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Abstract: While the Saaz aromatic variety remains classified as a total-flavanoid-rich cultivar, no
inverse correlation was found between total flavanoids and the «-acid content when the dual-
purpose varieties Citra, CTZ, Amarillo, Eureka!, Mandarina Bavaria, Mosaic, Polaris, and Sabro
were considered. The levels of hop flavan-3-ol monomers, dimers, and trimers (quantitated by
HPLC-MS/MS) appeared strongly influenced by variety and harvest year. On the other hand, the
catechin/epicatechin ratio (and B3/B2 ratio) proved stable within the same variety through two
successive harvest years. Among the nine herein-investigated varieties, Citra and Saaz displayed
notable catechin/epicatechin ratios (>3.7 compared to <1.6 for the others), whereas Polaris exhibited
the lowest monomer content (less than 800 mg/kg). These distinctive profiles could impact the
colloidal and color stability of hop-forward beers.
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1. Introduction

In beer, polyphenols are known to contribute to several product characteristics, mainly
flavor, astringency, haze, body, and fullness [1-3]. Hops usually contribute about 30% of the
polyphenols found in beers (the remainder comes from malt) [4]. Yet, with the extra addition
of hops in late and dry-hopped beers, this contribution and thus the total content usually
increase, and this often leads to unwanted colloidal haze and color modification during
aging [5-7]. Better knowledge of hop polyphenol profiles could help predict these aspects
and enable the selection of hop varieties according to the expected attributes of the beer.

The polyphenols involved in beer haze and color are mainly oxidation products of
mono-, di- and trimers of flavan-3-ols (various combinations of catechins and epicatechin, as
illustrated in Figure 1), a subgroup of flavanoids (i.e., flavonoids with a flavan-heterocycle)
with an OH in position 3 [8-11]. Recent studies have shown that dehydrodi(epi)catechin
A (from (epi)catechin monomer oxidation) can modify beer color [12]. On the other hand,
complexes resulting from interactions between A-type dimers (from procyanidin oxidation,
requiring epicatechin as the first subunit) or oligomers and malt hordein are responsible
for colloidal haze [13-16]. While early hopping will enhance depolymerization and thus
increase monomer concentrations, causing a color intensity increase during storage, late and
dry hopping, through simple solubilization, will rather increase dimer and longer oligomer
levels, creating colloidal instability in aged beers [12,17]. In non-alcoholic and low-alcoholic
beers (NABLABSs), among which hop-forward products have become famous thanks to the
masking of the worty off-flavor, the lack of ethanol leads to premature oxidation. Hence,
fresh dry-hopped NABLABs often exhibit the same flavan-3-ol profile as aged regular
dry-hopped beers, strongly correlating with chill haze [18].
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Figure 1. Structure and nomenclature of mono-, di-, and tri-mers of flavan-3-ols.

In the last two decades, there has been a huge development of novel dual-purpose hop
varieties (abundant in both a-acids and essential oils). These new hops were specifically
created to meet the increasing demand from craft brewers, who sought varieties enhancing
late and dry hopping flavors [19]. Hop growers in the United States introduced many culti-
vars with distinctive and unique citrus/passion fruit aroma characteristics (e.g., Amarillo,
Citra, Mosaic, Sorachi Ace). German and other hop growers then launched their own dual
varieties (e.g., Hallertau Blanc, Polaris, and Mandarina Bavaria from Germany; Nelson
Sauvin from New Zealand) [20]. In 2022, 82% of Pacific Northwest acreage was used to
produce these flavor hops [21].

Many recent studies have investigated the essential oil composition of these hop
varieties [22,23]. Kankolongo et al. has shown that linalool, geraniol, and {3-citronellol can
be used to distinguish dual-purpose hop varieties from others [24]. Yet, the most attractive
feature of these varieties appears to be their polyfunctional thiol (PFT) profile, with both a
wide variety of compounds (up to forty-one free PFTs identified) and a huge amount of
free but mostly bound forms (up to 100 mg/kg glutathionylated 3-sulfanylhexanol [25,26]).
The resulting late- or dry-hopped beers usually end up exhibiting strong citrusy or exotic
fruity notes [27].

