore, the aim of this work is to identify the volatile
and sensory characteristics of these extracts, with the additional aim to assess their suitability for
brewing. GC-MS and sensory analyses were carried out on the four different aqueous extracts. The
results highlighted the presence of 33 volatile compounds in a quantity that allowed us to identify
the characteristics of the varieties under investigation in each extract. Sensory analysis was carried
out using the expert sensory profiling technique. The results regarding the olfactory analysis of
the extracts allowed us to define the aroma profiles of the four extracts, highlighting their strong
correspondence with the characteristic of the varieties under investigation. Finally, the results showed
that the aqueous extracts produced using the Synergy Pure extraction technique had a richer aroma
profile, highlighting its higher aptitude in beer production.

Keywords: Humulus lupulus L.; aqueous extracts; aroma profile; volatile profile; American variety of
hops; Citra; Mosaic; Centennial; Chinook

1. Introduction

Hop (Humulus lupulus L.) is a perennial climbing plant that grows in areas with a
moderate climate [1]; it belongs to the Cannabaceae family of the order Urticales [2,3] and
is widely used in the brewing industry for the properties of its inflorescences, particularly
lupulin [4].

The sensory characteristics, flavor and aroma of hops are mainly attributable to several
components contained in the inflorescences. These compounds belong mainly to three
categories: resins (hard and soft), which are present in a percentage between 3% and 5%;
polyphenols, approximately 4%; and essential oils, between 0.5% and 3% [1].

The soft resins contain α- and β-acids that, during the boiling process, alter their chem-
ical structures, forming iso-α-acids in cis and trans forms, respectively. These products are
important contributors to the bitter flavor and the preservation of beer [5]. For this reason,
hop resins mainly provide to beer its typical bitter taste, while essential oils contribute to
the complexity of the aroma [6].

The compounds in the essential oils of hops belong to several chemical classes and
might be present in different percentages, according to the hop variety. Moreover, the total
essential oil content and composition is influenced by several factors, such as the age of
the plant, soil and climate factors, environmental quality, harvesting ripeness, drying level,
and oxidation and storage conditions [7].
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Various studies have suggested that more than 1000 compounds may be present in
hops’ essential oils [8,9]; these compounds can be attributed to three classes (hydrocarbons,
oxygenated compounds, and sulfur-containing compounds) [10,11]. Therefore, there is
varietal uniformity in the chemical composition of the essential oils, but their proportions
depend on the hop variety [10,11].

With respect to the monoterpenic alcohols, a literature review highlighted that linalool
has an essential role in beer aroma formation. In particular, the latter compound provides
a floral aroma with sensory notes of lavender, with a perception threshold of 1–3 µg/L
in water, which is very low compared with other hop compounds [12]. Furthermore,
β-citronellol significantly contributes to the creation of the beer flavor; β-citronellol pro-
vides an aroma associated with citrus and lime in beer, with a perception threshold of
8–9 µg/L. Another important compound that influences the beer flavor is geraniol; this is
characterized by a perception threshold of 4–7 µg/L and a floral character [12]. Interest-
ingly, the coexistence of these three monoterpenic alcohols enables a citrusy aroma profile
that is reminiscent of lime [12].

With respect to the thiol group, researchers have focused their studies on substances
belonging to this class of compounds, like 3-methyl-2-butene-1-thiol, that are considered
unpleasant to taste. However, since the beginning of the 2000s, research has turned its
attention to studying thiols associated with fruity aromas and their precursors, present in
both malt and hops [13,14].

Esters are another group of compounds responsible for hops’ varietal differentiation.
Among these, the isobutyric esters of branched-chain alcohols, such as isobutyl, isobutyrate,
isoamyl isobutyrate, and 2-methyl-butyl-isobutyrate, are the most widely investigated in
the literature [15]. Sensory analysis studies have correlated isobutyric esters with a fruity
aroma associated with green, apple, and apricot scents; among the aforementioned isobu-
tyric esters, 2-methylbutylisobutyrate stands out in terms of quantity, with a perception
threshold of 78 µg/L in beer [7].

The literature review reported only a few studies aiming to assess the volatile compo-
sition of hop extracts, often examining only a limited number of compounds. Moreover, no
paper in the literature has evaluated the volatile composition of aqueous hop extracts.

With respect to the techniques used to produce hop extracts, the literature review
highlighted that steam distillation and supercritical fluid extraction with CO2 are con-
sidered the standard methods by both the American Society of Brewing Chemists and
the European Brewery Convention [10,16]. However, this traditional technique presents
several disadvantages, like the need for large sample amounts, the high time consumption,
the impossibility to be automatized, and the lower quality in terms of aroma due to the
degradation of non-volatile compounds and the formation of defects [10,16]. The latter
disadvantage, in particular, has driven researchers and brewmasters to search for new,
innovative methods.

Among these innovative methods, the one developed by Synergy Flavours (Trieste,
Italy) seems to be one of the most interesting. The products created using this approach
are trade-marked with the branding Synergy Pure™. This technique is based on an in-
novative patented distillation process that is able to preserve and maximize the aromatic
characteristics of the hop extract without increasing the bitterness of the final product.
This is mainly due to two reasons: the absence of resins in the aqueous extracts and the
limited degradation of the volatile compounds, which are preserved in the final products.
Consequently, the aqueous extract should be highly concentrated in aroma and not bitter
at all. Moreover, the Synergy Pure™ extraction system only uses water as the solvent,
highlighting a significant reduction in environmental impacts; this can provide an addi-
tional advantage on the market, given the increasing interest of consumers in eco-friendly
food products.

In this study, we used four American hop varieties. The United States is now the world
largest producer of hops, with more than half of the world’s production each year [17].
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The American hop varieties are characterized by greater pest resistance [3] and aromatic
intensity compared to European varieties [18].

Regarding the varieties analyzed in this research, the Citra hop was created in the
United States in 1990 through a series of crosses between unregistered hop varieties and
an American wild hop [17]. Its complex varietal profile is characterized by citrusy aromas,
including grapefruit, lime, and orange, as well as woody and herbaceous notes [19]. These
sensory characteristics have made this one of the most popular hop varieties in the United
States in recent years [17].

The Centennial variety takes its name from the celebration of Washington State’s 100th
anniversary in 1989. Together with the Cascade and Columbus varieties, it forms the “3C
group” (i.e., the hops that best represent the essence of American varieties in terms of
aroma). They have also contributed to the “craft beer revolution” movement in the USA. In
addition to their woody aromas, this variety includes the spicy aromas of spruce, tonka
bean, estragon, and aniseed, combined with fruity secondary notes of raspberry and exotic
aromas such as lychee and pineapple [17].

The Chinook hop took its name from a Native American tribe in the region around
Washington. This variety is one of the most popular in the American craft beer scene. It is
currently a popular variety on the market for its flavor profile and resilient adaptability
to the Mid-Atlantic environment. Beers brewed with this hop have a well-balanced flavor
characterized by floral rose and fruity aromas, particularly tropical and green ones, as well
as resinous and balsamic notes [17].

