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ABSTRACT: The nonanthocyanin phenolic compounds in juice and wine produced from fruits of white bilberry, a nonpigmented
mutant of Vaccinium myrtillus, and blue bilberry (pigmented variety) were analyzed using liquid chromatography with a diode array
detector (LC-DAD) and LC-DAD—electrospray ionization-quadrapole/time of flight hybrid mass spectrometry (ESI-QTOF-MS).
On the basis of elution order, UV—vis spectra, accurate mass data, and fragmentation pattern and standards, 42 compounds
including 22 phenolic acids, 15 flavonols, and 5 flavan-3-ols, were identified in juices and wines prepared from the two bilberry
varieties. The levels of most individual nonanthocyanin phenolic compounds in white bilberry products were significantly lower than
those in pigmented ones. In bilberry juices, phenolic acids were the most predominant, accounting for approximately 80% of total
phenolic content, with p-coumaroyl monotropeins and caffeic acid hexoside being the major phenolic acids. After fermentation, the
total contents of phenolic acids, flavonols, and nonanthocyanin phenolic compounds significantly increased, while the content of
total flavan-3-ols decreased significantly. p-Coumaroyl monotropeins still dominated in the wine products, while caffeic acid content
showed dramatic elevation with the significant drop of caffeic acid hexoside.

KEYWORDS: bilberry, mutant, nonanthocyanin phenolic compounds, UHPLC-DAD—ESI-QTOF-MS, juice, wine

B INTRODUCTION white berry wines in the market and thus result in less varieties
for consumers, especially in comparison with berry wines

Winemaking is one of the most ancient food processing ) Al ;
against V. vinifera wines.

technologies and is closely linked to the evolution of human ‘ ] o
civilization. Throughout the millennia, the winemaking In some Nordic countries with rich berry resources, such as

industry has developed to be one of the most prosperous Finland, Norway, anfl Sweden, the forest economical
global industries, being valued at approximately USD 357 preference has progressively changed from the style based on

billion in 2017 reported by the Food and Agriculture tree value only to the model considering berry yields as
Organization of the United Nations (FAO). A large number well """ Wild bilberry (Vaccinium myrtillus, later termed
of varieties constitute the family of Vitis vinifera wines, of which pigmented or blue bilberry (BB)), also known as the European
white wines form a large proportion. The white wines made blueberry, is among the most economically valuable wild
from Sauvignon Blanc, Chardonnay, Riesling, Semillon, and berries in Northern Europe and is well-known for its richness
Pinot Gris are among the most common in the wine market. of antioxidants with health promoting effects, in particular of
Over the past few years, the growing demand for novel and anthocyanins.'” In comparison with several of its closely
unique wine products from consumers and the increasing related small berry species, for example blueberry (V.
awareness of the nutritional and health-related values of berries corymbosum) and bog bilberry (V. uliginosum) , higher levels
(nongrape), as well as the simultaneously persistent explora- of anthocyanins exist not only in the skin but also in the pulp
tion of new berry-based products, have promoted the of BB variety."> Hence, pigmented bilberry is considered as
development and consumption of berry wines.”” However, one of the richest natural sources of anthocyanins.'* BB is
most of the berry wines have been produced from pigmented mainly derived from forest ecosystems and thus is difficult to

berries, ﬂmh as blueberW, blackberry, elc.lerbe.rry, and black- be harvested. Along with the development of high-value-added
currant.”” The color of pigmented berry wines is caused by the bilberry products, like BB wine, breeders have begun to

anthocyanins EXtraf:tEd from the Fellsuéar VaCUOI.eS of Skjr_l and cultivate BB on arable land through a series of practices, such
from the pulps in some berries.”” The biosynthesis of

anthocyanins in berries occurs throughout the berry ripening
process via the phenylpropanoid/flavonoid pathway (Figure
S1), facilitating seed dispersal by attracting herbivores.” The
berry mutants with white skin and/or pulp, as variants resulting
from the mutation in structural genes and/or regulatory genes
of the anthocyanin synthesis pathway, are rarely found in the
nature.”” These facts may consequently lead to the scarcity of

Received: May S, 2020 ACRCUTRALE
Revised:  June 29, 2020
Accepted: July 1, 2020
Published: July 1, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jafc.0c02842

W ACS Pu b | ications 7734 J. Agric. Food Chem. 2020, 68, 7734—7744


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuxun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexis+Marsol-Vall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oskar+Laaksonen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maaria+Kortesniemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoru+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.0c02842&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02842?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02842?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02842?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02842?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c02842/suppl_file/jf0c02842_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c02842/suppl_file/jf0c02842_si_001.pdf
https://pubs.acs.org/toc/jafcau/68/29?ref=pdf
https://pubs.acs.org/toc/jafcau/68/29?ref=pdf
https://pubs.acs.org/toc/jafcau/68/29?ref=pdf
https://pubs.acs.org/toc/jafcau/68/29?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c02842?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

as fertilization, irrigation, weed control, and modulation of soil
pH, to extend the output of this berry.'”'>'® In comparison
with the variety of pigmented bilberry, the anthocyanin-free
white bilberry (WB) is a natural variation with significantly
lower expression of structural genes, particularly chalcone
synthase (CHS), flavanone 3-hydroxylase (F3H), dihydro-
flavonol 4-reductase (DFR), anthocyanidin synthase (ANS),
and flavonoid 3-O-glycosyltransferase (FGT) (Figure S1), and
the strongly down-regulated expression of VuMYBPAI and
VuMYBC2 transcription factors.”'” Beside white bilberry,
mutants of white bog bilberry and white and green currants
(Ribes spp.) have also received significant scrutiny from
researchers.''? These nonpigmented nongrape berries could
be considered as candidates for the production of white berry
wines and may thus contribute to the diversity of the berry
wine market.