Regarding the non-volatile fraction of these dual hops, which includes polyphenols,
the literature remains scarce. In traditional aromatic and bitter hops, the lower the level
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of x-acids (source of bitterness), the higher the total flavan-3-ol [28] and resveratrol [29]
contents. The opposite is observed for prenylchalcones such as xanthohumol [30]. The
hop polyphenol content is also strongly influenced by several factors: climate conditions,
variety and age, harvest time and year, and conditioning techniques [31-34]. (+)-Catechin,
procyanidin B3, and procyanidin C2, respectively, have been found at up to 2500, 1400, and
800 mg/kg in aromatic varieties, including Saaz [35,36]. In barley malt beers, hop is also
the only source of epicatechin and its oligomers. As depicted in Figure 2, the occurrence
of (—)-epicatechin indicates the efficiency of anthocyanidin reductase (ANR) in a hop,
while only leucoanthocyanidin reductase (LAR) is required to convert 3,4-flavandiol to
(+)-catechin [37].

Shikimicacid
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ANR OH v OH

HO O —_ Procyanidin <+—— HO O .
“OH OH

OH OH
Flavan-3-ol Flavan-3-ol
(—)-Epicatechin (+)-Catechin

Figure 2. Simplified catechin and epicatechin biosynthetic pathways.

The present work aimed to investigate the so far unknown flavan-3-ol profiles of
eight dual-purpose hop varieties (Citra, CTZ, Sabro, Polaris, Mosaic, Mandarina Bavaria,
Amarillo, Eureka!) from two different crop years, as compared to the iconic Saaz aromatic
variety. These results will allow discriminating cultivars with atypical contents that could
if properly used, help mitigate the unwanted colloidal haze and color modification issues
met in hop-forward beers.

Based on already published beer polyphenol analyses [12], flavan-3-ol extracts were pu-
rified on Sephadex LH-20 resin (a well-known resin used for high polyphenol recovery [38]),
yet after hop delipidation and solid-phase extraction steps (adapted from Jerkovic et al. and
Li et al. [33,39]). The purified extracts were analyzed by Reverse Phase High-Performance
Liquid Chromatography (RP-HPLC) with ESI(-)-MS/MS detection [12]. The total flavanoid
assay (reaction with p-dimethylaminocinnamaldehyde) was also applied [40] in order to
assess whether, in dual-purpose hop varieties, an inverse correlation would still appear
between the amount of total flavanoids and that of x-acids.

2. Materials and Methods
2.1. Chemicals

Acetic acid, acetone, acetonitrile, cyclohexane, 99-100% formic acid, 37% hydrochloric
acid, methanol, and toluene were purchased from VWR International (Leuven, Belgium).
p-Dimethylaminocinnamaldehyde was purchased from Sigma-Aldrich (St-Louis, MO,
USA). ()-Catechin hydrate (purity superior to 98%) and (-)-epicatechin (purity superior to
90%) standards were also purchased from Sigma-Aldrich (Overijse, Belgium). Procyanidin
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B2 (purity superior to 90%), B3 (purity superior to 95%), and C1 (purity superior to 90%)
and (+)-taxifolin (purity superior to 99.9%) standards were from Extrasynthese (Genay,
France). Milli-Q water was used (Millipore, Bedford, MA, USA).

2.2. Hop Samples

All the hops analyzed here were cropped in 2019 and 2020. Eureka!, CTZ, Mandarina
Bavaria, Polaris, and Saaz were kindly provided by Hopsteiner (Mainburg, Germany) and
Amarillo, Sabro, Citra, and Mosaic by Yakima Chief (Louvain-la-Neuve, Belgium).

2.3. Hop a-Acid Content

The EBC 7.4 method (hop) [41] lead conductance values were applied to hop samples
to determine the x-acid content.