Mosaic is a newly developed American hop variety that has been on the market since
2012. This name is related to its “artistic” complexity in terms of aromas and flavors. It is
also known for its predominantly citrusy and tropical aromas, including pineapple, mango,
and passion fruit [17].

Sensory analysis can support analytical studies, like GC-MS, in understanding the
composition of a hop varietal’s aroma and the chemical–sensory interactions of its com-
ponents [6,10,11,19–21]. In the present work, the expert sensory profiling technique has
been coupled with GC-MS to obtain a complete and extensive assessment of the aqueous
extracts’ compositions.

Therefore, the first aim of this work is to characterize, for the first time, the total
volatile fractions and the sensory profiles of aqueous extracts produced with the Synergy
Pure™ extraction system. The second aim of this work is to compare these extracts with
traditional extracts present in the literature to define those that are more suitable to be used
in beer production.

2. Materials and Methods
2.1. Raw Materials and Preparation

The cultivars analyzed were Mosaic, Chinook, Citra, and Centennial. All cultivars
were purchased from the Yakima Chief Hops Company (Yakima, WA, USA) and stored at
6 ◦C until processing. The extraction process involved the use of hop inflorescences, without
any pre-treatment, such as drying or crushing. The purchase of the hops and the extraction
process were carried out by Synergy Flavours (Trieste, Italy).

2.2. Chemical Standards and Reagents

Toluene (ACS grade, ≥99.5%), which was not water-soluble, diethyl ether (ACS
grade ≥ 99.0%), and the analytical standards (ethyl-nonanoate) used for GC-MS analysis
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Aqueous Extract Production

The aqueous extracts were produced by Synergy Flavours (Trieste, Italy) using the
patented Synergy Pure™ distillation process. This technique involves vacuum extraction
from hop pellets without the use of solvents.
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In the extraction process, 30.0 g of hop pellets was weighed in a 2 L round-bottomed
flask. Then, 970 mL of water was added and the mixture was stirred for 15 min to obtain a
homogeneous slurry. The slurry was distilled on a rotary evaporator, with a bath temper-
ature of 95 ◦C and at 475 mbar internal pressure. The slurry was distilled until a residue
of 50.0 g was obtained at the bottom of the flask. This final slurry was used to prepare
samples for the following analyses.

2.4. Sample Preparation

For the GC-MS analysis, 1 g of hop extract was placed inside an 8 mL vial, adding 4 g
of water, 25 µL of 0.5% w/v internal standard solution, and 1.60 mL of diethyl ether. Ethyl
nonanoate was used as an internal standard at a concentration of 1 mg/mL. The sample
was mixed via vortex shaking for 1 min and then centrifuged at 4500 rpm for 3 min. Then,
1 mL of supernatant was transferred to a 1.5 mL gas chromatography vial.

For the sensory analysis, 1.5 g of extract was used in 100 g of demineralized water at a
room temperature of about 25 ◦C. Samples were randomized using a three-digit code and
presented in capped tasting glasses with clear, odorless plastic caps.

For each variety, aqueous extracts were produced in three replicates using 3 different
batches, for a total of 12 samples.

2.5. GC-MS Analyses

GC-MS analyses were conducted using an Agilent GC 6850 gas chromatograph cou-
pled with an Agilent MS 5975 mass spectrometer (Agilent, Cernusco Sul Naviglio Milan,
Italy). An Agilent J&W DB-FFAP nitroterephthalic-acid-modified polyethylene glycol (PEG)
column (length, 30 m; inner diameter, 0.25 mm; stationary-phase thickness, 0.25 µm) was
used (Santa Clara, CA, USA).

Direct-type injection was carried out using an autosampler with an injector tempera-
ture of 250 ◦C; a split ratio of 5:1 was used for the injection mode.

The carrier gas sed was helium, with constant pressure of 12 psi and with a temperature
schedule that included an initial temperature of 60 ◦C for 5 min, a ramp of 4 ◦C/min up to
240 ◦C, and 10 min at 240 ◦C; the total run time of the GC analysis was 60 min. The transfer
line temperature was 250 ◦C.

Data acquisition was performed in scan mode (m/z 30–300) with a scan event time of
0.30 s. The data processing software employed was Agilent ChemStation version B.04.03.

Qualitative analysis was performed by comparing the mass spectra of individual
peaks with the available databases (NIST, Wiley, Agilent Flavours Database, and an internal
database), by comparing both the linear retention indexes (LRI) and data from the literature.
The LRIs were calculated according to Cincotta et al. [22].

Quantitative determination was performed with the internal standard technique using
ethyl-nonanoate and individual substance response factors. Aliquots of ethyl-nonanoate
aqueous solution (1 mg/mL) were added to all samples.

The analysis of the twelve samples obtained from the extraction process described in
Section 2.3 was carried out in three replicates (a total of 36 samples were analyzed using
GC-MS, with 12 samples analyzed in triplicate).

2.6. Sensory Analysis

The sensory analysis was carried out on the aqueous extracts using the expert sensory
profiling technique, according to the guidelines defined in the ISO standard for panel
definition [23] and defining training methods for judges [23,24]. This descriptive technique
involves a qualitative phase aimed at generating descriptors considered part of the lexicon
and a quantitative phase aiming to evaluate the intensity of the chosen descriptors [25–27].

The sensory panel consisted of 10 trained people (5 females and 5 males) with ages
between 30 and 55 years. The judges had worked for at least two years in the tasting and
evaluation of plant extracts (including hop extracts). The participants were asked to refrain
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from smoking, eating, or drinking (excluding water) in the three hours before the test
sessions.

The panelists gave their written consent after receiving full information about the
sensory test. The subjects experienced no risk as a result of the sensory test.

The panel defined 8 olfactory descriptors: “citrus”, which indicated citrus notes such
as lime, grapefruit, orange, tangerine, and others; “sweet fruit”, which included both stone
fruit and all fruit with particularly sweet and ripe notes, such as peach, grape, and red
apple; “tropical fruit”, such as mango, pineapple, papaya, guava, and others; “green fruit”,
such as kiwifruit, green apple, and others; “floral”, such as rose, violet, orange blossom,
and others; “herbaceous”, such as cut grass and similar aromas; “spicy/woody”, such as
pepper, cinnamon, oak, and others; and “resinous/pine”, such as conifer resin and balsamic
notes. The intensities of the olfactory descriptors were defined for each sample using a
scale from 1 to 10, in which “1” indicated not present at all and “10” indicated extremely
present. During each evaluation session, the judges analyzed two hop extracts, restoring
the palate with water between each tasting. All extracts were evaluated in three replicates,
for a total of 36 sensory assessments.

2.7. Statistical Analysis

The XLStat software, version 2014.5.03 (Addinsoft Incorporated, New York, NY, USA),
was used to statistically evaluate the GC-MS and sensory data.