Taste and mouthfeel are two extremely important elements
in determining the quality of wines, of which bitterness and
astringency are mainly elicited by nonanthocyanin phenolic
compounds; for example, flavan-3-ols have been reported to
contribute to the perceptions of bitterness and astringency and
flavonols to bitterness or astringency.”””" The contribution of
phenolic acids to organoleptic properties of wines is
controversial, and they may contribute more to astringency
than bitterness.”””” Flavan-3-ols and hydroxycinnamic acids
have also been revealed to impact white wine browning.”* The
relationship between phenolic composition and in vivo
antioxidant activity has been demonstrated as well.”***
Therefore, research on nonanthocyanin phenolic profile is an
essential step when characterizing and evaluating wine
products.

White mutants of bilberry have been discovered in the
forests of Finland and Slovenia, and the gene expression
involving the biosynthesis of anthocyanins in these mutants has
recently been studied.”'” However, to the best of our
knowledge, there are no reports utilizing the albino variant
of bilberry for the production of wines or other products. In
analogy to the BB variety, unraveling the phenolic composition
of the wine produced from WB might be a first step on the
valorization of the albino bilberry mutant and may partly
stimulate research on the domestication of this variant. The
previous studies on BB wines have often focused on
anthocyanin-related compounds,”®*” whereas the studies on
the taste- and mouthfeel-active nonanthocyanin phenolic
compounds are still lacking. In this work, qualitative and
quantitative analyses of nonanthocyanin phenolic compounds,
including phenolic acids, flavonols, and flavan-3-ols, in white
and blue bilberry wines were carried out using ultra-high-
performance liquid chromatography coupled to diode array
and electrospray ionization-quadrupole time-of-flight mass
spectrometry (UHPLC-DAD—ESI-QTOF-MS) and UHPLC-
DAD. The impact of yeast fermentation on the change in
phenolic composition was also studied through the comparison
between bilberry juices and their fermented products.

B MATERIALS AND METHODS

Materials and Chemicals. Wild white bilberries were collected
from several locations in Nagu, Finland in 2016. The commercial blue
bilberries were harvested throughout Finland and pooled by Arctic
International Oy (Sotkamo, Finland) in 2017. Both types of berries
were picked when optimally ripe as defined by experienced
horticulturists. The berries were immediately frozen and stored at
—20 °C until posterior process.
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Authentic phenolic standards of quercetin 3-O-glucoside, syringetin
3-O-glucoside, and cyanidin 3-O-glucoside were purchased from
Extrasynthese (Genay, France). (+)-Catechin, (—)-epicatechin, S-
caffeoylquinic acid, 3-caffeoylquinic acid, caffeic acid, and p-coumaric
acid were purchased from Sigma—Aldrich Co. (St. Louis, MO). LC
and LC—MS grade chemicals were purchased from VWR Interna-
tional (Fontenay-sous-Bois, France). Sodium hydroxide was obtained
from Mallinckrodt Baker (Deventer, The Netherlands) and food
grade sucrose from Kesko Oyj (Kirkkonummi, Finland). Yeast extract
peptone—dextrose (YPD) medium (1% yeast extract, 2% peptone,
and 2% dextrose) and YPD agar (1% yeast extract, 2% peptone, 2%
dextrose, and 2% agar) were purchased from Lab M Limited
(Lancashire, UK).

Bilberry Juice Processing and Fermentation. The same
technological process was used for preparing WB and BB juices.
Intact fruits from the frozen samples were thawed in a microwave for
S min. Subsequently, the thawed berries were squeezed in a hydraulic
juice press (Hafico, Germany). Juices were pooled and diluted with
ultra-pure water at the ratio of 1:1 (v/v). Afterward, the diluted juices
were subdivided into S0 mL glass tubes with sealed caps and
pasteurized in a water bath at 95 °C for 5 min. The juices were then
cooled down to room temperature in a cold-water bath. The initial
pH values of the obtained WB and BB juices were 3.08 and 3.04,
respectively, and °Brix values were 5.8 and 5.1, respectively. The pH
and °Brix were subsequently adjusted to 3.5 and 14.0 using sodium
hydroxide and sucrose, respectively. Each juice processing was carried
out in duplicate.