2.4. Total Flavanoid Analysis

The EBC 9.12 method (beer) [41] was adapted to the hop matrix. Hop pellets (500 mg)
were finely ground, and three successive solid /liquid extractions (stirring for 10 min at
room temperature and then centrifuging for 10 min at 3000 x g) were performed with 25 mL
acetone/water/acetic acid (70:28:2, v/v/v). The supernatant was collected, and the volume
was adjusted to 100 mL with the same solution. Next, 100 pL of this extract was added to a
test tube with 3 mL chromogenic solution (p-dimethylaminocinnamaldehyde, p-DMAC,
1 g/L). The mixture was vortexed, and after 10 min, the absorbance was measured at
640 nm with a UV spectrophotometer (UV-240, Shimadzu Benelux, Brussels, Belgium).
This protocol was repeated 3 times on each ground hop sample spiked with catechin
(+20, +40, and +60 ppm—calibration curve with standard addition). A double blank was
used to account for the intrinsic absorbances of the polyphenolic extract and chromogenic
solution. First, the absorbance of a solution containing 100 uL polyphenolic extract with
3 mL Milli-Q water was measured (Abspjank-mg). Secondly, the absorbance of 100 pL
acetone/water/acetic acid solution (70:28:2, v/v/v) with 3 mL chromogenic solution was
measured (Abspjank-chromo)- 10 obtain the total flavanoid content in hop, the following
equation was used:

, FD
Total flavanoids (mg/L) = —== x (Absss extract = AbSe40 blank) M

where FD is the dilution factor (=6200), S is the slope of the calibration curve obtained
by standard addition, Absgg extract is the absorbance of the hop extract with chromogenic
solution, and Absgyg plank is the sum of Abspank-mq and Abspiank-chromo-

2.5. Optimization of Flavan-3-ol Extraction from Hops
2.5.1. Hop Delipidation (Removal of Hydrophobic Compounds)

Milled hop pellets (1.0 g) with 1000 mg/kg IST ((+)-taxifolin) were introduced into a
centrifuge vial. To eliminate resins and lipids, a series of 10 min liquid-solid extractions
were carried out at room temperature with gentle stirring, first three times with 50 mL
toluene and then three times with 50 mL cyclohexane. At the end of the extraction, the
sample underwent centrifugation at 3000x g for a duration of 10 min to facilitate solvent
removal. After extraction, the solid hop residue was dried under a vacuum.

2.5.2. Solid-Phase Extraction of Hop Flavan-3-ols

Dry delipidated hop residue underwent a series of three extractions using 40 mL of
acetone/water/acetic acid (70:28:2, v/v/v) each time. The extractions were carried out
at room temperature under gentle stirring for 10 min. After each extraction, the sample
was subjected to centrifugation at 3000x g for 10 min, and the resulting supernatant was
collected. The combined supernatants were then filtered and concentrated to dryness using
vacuum rotary evaporation (at 35 °C). The resulting dry residue was dissolved in 50 mL of
a 70:30 (v/v) mixture of water/methanol and filtered again through glass fiber.
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2.5.3. Extract Purification on Sephadex

The hop flavan-3-ol extract, including monomers, dimers, and trimers, was purified
following the procedure outlined by Callemien and Collin [29,30]. A 12-mL SPE filtration
tube containing 3 g of Sephadex LH-20 resin (Sigma-Aldrich, St. Louis, MO, USA) with a
polyethylene frit (Supelco, Bellefonte, PA, USA) was used for this purpose. Prior to loading
the sample, the resin was preconditioned with methanol/water (30:70, v/v) for 4 h while
maintaining a flux rate of 0.5 mL/min. Subsequently, 50 mL of hop extract was introduced
into the column. A subsequent washing step was performed with 40 mL of methanol/water
(30:70, v/v) to remove undesired components. The flavan-3-ols were then recovered
using 70 mL of acetone/water (70:30, v/v). The eluate was subjected to vacuum rotary
evaporation at 35 °C to concentrate it to dryness. The resulting residue was then dissolved
in 2 mL of acetonitrile/water (30:70, v/v). The purified extracts were finally stored at
—80 °C until analysis.