The one-way ANOVA test and principal component analysis (PCA) were performed
to check for significance between the mean values of the cultivars analyzed. A significance
level of p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. GC-MS Analyses

Table 1 summarizes the results of the four monovarietal aqueous extracts. The results of
the GC-MS analysis identified 33 different volatile compounds. In particular, Table 1 shows
the identified compounds, the retention times, the linear retention index, the amounts
expressed in parts per million (ppm), and the odor descriptors.

The compounds identified belonged to the terpene, sesquiterpene, ester, ketone, acid,
alcohol, and sulfur compound classes.

The main compounds identified were myrcene (fresh and balsamic), α-humulene
(earthy, woody, and spicy), and β-caryophyllene (woody and spicy), with the following
percentages: 50.18%, 20.20%, and 10.91% for the Citra extract; 52.90%, 17.95%, and 8.83%
for the Centennial extract; 24.72%, 37.66%, and 16.36% for the Chinook extract; and 43.22%,
22.64%, and 7.88% for the Mosaic extract, respectively. Only the Chinook variety had
α-humulene as its main compound, while the other varieties had myrcene as their main
compound, albeit with different percentages. From an organoleptic point of view, myrcene
is associated with fresh, balsamic notes; α-humulene with spicy and woody notes; and,
finally, β-caryophyllene with spicy and woody notes [11,28]. Despite their high concen-
trations in hops, they are often only transferred into beer in small amounts due to their
non-polar character. Thus, they are considered to contribute only to a minor degree to the
aroma and flavor in the final beer. However, they play an important role as the precursors
of compounds that contribute to the aroma and flavor of “noble hops” or “kettle hops”
in beer [29].

Monoterpene alcohols are generally biosynthetic products related to the biosynthesis
of myrcene. Linalool and geraniol were identified in all samples; these compounds have
been found to contribute to different fruity and floral dimensions of the hop aroma [11].
Linalool showed high amounts in the Citra variety samples (47.87 ppm), about two times
higher than in the Mosaic samples (23.63 ppm) and three times higher than in the Chinook
samples (17.67 ppm). Geraniol was lowest in the Citra variety (9.85 ppm) and highest
in the Centennial variety (52.23 ppm). Linalool, well known as a major indicator of the
hopped beer flavor, has a floral, lavender-type flavor, and its perceptive threshold is very
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low (1–3 µg/L). Geraniol has a rose petal flavor and a slightly higher threshold (4–7 µg/L);
however, it seems to be able to contribute to the beer flavor. These monoterpenes have
been identified in several varieties of both European and American hops by other authors,
supporting the obtained results [10–12,30]. However, in the samples analyzed, the linalool
content was 2–3% of the total, which was higher than the approximately 1% observed with
the other extraction techniques. Furthermore, it has been found that the concentration
decreases rapidly during the brewing process [31,32].

Linalool and geraniol have been found to interact with compounds from other chemi-
cal classes, such as fermentation by-products, to increase the floral aroma characteristics of
the final beer [9,33]. Thus, a higher concentration of them in the hop extract could improve
the interaction with other compounds by amplifying the floral notes.

In addition to the differences discussed for the three basic compounds (myrcene,
α-humulene, and β-caryophyllene), the number of terpenic compounds identified in the
samples differed mainly in the following aspects: α-pinene and linalool were higher in the
Citra variety and geraniol in the Centennial variety; β-pinene was higher in the Centennial
and Citra samples; and ylangene, α-cubebene, γ-muurolene, and valencene were higher in
the Chinook samples. Given this evaluation, it was possible to affirm that Mosaic was the
least represented from a varietal point of view, while the Chinook variety had high terpene
and sesquiterpene values, although with relatively low overall amounts of volatiles.

Hops mainly contain modest amounts of esters with branched-chain structures [10].
In the samples analyzed, the main esters identified were isoamyl isobutyrate (fruity, apple-
like), methyl 4-decenoate (waxy, milky, green), and geranyl isobutyrate (sweet floral, fruity,
green). The amounts of these compounds differed between the varieties analyzed. Isoamyl
isobutyrate showed higher amounts in the Citra variety (47.75 ppm), about twice as high as
in the Chinook (26.61 ppm) and Centennial (25.32 ppm) varieties. Methyl 4-decenoate also
showed an amount of 48.68 ppm in the Citra samples, which was almost ten times higher
than in the Chinook samples (5.43 ppm). Only geranyl isobutyrate was more present in the
Centennial variety samples. Esters, and particularly methyl esters, contribute to the aroma
and flavor of hops in beer due to their low threshold concentrations [34,35]. Isobutyric
esters consist of isobutyric acid and branched-chain alcohols; these structures are derived
from branched-chain fatty acids (isobutyric acid, isovaleric acid, and 2-methylbutyric
acid) and branched-chain amino acids (valine, leucine, and isoleucine). In brewing, these
structures can be traced to the side chains of hop bitter acids (α-acids, iso-α-acids, and
β-acids) [11,36]. A significant amount of esters, present in the volatile fraction of hops,
is hydrolyzed by yeast or trans-esterified during brewing; however, the conjugated acid
esters resist hydrolysis and are transferred to the final beer in their original form [37,38].

Three ketones were also identified in the samples: 2-nonanone, 2-undecanone, and
2-tridecanone. The amounts of these compounds were usually in the range of units.
Exceptions were the amounts of 2-undecanone in the Citra (44.74 ppm) and Mosaic
(34.02 ppm) samples and 2-tridecanone also in the Mosaic variety (13.88 ppm). Dietz
et al. (2020) and Eyres et al. (2016) [11,34] reported the presence of an isomeric series
of methyl ketones in essential hop oil, the main compound of which was 2-undecanone,
consistent with our results. It has been found that the sensory profiles of ketones depend
strongly on their molecular weights. In fact, the higher the molecular weight, the more the
fruity aroma is transformed into a floral aroma [9].

The oxygenated sesquiterpenoids identified in the aqueous extracts analyzed were
β-caryophyllene oxide and humulene epoxide, which are considered positive in beer
aroma development (described with woody and spicy odor notes) [39]. These compounds
showed lower amounts in the Chinook samples: 1.64 ppm for β-caryophyllene oxide and
5.50 ppm for humulene epoxide. The highest amounts were found in the Citra samples,
with 14.37 ppm and 16.45 ppm, respectively.
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Table 1. Average values of compounds identified and quantified (ppm) via GC-MS in extracts of
Chinook, Centennial, Mosaic, and Citra hops.