The laboratory-scale fermentations were carried out in duplicate in
100 mL Duran bottles containing aliquots of 50 mL of pasteurized
bilberry juice. The inoculated microorganism was Saccharomyces
cerevisiae Lalvin V1116 (Lallemand Inc., Montreal, Canada) with a
cell count of approximately 107 CFU/mL. Prior to inoculation, the
yeast strain was proliferated in Erlenmeyer flasks with autoclaved YPD
medium at 25 °C for 48 h with 150 rpm shaking. All the flasks and
bottles used for incubation and fermentation, respectively, were
autoclaved at 121 °C for 15 min before use. The fermentation
temperature was controlled at 25 °C in darkness in an incubator
(Memmert GmbH, Schwabach, Germany). The bottle caps were
unscrewed every 24 h under an aseptic condition to release CO,
produced from the yeast growth. A regular monitoring of °Brix values
and bottle weight loss was performed throughout the process until the
end of fermentation (defined as a constant weight and °Brix value for
two consecutive monitoring time points). After fermentation, all the
samples were centrifuged at 4500g for 10 min at room temperature to
remove yeast pellets and precipitates from bilberry wines. The
supernatants were collected and stored at —80 °C for posterior
analysis.

UHPLC-DAD for Separation and Quantification of Non-
anthocyanin Phenolic Compounds. The separation and quanti-
fication of nonanthocyanin phenolic compounds (phenolic acids,
flavonols, and flavan-3-ols) in bilberry samples were performed in
triplicate on a Shimadzu UHPLC system consisting of an SPD-M20A
diode array detector (DAD, Shimadzu Corp., Kyoto, Japan), two LC-
30AD pumps, a SIL-30AC autosampler, a CTO-20AC column oven, a
DGU-20A degassing unit, and a CBM-20A system controller. After
being filtered through 0.45 ym PTFE membranes, 10 uL samples
were injected into a Phenomenex Aeris peptide XB-C18 column (150
mm X 4.60 mm, 3.6 um, Torrance, CA) maintained at 40 °C. The
mobile phases A and B were water and acetonitrile, respectively, both
containing 5% formic acid. The gradient elution program was
performed according to our published method as 0 to 5 min, S to 8%
B; 5 to 10 min 8% B; 10 to 15 min, 8 to 12% B; 15 to 20 min, 12 to
18% B; 20 to 25 min, 18 to 30% B; 25 to 30 min, 30 to 60% B; 30 to
35 min, 60 to 5% B; 35 to 40 min, 5% B.>” The flow rate was set at 1.0
mL/min. The UV data were recorded in a range of 190—800 nm in
steps of 1.2 nm, while phenolic acids, flavonols, and flavan-3-ols were
detected at 320, 350, and 280 nm, respectively. Concentrations of
phenolic acids, flavonols, and flavan-3-ols in bilberry samples were
quantified as equivalents of caffeic acid, quercetin 3-O-glucoside, and
epicatechin, respectively. The calibration data, including determi-

https://dx.doi.org/10.1021/acs.jafc.0c02842
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Figure 1. UHPLC-DAD chromatograms of nonanthocyanin phenolic compounds in white (WB) and blue bilberry (BB) juices and wines. The
chromatograms in the first column refer to phenolic acids, the second column to flavonols, and the third column to flavan-3-ols. The peak numbers

in chromatograms refer to those in Table 1.

nation coefficient (R?), limits of detection (LOD) and quantification
(LOQ), and linearity range, are reported in the Supporting
Information, Table S1.

UHPLC-DAD—ESI-QTOF-MS for Identification of Nonantho-
cyanin Phenolic Compounds. The qualitative analysis of phenolic
compounds in the bilberry samples was conducted using the Bruker
Elute UHPLC systems, consisting of a HPG1300 pump, an Elute
DAD, a column oven, and an autosampler, coupled with an Ultra-
High Resolution Impact II Qg-Time-of-Flight (TOF) mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany) and an
electrospray ionization (ESI) source in both positive and negative
ionization modes in the range of m/z 20—1000. The column, mobile
phase, elution program, and the chromatographic condition were the
same as reported in the above LC separation. A flow of approximately
0.4 mL/min of eluent was directed to the TOF spectrometer via a
distributary T-shape splitter. The ESI parameters of end plate offset
and drying gas (N,) flow were set at SO0 V and 12.0 L/min,
respectively, for both positive and negative ionization, while capillary
voltage, nebulizer gas (N,) pressure, and drying gas temperature were
set at 4.5 kV, 4.8 bar, and 350 °C, respectively, for positive ion mode
and 3.5 kV, 4.0 bar, and 300 °C, respectively, for negative ion mode.
Before each set of injection, sodium formate (10 mM) was continually
introduced to the six-port valve from a direct infusion syringe pump at
a flow rate of 180 yL/min in high-precision calibration (HPC) mode
for high-accuracy mass calibration. The mass spectra data were
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processed with the Compass DataAnalysis software 4.4 (Bruker
Daltonik). The mass error (ppm) was calculated as the difference
between the measured mass and the theoretical mass of a given
molecular formula, expressed as

m 4 — My, tical 6
mass error = ——casured  theorefical o 1)

Miheoretical

Certain nonanthocyanin phenolic compounds were identified by
comparing retention time and UV-—vis and mass spectroscopic
information to their corresponding authentic standards, when
available. Otherwise, tentative identification was performed by
matching UV spectra and fragmentation patterns of compounds to
the data reported in the literature (Table 1).