2.6. RP-HPLC-ESI(-)-MS/MS Analyses of Flavan-3-ols

An analytical SpectraSystem (Finnigan MAT, San Jose, CA, USA) was used for the
study. The system was equipped with an SCM degasser, an AS3000 autosampler, and a
P4000 quaternary pump. Chromatographic separation was achieved using a 150 x 2.1 mm,
3 um C18 Prevail column (HICHROM, Deerfield, IL, USA) with a flow rate set at 0.2 mL/min.
The elution process employed a multilinear gradient of water containing 0.1% formic acid
(A) and acetonitrile containing 0.1% formic acid (B). The gradient elution sequence was as
follows: 97-91% A from 0 to 5 min, 91-85% A from 5 to 30 min, 85-67% A from 30 to 60 min,
67-0% A from 60 to 70 min, 0-97% A from 70 to 75 min, and finally, a 15 min stabilization at
the initial conditions. The column temperature was maintained at 25 °C, and 10 microliters
of hop extract were injected. Mass spectra were acquired using an LCQ Duo ion trap mass
spectrometer equipped with an ESI source. Collision-induced dissociation spectra were
recorded at relative collision energies of 30, 35, and 40% for singly charged ions [M-H] ! of
monomers (m/z = 289), dimers (m/z = 577), and trimers (m/z = 865), respectively. The ESI
(negative mode) inlet conditions applied were as follows: source voltage, 4.5 kV; capillary
voltage, —4 V; capillary temperature, 250 °C; sheath gas, 50 arbitrary units. The Xcalibur
software, version 1.2, was used to control the system. Identification of monomers B2, B3,
and C1 was confirmed by injecting commercial standards, while procyanidins B1, B4, and
C2 were identified based on mass spectra and following the method outlined by Callemien
and Collin [24]. Chromatograms with identified peaks are illustrated in Figure 3.

2.7. Quantitation

Quantitation was performed with calibration curves (at 25, 50, 75, 100 mg/L) of
(£)-catechin hydrate, (-)-epicatechin, procyanidin B3 (also used for B1, B2, and B4), and
procyanidin C1 (used for C2). A relative recovery value of 1 was established between the
compounds and the internal standard. The concentrations given are means of duplicates
(coefficient variation below 15% for each sample).
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Figure 3. HPLC-MS/MS chromatograms (m/z = 289 for monomers, m/z = 577 for dimers, and
m/z = 865 for trimers) of Amarillo 2019 Sephadex extract. Bx and Cx, observed in most of the hop
extracts, are suspected of being oligomers issued from oxidation and epimerization, in agreement
with recent data published on processed cocoa [42].

3. Results and Discussion
3.1. Total Flavanoids vs x-Acids

Dual-purpose hop varieties have the particularity of covering a wider range of alpha
acid content (from 7.1 to 20.1% for the here studied cultivars), in contrast to aromatic and
bittering hops, which might influence the relationship with total flavanoids.

The here exposed total flavanoid contents (from 4000 to 14,000 mg/kg catechin eq.)
are in line with previous studies (e.g., 9200 mg/kg catechin eq. already found in Saaz [43]).
The highest total flavanoid values (11,500-14,000 mg/kg catechin eq.) were again obtained
for the Saaz aromatic variety (3.1-3.3% a-acids), where less malonyl CoA competition
occurs between humulone and flavan-3-ol biosyntheses [44]. Yet, in contrast to previously
published results obtained with aromatic and bitter hops [39,43], no strong correlation
(R? < 0.5) emerged here between total flavanoids and «-acids for the nine investigated
cultivars (eight of which classified as dual-purpose hops) from the 2019 and 2020 harvest
years (Figure 4).

As phytoalexins, the flavanoids are known to be highly pedoclimatic-dependent [4,45],
partly explaining some variations among harvest years. The freshness of the analyzed
samples could also have impacted some data found in the literature, as some cultivars,
such as Amarillo, are known to be particularly prone to oxidation [39].