Compound RT (min) 1 LRI 2 Citra Centennial Chinook Mosaic Odor Descriptors 3

Dimethyl sulfide 1.28 765 - 4 a 5 0.02 ± 0.00 b 0.04 ± 0.00 b -a cabbage, sulfur,
gasoline

α-Pinene 2.20 1022 4.66 ± 0.07 b 1.52 ± 0.03 a 1.73 ± 0.03 a 1.73 ± 0.02 a pine, turpentine

Dimethyl disulfide 2.79 1074 0.93 ± 0.03 b 0.27 ± 0.00 a 0.90 ± 0.02 b 1.32 ± 0.04 c onion, cabbage,
putrid

Isobutyl alcohol 2.85 1089 0.30 ± 0.01 0.24 ± 0.00 0.50 ± 0.01 0.43 ± 0.02 wine, solvent,
bitter

Isobutyl isobutyrate 2.91 1091 4.37 ± 0.05 b 1.92 ± 0.04 a 1.30 ± 0.02 a 4.01 ± 0.05 b tropical fruit,
pineapple

β-Pinene 3.12 1112 6.92 ± 0.06 b 9.71 ± 0.06 c 3.64 ± 0.03 a 2.04 ± 0.02 a pine, resin,
turpentine

Isoamyl acetate 3.40 1123 0.31 ± 0.01 a 0.15 ± 0.01 a 0.52 ± 0.01 b 0.23 ± 0.00 a sweet fruit, banana

Myrcene 4.10 1163 945.71 ± 0.09 d 530.73 ± 0.10 c 274.42 ± 0.08 a 327.67 ± 0.05 b fresh, balsamic

Isoamyl isobutyrate 4.84 1178 47.75 ± 0.08 c 25.32 ± 0.05 a 26.61 ± 0.03 a 31.78 ± 0.07 b fruity, apple-like

p-Cymene 6.97 1270 1.07 ± 0.04 b 0.37 ± 0.01 a 0.21 ± 0.00 a 0.56 ± 0.01 a solvent, gasoline,
citrus

Isoamyl
2-methylbutyrate 7.34 1281 1.90 ± 0.03 1.84 ± 0.03 1.49 ± 0.01 1.23 ± 0.01 fruity, pineapple,

strawberry

Methyl heptanoate 7.62 1289 1.72 ± 0.04 b 0.83 ± 0.03 a 0.36 ± 0.00 a 1.46 ± 0.04 b sweet, slightly
spicy, fruity

Isoamyl isovalerate 7.87 1291 2.09 ± 0.03 a 3.26 ± 0.02 b 5.11 ± 0.04 c 1.88 ± 0.06 a sweet, fruity, green,
soapy

1-Hexanol 9.78 1350 1.25 ± 0.05 b 0.30 ± 0.01 a 0.23 ± 0.01 a 2.05 ± 0.06 c resin, flower, green

2-Nonanone 10.94 1385 2.22 ± 0.06 b 0.10 ± 0.00 a 0.23 ± 0.00 a 4.78 ± 0.09 c hot milk, soap,
green

Methyl octanoate 11.02 1388 4.64 ± 0.07 c 0.79 ± 0.01 a 0.43 ± 0.01 a 1.35 ± 0.03 b green, floral, strong

Yalangene 13.66 1455 2.64 ± 0.04 b 0.87 ± 0.02 a 6.53 ± 0.07 c 1.01 ± 0.03 a spicy, peppery

α-Cubebene 13.94 1462 9.43 ± 0.07 b 3.38 ± 0.02 a 24.93 ± 0.09 c 3.82 ± 0.02 a herbaceous, wax

Methyl nonanoate 14.40 1496 5.70 ± 0.03 c 0.67 ± 0.00 a 0.83 ± 0.00 a 3.22 ± 0.01 b fruity, tropical,
coconut

Linalool 16.30 1544 47.84 ± 0.09 c 31.12 ± 0.07 b 17.67 ± 0.03 a 23.63 ± 0.05 a flower, lavender,
fresh notes

β-Caryophyllene 17.21 1588 205.68 ± 0.07 d 88.62 ± 0.05 b 181.58 ± 0.09 c 59.76 ± 0.04 a wood, spice

2-Undecanone 17.72 1596 40.74 ± 0.07 b 2.65 ± 0.01 a 5.16 ± 0.02 a 34.02 ± 0.04 b orange, fresh,
green

Methyl 4-decenoate 18.63 1615 48.68 ± 0.06 d 23.29 ± 0.05 c 5.43 ± 0.02 a 18.35 ± 0.02 b waxy, milky, green

α-Humulene 19.42 1667 380.78 ± 0.10 b 180.01 ± 0.03 a 418.03 ± 0.08 c 171.63 ± 0.09 a woody, spicy

γ-Muurolene 20.12 1689 16.28 ± 0.04 b 9.59 ± 0.03 a 53.77 ± 0.13 c 6.74 ± 0.04 a herb, wood, spice

Valencene 20.91 1726 39.05 ± 0.03 b 5.41 ± 0.02 a 48.37 ± 0.33 b 2.34 ± 0.01 a green, oil, citrusy

2-Tridecanone 23.93 1785 8.37 ± 0.03 b 3.13 ± 0.01 a 2.21 ± 0.02 a 13.88 ± 0.04 c fat, herbaceous,
earthy

Geranyl isobutyrate 24.07 1792 6.60 ± 0.04 b 10.66 ± 0.07 c 2.63 ± 0.00 a 6.17 ± 0.02 b sweet floral, fruity,
green

Geraniol 25.12 1833 9.85 ± 0.02 a 52.23 ± 0.06 b 15.09 ± 0.04 a 13.10 ± 0.04 a rose, geranium

β-Caryophyllene
oxide 28.10 1981 14.37 ± 0.06 c 4.97 ± 0.08 b 1.64 ± 0.01 a 6.25 ± 0.05 b herb, sweet, spice

Humulene epoxide 29.60 2044 16.45 ± 0.03 c 8.43 ± 0.02 b 5.50 ± 0.01 a 8.83 ± 0.05 b spicy or woody

Octanoic acid 30.61 2061 1.61 ± 0.01 b 0.12 ± 0.00 a 0.10 ± 0.00 a 1.44 ± 0.02 b sweat, cheese

Decanoic acid 35.68 2271 4.74 ± 0.02 c 0.67 ± 0.00 a 2.70 ± 0.02 b 1.26 ± 0.01 a rancid, fat

All 1884.62 c 1003.20 b 1109.91 b 757.98 a
1 Retention time. 2 Linear retention index. 3 Odor descriptors are based on the Flavornet Database (https:
//www.flavornet.org/index.html). 4 Not detected. 5 Different letters in the same row indicate significant
differences at p < 0.05 among the samples.

https://www.flavornet.org/index.html
https://www.flavornet.org/index.html


Foods 2024, 13, 2454 8 of 14

These compounds result from the autoxidation, subsequent hydrolysis, and rear-
rangement of sesquiterpene hydrocarbons, which usually occur during hop storage [11,34].
Goiris et al. (2002) and Praet et al. (2014) have attributed the spicy and herbaceous notes of
the hop aroma to these compounds in the essential oil of raw hops [40,41].

The sulfur compounds identified (dimethyl sulfide and dimethyl disulfide) were
present in small amounts in the samples analyzed. The highest amounts were found in
the Mosaic variety (1.32 ppm). Dietz et al. (2020) reported that these compounds are
present in small amounts in hops and beer, often at trace levels [11]. Dimethyl sulfide and
dimethyl disulfide have a low odor threshold: 7.5 and 15 µg/L, respectively [11,42]. These
compounds may be the product of S-methylcysteine sulfoxide degradation during the
extraction process [34]. The organic sulfur volatile compounds have been identified with
difficulty in the volatile fractions of hops and beer [42]. However, these compounds con-
tribute to the aroma of hops in beer, to changing the perception of other aroma compounds,
and to imparting “unpleasant” flavors to beer [42].