Statistical Analysis. All results were expressed as mean =+
standard deviation (SD). Significant differences in the phenolic
compositions between samples were analyzed using independent-
samples t-test with IBM SPSS Statistics 25 (IBM Corp., Armonk,

B RESULTS AND DISCUSSION

Identification of Nonanthocyanin Phenolic Com-
pounds. In the present study, high mass accuracies were
obtained (mass error < IS| ppm) for the confirmation of

https://dx.doi.org/10.1021/acs.jafc.0c02842
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Figure 2. Speculative fragmentation pathway of p-coumaroyl monotropeins (p-coumaroyl monotropein-1 as an example) in negative ionization

mode (ESI-).

elemental compositions of phenolic compounds by the
comparison between theoretical and measured mass (Table 1).

Figure 1 shows the LC-DAD chromatograms of phenolic
compounds in WB and BB juices and wines. Twenty-two
phenolic acids, including 9 hydroxycinnamic acids, 12
hydroxycinnamic acid derivatives, and 1 hydroxybenzoic acid
derivative, were detected in the products produced from the
two different types of bilberries (Figure 1A, Table 1). Among
the 9 hydroxycinnamic acids, S-caffeoylquinic acid (peak 1), 3-
caffeoylquinic acid (peak 6), caffeic acid (peak 8), and p-
coumaric acid (peak 12) were identified via the combination of
chromatographic separation and high mass accuracy measure-
ments and with the aid of their corresponding authentic
standards. Peaks 7 and 10 had virtually the same deprotonated
molecular ion ([M — H]~ m/z 353.0873 and 353.0882,
respectively) as 3-caffeoylquinic acid ([M — H]™ at m/z
353.0873) and S-caffeoylquinic acid ([M — H]™ at m/z
353.0884). Furthermore, the identical characteristic fragment
ion at m/z 191, corresponding to [quinic acid — H]7, in the
MS spectra of these four compounds indicated that peaks 7
and 10 are isomers of caffeoylquinic acid. According to the
reported UV spectra in a previous study, 4-caffeoylquinic acid
showed a similar maximum absorption wavelength (4,,,,) to
those of 3-caffeoylquinic acid and $-caffeoylquinic acid.”®
Therefore, peak 7 was tentatively identified as 4-caffeoylquinic
acid. On the basis of the deprotonated molecular ([M — H]~
at m/z 337.0917, corresponding to [C,¢H;sOs — H]™) and
fragment ions (m/z 191.0550 to [quinic acid — H]™, 173.0446
to [quinic acid — H — H,0]", and 163.0388 to [p-coumaric
acid — H]7), peak 11 was assigned as p-coumaroylquinic acid.
Peaks 13 and 14 showed almost the same deprotonated ion
([M — H]™ at m/z 515, corresponding to [C,sH,,0,,— H]™)
and protonated molecular ion ([M + HJ]* at m/z S§17,
corresponding to [C,sH,,0;, + H]*) as well as fragment ion
pattern (m/z 353 and 35S, corresponding to [caffeoylquinic
acid — H]™ and [caffeoylquinic acid + HJ*, respectively)
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indicating that they are isomeric compounds of dicaffeoyl-
quinic acid.

With regard to the hydroxycinnamic acid and hydrox-
ybenzoic acid derivatives, peaks S and 9 both showed [M —
H]™ at m/z 341 (corresponding to [C;sH,;;0y — H]™) and
yielded a fragment ion at m/z 179 ([caffeic acid — H]")
corresponding to the loss of a hexose moiety (162 amu) and
135 amu ([caffeic acid — H — CO,]”), suggesting they are
isomeric caffeic acid hexoside. Similarly, for peak 2, a loss (162
amu) of hexose moiety from [M — H] resulted in a fragment
ion of m/z 153.0200 (calcd for C,H;0,), which coincided with
the mass of the deprotonated protocatechuic acid. Therefore,
peak 2 was assigned as a glycosylated protocatechuic acid
(protocatechuic acid hexoside). The characteristic fragment
ion of caffeic acid ([A — H]™ at m/z 179, [A + H]" at m/z
181) was detected in peaks 15 and 22, indicating that they
both are derivatives of caffeic acid. However, a difference of
162 amu between the protonated molecular mass ([M + H]" at
m/z 559.1922) and fragmented ion ([A + H]* at m/z
397.1384) was seen in the MS spectrum of peak 15,
demonstrating that a hexoside moiety was present in its
structure. Hence, peaks 15 and 22 were preliminarily identified
as caffeic acid derivative hexoside and caffeic acid derivative,
respectively. Analogously, peaks 3, 4, 16, 17, 18, 19, 20, and 21
were proposed to be derivatives of p-coumaric acid. Of which,
peaks 3 and 4 had virtually the same molecular and fragment
ion patterns, indicating that these two compounds are isomers
of each other, in analogy to peaks 19, 20, and 21. Peaks 16 and
17 had identical measured mass ([M — H]™ at m/z 535.1454
and 535.1447, respectively, corresponding to molecular
formula C,sH,,0;;) and fragmentation spectra. A 44 amu
(CO,) loss from the molecular mass produced a fragment ion
at m/z 491 (caled for C,,H,,0,;) indicated that the presence
of a carboxylic acid in the molecule structure. A direct loss of a
hexose unit (162 amu) or a coumaroyl acid (164 amu) from
the parent ion produced fragment ions at m/z 373 (caled for
CisH;;0g) and 371 (caled for C,4H;40;4), respectively,