Beverages 2023, 9, 67

7 of 12

T 16,000
3 )
c
‘= 14,000
Q
3
12,000
g © °
2 10,000 JE
}D ...... h""'w- ] [ I
4"-v.__'
S 6000 SE T, °
o] i,
S L L] x !'\ .......... L
c 5 2 R
@ 4000 2 ® S~
>
o
& 2000
©
8
}2 0
0 5 10 5 20 o —Acids (%)
™ ~' ™ © o aam —
o0 o o — T oad~ o
I [ AR s N
— — - | n | | |
™ ~ oo 4 9 :Eﬁ N
et = == — ~— U — [#)]
® o £ o © 25N \al
@ T o T 5 owh »
v T > v S = =
© o Qo ©
E o > ® =
o
< . wn 2
=

Figure 4. Relationship between «-acids content and total flavanoids (in catechin equivalents) in Saaz
and dual-purpose hops from 2019 (e) and 2020 (x) harvests (R? = 0.47 and 0.41, respectively).

Note that this empiric method detects only monomers and the first subunit of each
oligomer. This manner of counting is useful, however, as these are the units liable to interact
later with oxidized flavan-3-ols.

3.2. Flavan-3-ol Monomers, Dimers, and Trimers

The monomer, dimer, and trimer levels of the nine selected hop cultivars, as deter-
mined by HPLC-MS/MS, are depicted in Figure 5a,b.

The total monomer content, ranging from 427 to 4196 mg/kg (in Polaris 2019 and Saaz 2020,
respectively), is consistent with previously reported values (from 300 to 4500 mg/kg [36,4648]).
As expected, given the total flavanoid contents presented above and previous research
on aromatic cultivars, Saaz appeared as the most abundant sample in monomers. In a
recent study involving some of the German hop varieties selected here (Mandarina Bavaria,
Eureka!, and Polaris), among 32 cultivars all from the 2021 crop year, remarkably similar
results were observed, confirming Polaris as the least abundant in flavan-3-ol monomers
(297 mg/kg) [48].

A rather unexpected finding is the CTZ monomer content, ranking as the second
richest sample with up to 2581 mg/kg, despite its 15-17.3% a-acids.

Regarding the relative catechin and epicatechin proportions (illustrated as a cate-
chin/epicatechin ratio in Figure 5c), Citra and Saaz stood out from the other varieties with a
ratio above 3.7 (vs. <1.6). Other studies have already shown highly distinctive ratios (from
6.2 for the aromatic Willamette to 0.7 for the bittering Target) [11,46]. Of a study involving
32 hop varieties, 20 (including Saaz) exhibited a majority of catechin, 6 had a ratio close
to 1 (Cascade, Eureka!, Hallertau Blanc, Mandarina Bavaria, Polaris, and Sultana), and
the remaining 6 (Bravo, Centennial, Galaxy, Lotus, Solero, Hallertauer Taurus) showed a
predominance of epicatechin [48].
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Figure 5. Levels of (a) monomers and (b) dimers and trimer C2; (c) the catechin/epicatechin ratio,
and (d) B3/B2 ratio in hops from 2019 (solid fill) and 2020 (doted) harvests.
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In regard to dimers and trimers (from 1040 to 4180 and 210 to 710 mg/kg, respectively),
similar conclusions can be drawn: values fall within the range of previously reported
ones [36,48], with Saaz and CTZ displaying the highest concentrations and Polaris the
lowest. As with the catechin/epicatechin ratio, the Citra and Saaz B3/B2 dimer ratios
(Figure 5d) are notably high, above 3.8 (also the case here for Polaris 2019), resulting from
much less inserted epicatechin. Interestingly, while in all cases (except for Mosaic 2019),
the total amount of dimers consistently surpasses that of total monomers (dimers at 100 to
160% of monomer levels), the catechin content alone still exceeds that of B3 dimer.