Linear medium-chain acids, such as octanoic acid and decanoic acid, were identified
and quantified in all samples analyzed. The amounts of these compounds ranged from
0.10 ppm of octanoic acid in the Chinook samples to 4.74 ppm of decanoic acid in the Citra
samples. Acids are usually associated with the degradation of α- and β-acids as hops age.
However, these compounds have high odor thresholds: 4.5 and 1.5 mg/L, respectively [43].
Their presence is greatly influenced by the method of sample preparation and the extraction
or distillation used to isolate the oil [34].

Examining the quantitative data of the tested aqueous extracts, it is possible to high-
light that the Citra variety showed higher volatile compound content, while the Mosaic
variety showed lower amounts. This difference was due to the lower amount in the latter
variety of the three main compounds (myrcene, α-humulene, and β-caryophyllene), with
values approximately 30% lower. Although they had similar total values, the Centen-
nial and Chinook varieties were different in the general predominance of mycene and
α-humulene, respectively.

In detail, the aqueous extract of Citra hops mainly consists of terpenes, as does the
essential oil of hops of this variety [13,44]; among these, the main ones in terms of quantity
are myrcene, α-humulene, and β-caryophyllene, which are known to play an essential role
in the hop aroma [45]. Considerable concentrations of esters such as methyl 4-decenoate
(related to waxy, leathery, fruity, pear, milky, and green flavors) and isoamyl isobutyrate
(fruity and apple-like flavors) are also present in this variety. Linalool accounts for a modest
fraction of the total; despite this, it plays a key role in the aroma of Citra hops [46,47]. There
were also considerable amounts of 2-undecanone (fruity, creamy, fat, iris, and floral flavors)
and valencene (woody, citric, and citrusy flavors) in this variety.

The Centennial variety samples were characterized by high concentrations of myrcene,
α-humulene, β-caryophyllene, geraniol (rose petal fragrance), and linalool (floral, woody,
and fresh notes) [47,48], while the amounts of the esters, especially isoamyl isobutyrate and
methyl 4-decenoate, were modest.

In addition to the three main volatile compounds found in all varieties, extracts from
the Chinook hop variety were characterized by considerable amounts of terpenes and
sesquiterpenes, such as valencene, associated with citrus notes; γ-murolene, linked to spicy
and resinous notes; and α-cubebene, which imparts herbaceous notes [21,47].

The Mosaic variety had a lower number of volatile compounds, but the extracts were
also characterized by ketones such as 2-undecanone, associated with herbaceous, fruity,
creamy, and floral sensory hints, and 2-tridecanone, linked to fat, earthy, and herbaceous
notes. There were also considerable quantities of isoamyl isobutyrate, related to fruity hints,
sometimes reminiscent of apples. Both compounds are typical of the aroma and chemical
components of this variety [44,49].

The volatile composition data were subjected to statistical principal component analy-
sis. Figure 1 shows that component 1 was indexed as 92.09% and PC2 as 7.55%. However,
it was in component 2 that the varieties were distinguished, influenced mainly by the three
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main volatile compounds: myrcene, α-humulene, and β-caryophyllene. As illustrated in
Figure 1, the Chinook variety samples were in the positive quadrant for PC1 and PC2,
characterized by the incidence of α-humulene and β-caryophyllene, while the remain-
ing varieties in the positive quadrant for PC1 and the negative quadrant for PC2 were
characterized by the incidence of myrcene.
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3.2. Sensory Analysis

The sensory analysis conducted by the panel allowed us to collect data regarding the
intensity of the predefined attributes of the aqueous extracts obtained from the Chinook,
Centennial, Mosaic, and Citra hop varieties.

The sensory data were used to create an olfactory profile of the aqueous extracts, as
shown in the spider plot of Figure 2. Overall, small variations were found in the individual
judges’ perception values, confirming the importance of intensive evaluator training to
limit the variability and increase the robustness of the results.
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According to the sensory data (Figure 2), all aqueous extracts analyzed were character-
ized by notable spicy/woody notes typical of hops [36].

The aroma notes revealed agreed with the qualitative analysis, particularly with the
abundance of compounds that confer this note, including α-humulene, β-caryophyllene,
valencene, γ-muurolene, humulene epoxide, and β-caryophyllene oxide [19].

Comparing the sensory data of the monovarietal aqueous extracts, it is possible to
observe that the Citra extract was characterized by higher intensities for descriptors such
as green fruit, herbaceous, and spicy/woody and lower intensities for floral descriptors.
In particular, the herbaceous note is attributable to compounds such as myrcene, linalool,
2-undecanone, methyl 4-decenoate, and isoamyl isobutyrate [18,44]. Conversely, the Cen-
tennial extract was characterized by citrus and sweet fruit notes and the least by floral notes.
These notes are related to volatile compounds like geraniol, linalool, and geranyl isobu-
tyrate [50]. The Chinook extract scored the highest values for tropical fruit and resinous
notes; moreover, it had the lowest values for citrus notes. The spicy/woody notes can be
attributed to the presence of various terpenes and sesquiterpenes found in these samples, as
well as the notable presence of α-humulene [18]. Finally, the Mosaic extract had the highest
citrus and floral notes and the lowest values with respect to tropical, green, and sweet
fruity descriptors; it was mainly characterized by floral and citrus notes due to ketones and
compounds such as isoamyl isobutyrate [43].

These sensory evaluations agreed with the sensory profiles released by the world’s
leading hop producer, the Barth Haas Group “https://www.barthhaasx.com/hops-and-
products/hop-varieties-overview (accessed on 1 March 2024)”.

The sensory data were further evaluated using PCA. The first two components af-
fected the distribution of the samples by 42.12% in PC1 and 25.39% in PC2 (Figure 3).
Figure 3 shows, in graphical form, the main olfactory descriptors that characterized the
four monovarietal aqueous extracts. The Chinook variety was mainly associated with
a resin/pine descriptor, corresponding to its main aroma; the Mosaic variety was asso-
ciated with spicy/woody and citrus descriptors; the Citra variety was associated with
herbaceous and floral descriptors, which represent the main olfactory traits associated with
this variety; finally, the Centennial variety was associated with green, sweet, and tropical
fruit descriptors.
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More precisely, the Citra variety extracts were characterized by higher herbaceous
notes, attributable to compounds such as myrcene, linalool, 2-undecanone, methyl 4-
decenoate, and isoamyl isobutyrate [18,44]. On the other hand, the Centennial variety
samples had high floral notes related to volatile compounds like geraniol, linalool, and
geranyl isobutyrate [50]. In addition to the spicy/woody notes, Chinook variety extracts
were characterized by higher resin/pine notes, which can be attributed to the presence of
various terpenes and sesquiterpenes found in these samples, as well as the notable presence
of α-humulene [18]. In contrast, the Mosaic variety was mainly characterized by floral and
citrus notes due to ketones and compounds such as isoamyl isobutyrate [43].