https://dx.doi.org/10.1021/acs.jafc.0c02842
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Table 2. Quantification of Nonanthocyanin Phenolic Compounds in White (WB) and Blue Bilberry (BB) Juices and Wines®

content (mg/L) t-test”
‘WB juice vs WB juice vs BB juice vs
peak compound ‘WB juice WB wine BB juice BB wine BB juice WB wine BB wine
phenolic acids
1 S-caffeoylquinic acid 8.12 £+ 0.05 11.27 + 0.17 4.34 + 0.20 4.38 + 0.14 oAk oAk
2 protocatechuic acid hexoside 0.38 + 0.01 1.23 + 031 0.90 + 0.08 0.71 £ 0.02 HHE * oK
3 p-coumaric acid derivative-1 1.11 + 0.02 1.15 + 0.04 2.59 £ 0.19 2.65 + 0.09 HEE
4 p-coumaric acid derivative-2 0.06 + 0.00 0.04 + 0.01 0.24 + 0.08 0.21 £ 0.15 *
S caffeic acid hexoside-1 16.37 + 0.12 0.16 + 0.02 22,93 + 0.64 5.09 + 0.20 HAE HAE Ak
6 3-caffeoylquinic acid 3.39 £ 0.09 2.71 + 0.08 6.74 + 0.23 4.41 + 0.20 HHE o o
7 4-caffeoylquinic acid 0.03 + 0.03 0.06 + 0.00 0.30 = 0.05 043 £ 0.11 Ak
8 caffeic acid 0.74 £ 0.01 17.21 + 0.33 0.5 £ 0.13 17.48 + 0.54 oAk Ak
9 caffeic acid hexoside-2 2.76 £+ 0.06 3.05 £ 0.07 1.95 = 0.10 2.07 + 0.26 HAE HAE
10 caffeoylquinic acid isomer 0.37 £ 0.02 0.43 £ 0.20 0.32 + 0.04 0.24 + 0.03 * *
11 p-coumaroylquinic acid 0.07 £+ 0.01 0.09 + 0.03 - -
12 p-coumaric acid 2.28 + 0.06 3.56 + 0.13 4.26 + 0.15 5.57 + 0.14 HAE HAE Ak
13 dicaffeoylquinic acid-1 - - 0.56 + 0.32 0.52 £ 0.17
14 dicaffeoylquinic acid-2 - - 0.99 + 0.24 1.08 = 0.13
15 caffeic acid derivative hexoside 1.07 + 0.02 1.12 + 0.04 0.94 + 0.11 0.93 + 0.03
16  p-coumaroyl monotropein-1 12.83 + 0.13  14.65 + 0.30 10.65 + 0.66 1091 + 0.44 o o
17 p-coumaroyl monotropein-2 1498 + 0.18  24.95 + 0.37 58.82 + 1.44 53.53 + 1.57 HAE HAE o
18  p-coumaric acid derivative 0.24 + 0.01 1.28 + 0.03 0.52 + 0.03 0.55 + 0.06 HHE HHE
19  p-coumaric acid derivative-a 1.21 £ 0.01 2.10 + 0.04 4.88 = 0.11 493 = 0.13 HoHH HoHH
20  p-coumaric acid derivative-b 0.98 + 0.01 1.54 + 0.02 129 + 0.14 1.37 + 0.04 * wEE
21  p-coumaric acid derivative-c 0.04 + 0.01 0.31 + 0.03 0.65 + 0.03 0.75 £+ 0.04 o o *
22 caffeic acid derivative 0.30 + 0.01 0.70 £ 0.01 1.87 £+ 0.06 1.71 £ 0.06 HAE HAE *
total phenolic acids 6734 +£ 086  87.62 222 12629 £ 503  119.51 + 4.55 HHE HHE *
flavonols
23 myricetin 3-O-galactoside 0.29 + 0.01 0.31 + 0.04 2.36 + 0.10 2.39 £ 0.07 HEE
24 myricetin 3-O-glucoside - 1.48 + 0.04 1.94 £ 046 4.00 + 0.69 oK
25 quercetin 3-O-galactoside 448 + 0.12 5.01 £ 0.07 8.20 + 0.34 8.06 + 0.34 o o
26  quercetin 3-O-glucuronide S.17 £ 0.10 5.76 £ 0.12 6.38 + 0.18 5.93 £0.13 HHE o oK
27 quercetin 3-O-glucoside 0.25 + 0.02 0.33 + 0.01 1.43 + 0.10 1.41 + 0.04 HAE HAE
28  laricitrin 3-O-galactoside - - 0.22 + 0.02 0.18 + 0.00 *
29  laricitrin 3-O-glucoside 0.26 + 0.01 0.31 + 0.01 2.34 £ 0.05 2.33 + 0.08 HAE o
30  quercetin 3-O-arabinoside 0.25 + 0.02 0.26 + 0.03 0.92 + 0.06 0.90 + 0.06 HHE
31  quercetin 3-O-xyloside 0.27 £+ 0.02 0.36 + 0.01 0.52 + 0.03 0.47 + 0.02 HAE wE
32 myricetin aglycone 0.32 + 0.01 0.44 + 0.01 0.60 + 0.03 0.67 + 0.03 wEE HEE *
33  isorhamnetin 3-O-galactoside - - 0.46 + 0.12 0.44 + 0.12
34  syringetin 3-O-galactoside 0.23 + 0.01 0.47 + 0.01 0.90 + 0.03 0.84 + 0.04 HAE HAE
35  syringetin 3-O-glucoside 0.37 £+ 0.00 0.34 + 0.01 2.28 + 0.07 240 + 0.06 oAk
36  quercetin aglycone 0.19 + 0.00 0.31 + 0.00 0.40 = 0.02 042 + 0.01 HAE HAE
37  syringetin aglycone - 0.22 + 0.00 0.21 + 0.01 0.28 + 0.02 oAk
total flavonols 12.07 + 0.1S 15.58 + 0.20 29.15 £ 0.7 30.72 + 0.84 HHE o *
flavan-3-ols
38  (—)-epigallocatechin 0.21 + 0.01 0.37 + 0.25 0.25 + 0.04 0.31 + 0.06
39 (+)-catechin - - 148 + 0.18 126 + 0.02 *
40  procyanidin B-type dimer 1.86 + 0.13 1.47 + 0.36 3.27 +£ 039 4.05 = 0.72 wE
41  (—)-epicatechin 1.96 + 0.14 0.90 + 0.41 2.56 £ 0.10 1.63 £+ 0.19 HkE wk HAE
42 procyanidin B-type trimer 0.21 + 0.02 0.39 + 0.20 1.13 £ 0.13 0.80 + 0.08 HAk o
total flavan-3-ols 424 + 0.26 3.14 £ 0.36 8.69 + 0.35 8.04 £+ 0.59 HHE oK