When looking closely at dimer proportions, B2 (two (-)-epicatechin subunits) was
consistently found at the lowest amount. B3 (two (+)-catechin subunits) was the most
representative one, followed (closely) by Bl and B4 in Citra, Saaz, Polaris, Mandarina
Bavaria, Eureka! and Amarillo (from both years except Amarillo 2020), while B4 was
exceeding B3 and B1 in Mosaic, CTZ, and Sabro. These new data offer valuable insights and
context to the results reported by McMurrough et al. in 1981 (relative amounts of Bl, B2,
B3, and B4 found at 3:0.5:10:5 in Challenger hop) [47]. In a more recent study by Schmidt
and Biend], 19 out of the 32 samples exhibited a B3 > B2 > B1 proportion profile, while a
B3 > Bl > B2 pattern was observed for the remaining samples (B3 = B2 > Bl being a one-off
exception). Yet, this last comparison is biased by the lack of B4 quantitation [48].

Even on two successive years (2019 and 2020 harvest years), major variations were
observed within the same variety, especially in the Saaz, Eureka!, and Polaris samples (up
to 40%). Surprisingly, the catechin/epicatechin ratio showed much less variation according
to the harvest year for the same cultivar (<10% except for Citra, with 17%) (Figure 5c). The
same applies when including 2021 data from another group [48]. These results suggest that
whatever the (a)biotic stresses [49], the relative LAR/ANR enzymatic efficiency remains
stable in a variety through successive harvest years.

The sum of the here quantitated mono-, di-, and trimers of flavan-3-ols, ranging
from 881 to 9079 mg/kg, are prompting comparison with other matrices rich in flavan-3-
ols. Among the extensive selection of beverages and foodstuffs analyzed [50], sorghum,
another raw material used in the brewing industry, can be emphasized with its total
mono-, di- and trimer content of up to 3290 mg/kg [51,52]. Flavan-3-ol profiles of red
and white sorghum highly differed from each other, with red sorghum being richer with a
majority of catechin and B1 dimer, while the catechin/epicatechin ratio tended towards
0.5-1 in white sorghum [53]. In fresh cocoa, another exceptional source of flavane-3-ols,
up to 30,600 mg/kg of mono-, di- and trimers, has been mentioned [54,55]. Among the
monomers, (-)-epicatechin is by far the most represented, whatever the variety. Dimers
(B2 and B5) and trimers (C1) built from (-)-epicatechin subunits are always the main
oligomers [56].

4. Conclusions

As already known for other phytoalexins, levels of hop flavan-3-ol monomers, dimers,
and trimers (HPLC-MS/MS quantitations) appeared strongly influenced by the variety and
harvest year. On the other hand, the relative LAR/ANR enzymatic efficiency appeared
stable through two successive harvest years, as depicted by stable catechin/epicatechin and
B3/B2 ratios. While the Saaz aromatic variety remains classified as a total-flavanoid-rich
cultivar whatever the harvest year, there appeared no inverse correlation between total
flavanoids and the a-acid content when the dual-purpose varieties Citra, CTZ, Amarillo,
Eureka!, Mandarina Bavaria, Mosaic, Polaris, and Sabro were considered.

Based on the results, Citra and Saaz stood out from the others with a distinctive
catechin/epicatechin ratio (>3.7 compared to <1.6 for the other seven varieties). Polaris, on
the other hand, exhibited the lowest monomer content (under 800 mg/kg). Since oligomer
procyanidins enriched in epicatechin have already been identified in beer as significant con-
tributors to colloidal haze, while monomers are more involved in color instability, various
single-hop well-controlled pilot beer productions should now be investigated. Measure-
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ments of their haze and color through aging could confirm the potential beneficial effect of
using hop varieties with either few monomers or higher catechin/epicatechin ratios.

Our unexpected data here highlighting for the first time a relatively stable cate-
chin/epicatechin ratio through successive harvest years should also be confirmed by
analyzing more samples of both hops and other flavan-3-ol-rich plants, fruits, and seeds
like sorghum and cocoa.
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