3.3. Comparison of the Volatile Characteristics of Synergy Pure Extracts by Distillation Extraction

The comparison of the data was not easy, because the volatile fraction is very variable
according to the hop variety, and there are very few literature papers that examine their
complete volatile compositions.

Several studies have reported that the extraction technique can influence the quality
and quantity of the volatile fraction [51,52].

However, comparing the data with Duarte et al. (2020), it was observed that the
average percentage of myrcene content (42.76%) was significantly higher than reported for
distillation (28.68%). The average β-caryophyllene content in the aqueous extracts (11.10%)
was in agreement with the literature data (14.45%), while only the α-humulene content
(24.61%) was much lower in our extracts compared to extracts with distillation (42.20%).
The main monoterpene alcohols showed higher average data in the aqueous extracts. In
particular, the values for linalool (2.59%) and geraniol (2.20%) were almost twice as high
as those obtained by distillation, 1.57% and 1.24%, respectively. Comparing the content of
minor sesquiterpene compounds, α-cubebene (0.90%) and γ-muurolene (1.89%) showed
higher content compared to distillation extraction, at 0.08% and 1.51%, respectively [45].

Moreover, it was encouraging to observe that the amounts obtained through the
Synergy Pure™ extraction technique were in agreement with new extraction techniques,
currently under testing, such as ultrasound-assisted solvent extraction, which employs
both hexane or dichloromethane [45].

The myrcene percentages obtained by ultrasonic techniques with hexane were 45.30%
for Mosaic and 44.30% for Citra varieties, being respectively, lower than or in agreement
with those found in the aqueous extracts (50.18% for Mosaic, 43.23% for Citra varieties).

The β-caryophyllene content obtained with the ultrasound technique, using hexane,
was higher than in our samples. In fact, the content was 13.70% in the ultrasonic technique
and 7.88% in the aqueous extracts for the Mosaic variety, while, for Citra, it was, respectively,
15.80% versus 10.91%.

Meanwhile, the percentage content of α-humulene was in agreement with that in
ultrasound extracts. The aqueous extracts showed content of 20.20% for Citra and 22.64% for
Mosaic varieties, while Duarte et al. reported percentages of 22.70 and 27.40, respectively.

Moreover, the linalool content, obtained by ultrasonic extraction techniques, confirmed
the extractive superiority of the Synergy Pure™ technique. In fact, the percentage content
of linalool was 1.34 for Mosaic and 2.09 for Citra, while, in the aqueous extracts, it was
3.12% and 2.54%, respectively [45].

4. Future Perspectives

Authors have shown that the volatile compounds of hops change during the brewing
process. These transformations reduce the amounts of many compounds and lead to the
formation of new ones [10,11,36,39,53].

Furthermore, the perception of hop-derived volatiles is influenced by the beer matrix
in which they are found; this is due to various factors such as the pH, temperature, yeasts,
alcohol content, phenolic compounds, etc. [54]. Dietz et al. (2020) suggest that volatile com-
pounds have additive, synergistic, or configural processing behavior that causes changes in
flavor perception [11].
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These prerequisites make further studies necessary on the use of aqueous hop extracts
during brewing, to verify their impact on the final beer quality and assess their stability,
their alterations, and the sensory characteristics perceived and possibly appreciated.

Synergy Flavours describes aqueous hop extracts as free of bittering substances (hop
acids, polyphenols), making their use as bitter hops unnecessary. However, the aqueous
extracts obtained from the Synergy Pure technique could be used as aroma hops by adding
them to green and bright beer (dry hopping), because they are rich in compounds that are
responsible for the hop aroma.

5. Conclusions

In this research, aqueous extracts obtained from four varieties of American hops (Citra,
Centennial, Chinook, and Mosaic) were analyzed. These analyses included the volatile
fraction via GC-MS and sensory analysis via olfactory evaluation.

In all samples, the main compounds identified were myrcene, β-caryophyllene, and α-
humulene, terpene compounds that characterize the volatile fractions of hops. In addition,
several compounds were found from the classes of terpenes, sesquiterpenes, alcohols,
esters, ketones, and oxides. Furthermore, the sensory analysis allowed us to characterize
the sensory profiles of each aqueous extract. Specifically, the Citra variety had an aroma
with herbaceous and green fruit notes; Centennial was characterized by floral and citrus
notes; the Chinook variety presented tropical fruit, pine, and resinous notes; and, finally,
the Mosaic extract was mainly described by citrus aromas.

From a comparison with the literature, the aqueous extracts showed higher amounts
of volatile compounds that characterize the hop aroma than those found in distillation
extraction. This demonstrates that the use of hops aqueous extracts can provide sensory
benefits to satisfy different consumer demands.

In addition, their use would resolve the disadvantages of the use of pellets or pow-
der hops during dry hopping, i.e., the high costs and the production of non-exhausted
waste [55].

In conclusion, the future perspectives of research will be focused on the use of these
extracts for the production of different beers (with different styles and characteristics) and
on the improvement of the Synergy Pure technique.

Author Contributions: Conceptualization, G.T. and M.F.; methodology, G.T., G.D. and M.F.; valida-
tion, M.Z. and A.C.; formal analysis, M.F. and G.D.; investigation, G.T., M.F., M.Z. and A.C.; resources,
G.T., G.D. and M.F.; data curation, M.F. and A.C.; writing—original draft preparation, A.C., G.T.
and M.F.; writing—review and editing, A.C., G.T. and M.Z.; visualization, G.T.; supervision, G.T.;
project administration, M.F. and G.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Roberts, T.R.; Wilson, R.J.H. Hops. In Handbook of Brewing; Priest, F.G., Stewart, G.G., Eds.; Taylor & Francis: Boca Raton, FL, USA,

2006; pp. 177–280.
2. Bremer, B.; Bremer, K.; Chase, M.W.; Reveal, J.L.; Soltis, D.E.; Soltis, P.S.; Stevens, P.F.; Anderberg, A.A.; Fay, M.F.; Goldblatt, P.;

et al. An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants. APG II Bot. J.
2003, 141, 399–436. [CrossRef]

https://doi.org/10.1046/j.1095-8339.2003.t01-1-00158.x


Foods 2024, 13, 2454 13 of 14

3. Murakami, A.; Darby, P.; Javornik, B.; Pais, M.S.; Seigner, E.; Lutz, A.; Svoboda, P. Molecular phylogeny of wild hops, Humulus
lupulus L. Heredity 2006, 97, 66–74. [CrossRef] [PubMed]

4. Kunze, W. Technology Brewing and Malting, 5th ed.; VLB Berlin: Berlin, Germany, 2014; pp. 59–75.
5. Baker, G.A.; Danenhower, T.M.; Force, L.J.; Petersen, K.J.; Betts, T.A. HPLC Analysis of α- and β-Acids in Hops. J. Chem. Educ.