“_: not detected. “Independent-samples t-test. *, **, and ***; significant at p < 0.05, p < 0.01, and p < 0.001, respectively.

implying that the hexose unit and the coumaroyl acid unit are
directly connected to the aglycone of molecule without
interfering with each other.”” The fragment ion at m/z 329
(caled for CgH,,04) likely resulted from the loss of a hexose
unit from m/z 491 or a CO, from m/z 373. Subsequently, a
further loss of H,O (18 amu) yielded a fragment ion at m/z
311 (caled for C;gH;505). The fragment at m/z 191 may have
resulted from m/z 371 by cleavage of a hexose unit and a
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subsequent H,O loss (C;¢H;40, — 162 — 18). Figure 2 shows
the speculative fragmentation pathway of these two com-
pounds. The mass errors of molecular and fragment ions of
these two compounds were less than IS| ppm (0.37-3.51
ppm). Therefore, on the basis of the obtained QTOF/MS
spectra and by referencing data from the literature,” > these
two compounds were tentatively identified as p-coumaroyl
monotropeins, the iridoid glycosides acylated with p-coumaric

https://dx.doi.org/10.1021/acs.jafc.0c02842
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acid. p-Coumaroyl monotropeins have also been previously
detected in cranberry fruit and juice.”"**

Figure 1B shows the detected 15 flavonols in bilberry juices
and wines. In the negative ionization mode, peaks 23 and 24
presented the identical [M — H]™ ion at m/z 479. The
fragmented ions at m/z 317 necessarily implied the loss of a
hexose unit. On the basis of the QTOF/MS fragmentation
patterns, elution order, and by comparison of these with
published data in the literature,”* these two compounds were
assigned as myricetin 3-O-galactoside and myricetin 3-O-
glucoside, respectively (Table 1). Peaks 25, 26, 27, 30, and 31
with [M — H]™ at m/z of 463.0888, 477.0670, 463.0875,
433.0766, and 433.0767, respectively, had the fragment ion at
m/z 301 with the highest relative intensity typical for quercetin
aglycone. The neutral losses of 162 amu from m/z 463, 132
from 433, and 176 from 477 corresponded to hexose, pentose,
and glucuronide moieties, respectively. Therefore, compounds
25,26, 27, 30, and 31 were preliminarily identified as quercetin
3-O-galactoside, quercetin 3-O-glucuronide, quercetin 3-O-
glucoside, quercetin 3-O-arabinoside, and quercetin 3-O-
xyloside, respectively. In positive ionization mode, peaks 28
and 29 showed an identical molecular ion at m/z 495 and both
yielded a fragment ion at m/z 333, which is characteristic of
laricitrin aglycone. On the basis of the fragmentation
information and the literature data related to bilberry
products,® these two compounds were tentatively identified
as laricitrin 3-O-galactoside and laricitrin 3-O-glucoside,
respectively. Analogously, peaks 33, 34, and 35 were identified
as isorhamnetin 3-O-galactoside, syringetin 3-O-galactoside,
and syringetin 3-O-glucoside, respectively. Moreover, the
identification was further confirmed by the authentic standard
of syringetin 3-O-glucoside. There are no fragment ions
generated from the molecular masses of peaks 32, 36, and 37
under either positive or negative ionization modes. Moreover,
in comparison with the UV-absorption of flavonol 3-O-
glycosides, a 15—21 nm hypsochromic shift was obtained on
the UV—vis spectra of these three compounds, suggesting that
they all are free flavonol aglycones. On the basis of the mass
data and with the aid of comparison with a standard (myricetin
aglycone), these three compounds were consequently identi-
fied as myricetin aglycone, quercetin aglycone, and syringetin
aglycone, respectively.

Peaks 39 and 41 were identified as (+)-catechin and
(—)-epicatechin, respectively, according to retention times and
UV-—vis and MS spectra of their corresponding standards. Peak
38 ([M — H]™ at m/z 305.0668) yielded a fragment ion at m/z
219.0515, corresponding to (—)-epigallocatechin, which is in
agreement with the previous reports.””*" Peak 40 exhibited [M
+ H]* ions at m/z 579.1514 (caled for C;yH,,0,,) and
produced several fragment ions with high intensities, which are
the characteristic fragmentations of procyanidin B-type
dimers, as m/z 427 (M + H — 152]*, originated from
retro Diels—Alder reaction (RDA) of the heterocyclic ring),
409 ([M + H — 152 — 18]*, given from dehydration in RDA),
and 291 ([M + H — 289]" originated from direct cleavage of
the interflavanoid linkage).35 It is well-known that, in nature,
four isomers exist for B-type procyanidin (PC) dimer, PC B1,
B2, B3, and B4. They are dimeric compounds formed from the
subunits of catechin and/or epicatechin molecules. These
isomers present the same elemental composition and similar
UV and mass spectra, making it difficult to distinguish among
these diastereomeric compounds. However, according to
previous studies on the elution characteristics of procyanidins
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on the reverse phase HPLC with C18 column, only
procyanidins B2 and B4 eluted between catechin and
epicatechin.”® Therefore, according to the retention time of
peak 41 in the present work, we tentatively identified this
compound as procyanidins B2 or B4. The protonated
molecular ion at m/z 8672172 (caled for C,HyO44) of
peak 42 corresponded to B-type procyanidin trimer. The
identification was further confirmed by the well-matched
fragmentation pattern of this compound with the those
reported in the previous studies.””

Quantification of Nonanthocyanin Phenolic Com-
pounds. Table 2 shows the contents of individual non-
anthocyanin phenolic compounds in bilberry products made
from two different varieties. The contents of total phenolic
acids (TA), flavonols (TFO), and flavan-3-ols (TFA) were
calculated as the sum of the individual compounds in the
corresponding groups. In order to study the impact of the
mutation on the quantitative phenolic profile of bilberry juice,
a quantitative comparison between the two juice types was
carried out. The major polyphenols in both WB and BB juices
were phenolic acids, being 80.5% and 76.9% of total phenolic
content (TPC), respectively, followed by flavonols (14.4% and
17.8%, respectively) and flavan-3-ols (5.1% and 5.3%,
respectively). BB juice possessed higher contents of TA,
TFO, and TFA, being approximately 1.9, 2.4, and 2.1 times
higher, respectively, than those in WB juice. This is in line with
a previous study reporting a higher content of pol};phenols in
normal bilberry fruits than that in albino variants.'” Since the
biosynthesis of flavonols and flavan-3-ols shares the same
upstream pathway with that of anthocyanin over the flavonoid
pathway (Figure S1), the low contents of flavonols and flavan-
3-ols in WB juice may be associated with the low expression of
the genes encoding enzymes. These enzymes act also on the
flavonol and flavan-3-ol biosynthesis pathways. For example,
the low expressions of F3H, DFR, and ANS in white bilberry
may reduce the accumulations of substrates for the formations
of flavonol aglycones (quercetin and myricetin from dihydro-
flavonols by flavonol synthase (FLS)) and monomeric flavan-
3-ols (catechin and gallocatechin from leucoanthocyanidins by
leucoanthocyanidin reductase (LAR), epicatechin and epi-
gallocatechin from anthocyanidins by anthocyanidin reductase
(ANR)), thus resulting in the low formations of flavonol
glycosides and oligomeric flavan-3-ols (Figure $1).7®

As shown in Table 2, p-coumaroyl monotropein-2
dominated among the phenolic acids in BB juice, being
46.6% of TA, followed by caffeic acid hexoside-1 (18.2%) and
p-coumaroyl monotropein-1 (8.4%). While the predominant
phenolic acids in WB juice were caffeic acid hexoside-1, which
accounted for 24.3% of TA, p-coumaroyl monotropein-2
(22.2%), and p-coumaroyl monotropein-1 (19.1%). Interest-
ingly, p-coumaroyl monotropeins accounted for approximately
one-half of the total phenolic acid content in both types of
bilberry juices. In WB juice, a high proportion (17.7%) of TA
was represented by caffeoylquinic acid isomers, including 5-
caffeoylquinic acid, 3-caffeoylquinic acid, 4-caffeoylquinic acid,
and caffeoylquinic acid isomer, whereas these isomers together
formed only 9.3% in BB juice. Although six derivatives of p-
coumaric acid were detected in the two bilberry juice types,
they only represented 5.4% and 8.1% of the total content of
phenolic acids in WB and BB juices, respectively. p-
Coumaroylquinic acid was the unique hydroxycinnamic acid
in WB juice as it has not been detected in BB juice, while the
dicaffeoylquinic acids were detected only in BB juice.