2008, 85, 954. [CrossRef]
6. Briggs, D.E.; Boulton, C.A.; Brookes, P.A.; Stevens, R. The chemistry of hop costituents. In Brewing Science and Practice; CRC Press:

Boca Raton, FL, USA, 2004; pp. 255–305.
7. Takoi, K.; Degueil, M.; Shinkaruk, S.; Thibon, C.; Kurihara, T.; Toyoshima, K.; Ito, K.; Bennetau, B.; Dubourdieu, D.; Tominaga, T.

Specific flavor compounds derived from Nelson Sauvin hop and synergy of these compounds. Brew. Sci. 2009, 62, 108–118.
8. Roberts, M.T.; Dufour, J.P.; Lewis, A.C. Application of comprehensive multidimensional gas chromatography combined with

time-of-flight mass spectrometry (GC x GC-TOFMS) for high resolution analysis of hop essential oil. J. Sep. Sci. 2004, 27, 473–478.
[CrossRef] [PubMed]

9. Kishimoto, T.; Wanikawa, A.; Kono, K.; Shibata, K. Comparison of the odour-active compounds in unhopped beer and beers
hopped with different hop varieties. J. Agric. Food Chem. 2006, 54, 8855–8861. [CrossRef] [PubMed]

10. Takoi, K. Flavor Hops Varieties and various flavor compounds contributing to their varietal aromas: A Review. Tech. Quart.
Master Brew. Assoc. Am. 2019, 56, 113–123. [CrossRef]

11. Dietz, C.; Cook, D.; Huismann, M.; Wilson, C.; Ford, R. The multisensory perception of hop essential oil: A review. J. Inst. Brew.
2020, 126, 320–342. [CrossRef]

12. Takoi, K.; Itoga, Y.; Koie, K.; Kosugi, T.; Shimase, M.; Katayama, K.; Nakayama, Y.; Watari, J. Contribution of geraniol metabolism
to citrus flavour of beer: Synergy of geraniol and β-citronellol under coexistence with excess linalool. J. Inst. Brew. 2010, 116,
251–260. [CrossRef]

13. Probasco, G.; Varnum, S.; Perrault, J.; Hysert, D. Citra—A new special aroma hop variety. Tech. Q. Master Brew. Assoc. Am. 2010,
47, 17–22. [CrossRef]

14. Lafontaine, S.; Varnum, S.; Roland, A.; Delpech, S.; Dagan, L.; Vollmer, D.; Kishimoto, T.; Shellhammer, T. Impact of harvest
maturity on the aroma characteristics and chemistry of Cascade hops used for dry-hopping. Food Chem. 2019, 278, 228–239.
[CrossRef] [PubMed]

15. Gahr, A.; Forster, A.; Van Opstaele, F. Reproducibility trials in a research brewery and effects on the evaluation of hop substances
in beer—Part 1: Reproducibility in fresh beers. Brew. Sci. 2016, 69, 103–111. [CrossRef]

16. Hong, K.; Xu, Z.; Wang, L.; Johnpaul, A.; Cheng, Y.; Lv, C.; Ma, C. Varietal differences in the phytochemical components’
accumulation and aroma profile of three Humulus lupulus cultivars. Food Control 2022, 132, 108499. [CrossRef]

17. BarthHaas Report 2022/2023. Available online: https://www.barthhaas.com/company/news/news-article/bh/barthhaas-
report-2022-2023 (accessed on 1 March 2024).

18. Sharp, D.C.; Qian, Y.; Clawson, J.; Shellhammer, T.H. An exploratory study toward describing hop aroma in beer made with
American and European Hop Cultivars. Brew. Sci. 2016, 69, 112–122.

19. Garrido-Bañuelos, G.; Buica, A. Sensory discrimination of single hop beers by using sorting combined with profiling and intensity
rating. J. Sens. Stud. 2023, 38, e12835. [CrossRef]

20. Haslbeck, K.; Bub, S.; von Kamp, K.; Michel, M.; Zarnkow, M.; Hutzler, M.; Coelhan, M. The influence of brewing yeast strains on
monoterpene alcohols and esters contributing to the citrus flavour of beer. J. Inst. Brew. 2018, 124, 403–415. [CrossRef]

21. Nezi, P.; Cicaloni, V.; Tinti, L.; Salvini, L.; Iannone, M.; Vitalini, S.; Garzoli, S. Metabolomic and proteomic profile of dried hop
inflorescences (Humulus lupulus L. cv. Chinook and cv. Cascade) by SPME-GC-MS and UPLC-MS-MS. Separations 2022, 9, 204.
[CrossRef]

22. Cincotta, F.; Verzera, A.; Tripodi, G.; Condurso, C. Non-intentionally added substances in PET bottled mineral water during the
shelf-life. Eur. Food Res. Technol. 2018, 244, 433–439. [CrossRef]

23. ISO 13299:2016; Sensory Analysis—Methodology—General Guidance for Establishing a Sensory Profile. ISO: Geneva, Switzerland,
2016. Available online: https://www.iso.org/standard/58042.html (accessed on 22 January 2024).

24. ISO 3972:2011; Sensory Analysis—Methodology—Method of Investigating Sensitivity of Taste. ISO: Geneva, Switzerland, 2016.
Available online: https://www.iso.org/standard/50110.html (accessed on 22 January 2024).

25. Medoro, C.; Cianciabella, M.; Camilli, F.; Magli, M.; Gatti, E.; Predieri, S. Sensory profile of Italian craft beers, beer taster expert
versus sensory methods: A comparative study. Food Nutr. Sci. 2016, 7, 454. [CrossRef]

26. Varela, P.; Ares, G. Sensory profiling, the blurred line between sensory and consumer science. A review of novel methods for
product characterization. Food Res. Int. 2012, 48, 893–908. [CrossRef]

27. Sipos, L.; Nyitrai, Á.; Hitka, G.; Friedrich, L.F.; Kókai, Z. Sensory panel performance evaluation—Comprehensive review of
practical approaches. Appl. Sci. 2021, 11, 11977. [CrossRef]

28. Cadwallader, K. Aromas. Encycl. Food Chem. 2019, 1, 22–29. [CrossRef]
29. Naya, Y.; Kotake, M. The constituents of hops (Humulus lupulus L.). VII. The rapid analysis of volatile components. Bull. Chem.

Soc. Jpn. 1972, 45, 2887–2891. [CrossRef]
30. Takoi, K.; Koie, K.; Itoga, Y.; Katayama, K.; Shimase, M.; Nakayama, Y.; Watari, J. Biotransformation of hop-derived monoterpene

alcohols by lager yeast and their contribution to the flavor of hopped beer. J. Agric. Food Chem. 2010, 58, 5050–5058. [CrossRef]
[PubMed]

https://doi.org/10.1038/sj.hdy.6800839
https://www.ncbi.nlm.nih.gov/pubmed/16685279
https://doi.org/10.1021/ed085p954
https://doi.org/10.1002/jssc.200301669
https://www.ncbi.nlm.nih.gov/pubmed/15335083
https://doi.org/10.1021/jf061342c
https://www.ncbi.nlm.nih.gov/pubmed/17090134
https://doi.org/10.1094/TQ-56-4-0930-01
https://doi.org/10.1002/jib.622
https://doi.org/10.1002/j.2050-0416.2010.tb00428.x
https://doi.org/10.1094/TQ-47-4-1108-01
https://doi.org/10.1016/j.foodchem.2018.10.148
https://www.ncbi.nlm.nih.gov/pubmed/30583367
https://doi.org/10.23763/BrSc19-27gahr
https://doi.org/10.1016/j.foodcont.2021.108499
https://www.barthhaas.com/company/news/news-article/bh/barthhaas-report-2022-2023
https://www.barthhaas.com/company/news/news-article/bh/barthhaas-report-2022-2023
https://doi.org/10.1111/joss.12835
https://doi.org/10.1002/jib.523
https://doi.org/10.3390/separations9080204
https://doi.org/10.1007/s00217-017-2971-6
https://www.iso.org/standard/58042.html
https://www.iso.org/standard/50110.html
https://doi.org/10.4236/fns.2016.76047
https://doi.org/10.1016/j.foodres.2012.06.037
https://doi.org/10.3390/app112411977
https://doi.org/10.1016/B978-0-08-100596-5.21623-5
https://doi.org/10.1246/bcsj.45.2887
https://doi.org/10.1021/jf1000524
https://www.ncbi.nlm.nih.gov/pubmed/20364865


Foods 2024, 13, 2454 14 of 14

31. Peacock, V.E. The value of linalool in modeling hop aroma in beer. Tech. Quart. Master. Brew. Assoc. Am. 2010, 47, 29–32.
[CrossRef]

32. Kishimoto, T.; Wanikawa, A.; Kagami, N.; Kawatsura, K. Analysis of hop derived terpenoids in beer and evaluation of their
behavior using the stir bar-sorptive extraction method with GC-MS. J. Agric. Food Chem. 2005, 53, 4701–4707. [CrossRef] [PubMed]

33. Hanke, S.; Herrmann, M.; Rückerl, J.; Schönberger, C.; Back, W. Hop volatile compounds (Part II): Transfer rates of hop compounds
from hop pellets to wort and beer. Brew. Sci. 2008, 52, 140–147.

34. Eyres, G.; Dufour, J.P. Hop essential oil: Analysis, chemical composition and odor characteristics. In Beer in Health and Disease
Prevention; Academic Press: Cambridge, MA, USA, 2016; pp. 239–254. [CrossRef]

35. Nickerson, G.B.; Likens, S. Gas chromatography evidence for the occurrence of hop oil components in beer. J. Chromatogr. A 1966,
21, 1–5. [CrossRef] [PubMed]

36. Rettberg, N.; Biendl, M.; Garbe, L.A. Hop aroma and hoppy beer flavor: Chemical backgrounds and analytical tools—A review.
J. Am. Soc. Brew. Chem. 2018, 76, 1–20. [CrossRef]

37. Tressl, R.; Friese, L.; Fendesack, F.; Koeppler, H. Gas chromatographis-mass spectrometric investigation of hop aroma constituents
in beer. J. Agric. Food Chem. 1978, 26, 1422–1426. [CrossRef]

38. Seaton, J.; Moir, M.; Suggett, A. The refinement of hop flavour by yeast action. In Proceedings of the 17th Australia and New
Zealand Convention, Sydney, Australia and New Zealand Section, Sydney, Australia, 1982; pp. 117–124.

39. Klimczak, K.; Cioch-Skoneczny, M.; Duda-Chodak, A. Effects of Dry-Hopping on Beer Chemistry and Sensory Properties—A
Review. Molecules 2023, 28, 6648. [CrossRef] [PubMed]

40. Goiris, K.; De Ridder, M.; De Rouck, G.; Boeykens, A.; Van Opstaele, F.; Aerts, G.; De Cooman, L.; De Keukeleire, D. The
oxygenated sesquiterpenoid fraction of hops in relation to the spicy hop character of beer. J. Inst. Brew. 2002, 108, 86–93.
[CrossRef]

41. Praet, T.; Van Opstaele, F.; Baert, J.; Aerts, G.; De Cooman, L. Comprehensive characterisation of the hop derived sesquiterpenoid
fingerprint of American kettle hopped lager beers. Brew. Sci. 2014, 67, 183–194.

42. Lermusieau, G.; Bulens, M.; Collin, S. Use of GC-olfactometry to identify the hop aromatic compounds in beer. J. Agric. Food
Chem. 2001, 49, 3867–3874. [CrossRef] [PubMed]

43. Clapperton, J.F.; Brown, D.G.W. Caprylic flavour as a feature of beer flavour. J. Inst. Brew. 1978, 84, 90–92. [CrossRef]
44. Kankolongo Cibaka, M.L.; Gros, J.; Nizet, S.; Collin, S. Quantitation of Selected Terpenoids and Mercaptans in the Dual-Purpose

Hop Varieties Amarillo, Citra, Hallertau Blanc, Mosaic and Sorachi Ace. J. Agric. Food Chem. 2015, 63, 3022–3030. [CrossRef]
[PubMed]

45. Duarte, L.M.; Amorim, T.L.; Grazul, R.M.; De Oliveira, M.A.L. Differentiation of aromatic, bittering and dual-purpose commercial
hops from their terpenic profiles: An approach involving batch extraction, GC–MS and multivariate analysis. Int. Food Res. J.
2020, 138, 109768. [CrossRef] [PubMed]

46. Fritsch, H.T.; Schieberle, P. Identification based on quantitative measurements and aroma recombination of the character impact
odorants in a Bavarian Pilsner-type beer. J. Agric. Food Chem. 2005, 53, 7544–7551. [CrossRef] [PubMed]

47. Vollmer, D.M.; Lafontaine, S.R.; Shellhammer, T.H.E. Aroma extract dilution analysis of beers dry-hopped with Cascade, Chinook,
and Centennial. J. Am. Soc. Brew. Chem. 2018, 76, 190–198. [CrossRef]

48. Lafontaine, S.R.; Shellhammer, T.H. Sensory directed mixture study of beers dry-hopped with Cascade, Centennial, and Chinook.
J. Am. Soc. Brew. Chem. 2018, 76, 199–208. [CrossRef]

49. Probasco, G.; Perrault, J.; Varnum, S.; Hysert, D. Mosaic (HBC 369): A New Flavor Hop Variet. J. Am. Soc. Brew. Chem. 2017, 75,
6–10. [CrossRef]

50. Dresel, M.; Praet, T.; Van Opstaele, F.; Van Holle, A.; Naudts, D.; De Keukeleire, D.; De Cooman, L.; Aerts, G. Comparison of the
analytical profiles of volatiles in single-hopped worts and beers as a function of the hop variety. Brew. Sci. 2015, 68, 8–28.

51. Sanz, V.; Torres, M.D.; Vilariño, J.M.L.; Domínguez, H. What is new on the hop extraction? Trends Food Sci. 2019, 93, 12–22.
[CrossRef]
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