https://dx.doi.org/10.1021/acs.jafc.0c02842
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Among the 15 flavonols detected in BB juice, myricetin 3-O-
glucoside, laricitrin 3-O-galactoside, isorhamnetin 3-O-galacto-
side, and syringetin aglycone were undetected in WB juice.
The content of flavonols in WB juice was only 40% of the
content in BB juice (Table 2). The result is in good agreement
with a previous study investigating the flavonoid biosynthesis
during bilberry fruit ripening, where only 50% of the TFO was
observed in ripe white bilberry fruit compared to the
pigmented one.” Glycosylated quercetins were the most
predominant flavonols in BB juice accounting for approx-
imately 60% of TFO, of which quercetin 3-O-galactoside was
the one with the highest content, followed by quercetin 3-O-
glucuronide. Myricetin glycosides also presented at a high
proportion (approximately 15%) of TFO. The high contents of
these two groups of flavonol glycosides have also been
reported in colored bilberry fruits, juice, and press
residues.””””® On the contrary, in WB juice, quercetin 3-O-
glucuronide was the most abundant flavonol glycoside,
followed by quercetin 3-O-galactoside. These two compounds
accounted for approximately 80% of TFO in WB juice. The
contents of other flavonol glycosides were found to be
significantly lower (<0.4 mg/L). It is worth noting that, in
previous studies on the phenolic characteristics of bilberries,
myricetin was the only aglycone that could be detected in
pigmented bilberry fruit but not in albino mutant.”>* This
compound was reported to be quantifiable just after the
coloring period began and reached the maximum level in fully
colored fruit.® Therefore, the detection of myricetin aglycone
in WB juice and quercetin and syringetin aglycones in BB juice
indicated that hydrolysis likely had taken place during juice
processing yieldin§ aglycones from the corresponding glyco-
sylated flavonols.”

Five flavan-3-ols were quantified in bilberry juices, including
three monomeric flavan-3-ols ((—)-epigallocatechin, (+)-cat-
echin, and (—)-epicatechin) and two oligomeric procyanidins
(procyanidin B-type dimer and procyanidin B-type trimer)
(Table 2). These two groups of compounds showed
approximately equal fractions in both WB and BB juices.
However, similar to phenolic acids and flavonols, significantly
higher contents of most individual flavan-3-ols were detected
in BB juice. For example, the concentrations of procyanidin B-
type trimer and dimer in BB juice were 5.4 and 1.8 times
higher than those in WB juice, and (+)-catechin was
exclusively detected in BB juice. The compounds contributing
most to the total flavan-3-ol content in BB juice were
procyanidin B-type dimer and (—)-epicatechin, in decreasing
order. Oppositely, in WB juice, (—)-epicatechin accounted for
the highest proportion of flavan-3-ols, followed by procyanidin
B-type dimer.

After fermentation, the contents of total phenolic acids and
flavonols significantly increased (p < 0.001), being 30% and
29% higher in fermented WB sample than those in WB juice
(Table 2). This may partly be due to the enhancement of
extraction from the debris of bilberry pulf and skin by the
increase of ethanol during fermentation.*”** The quantitative
changes of phenolic acids and flavonols led to a 27% increase
in TPC. Compared to phenolic composition before fermenta-
tion, the proportions of TA (82.4%), TFO (14.7%), and TFA
(2.9%) in TPC did not show remarkable changes in WB wine
sample after fermentation.

Among the 20 phenolic acids quantified in WB juice and
wine, only caffeic acid hexoside-1 and 3-caffeoylquinic acid
showed significant decreases in content after fermentation (p <
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0.001). Interestingly, the content of caffeic acid increased
significantly (p < 0.001) from 0.74 to 17.21 mg/L along with
the significant decrease (p < 0.001) in caffeic acid hexoside-1
content (from 16.37 to 0.16 mg/L). The consistent evolution
of these two compounds was also observed in BB samples.
This is probably due to the cleavage of the glycosidic bound to
yield caffeic acid during fermentation. p-Coumaroyl-mono-
tropeins still dominated in phenolic acids in bilberry wines.
This is the first time that the exceptionally high concentration
of p-coumaroyl monotropeins has been reported in bilberry
wines.

After fermentation, the contents of all the individual
flavonols in WB juice showed significant increases or remained
constant. In particular, myricetin 3-O-glucoside and syringetin
aglycone, which are absent in WB juice, elevated their contents
to the levels accounting for 9.5% and 1.4% of TFO,
respectively, in WB wine. Likewise, the significant increases
(p < 0.01) in these two flavonols were detected after
fermentation of BB juice.

Interestingly, despite the 29% and 30% increases in TFO
and TA from WB juice to wine, only a 5% improvement of
TFO and, conversely, a significant reduction (5.4%, p < 0.05)
of TA were detected in BB samples. These observations
indicated that the involvement of anthocyanins might be a
crucial factor influencing the differences in TA and TFO
between BB juice and WB juice during fermentation. For
example, phenolic acids and flavonols react with anthocyanins
to form the vertical z—n stacking complexes through
intermolecular copigmentation. The formations of pyranoan-
thocyanins and polymeric pigments involve phenolic acids and
flavonols, as well. *>**

The dramatic decrease in (—)-epicatechin content in WB
juice was the main contributor to the significant reduction of
TFA (p < 0.01). Similarly, fermentation of BB juice led to an
approximately 36% degradation of (—)-epicatechin. The
reduction may be due to the oxidation of these ortho-
dihydroxyphenolic compounds through browning reaction to
form quinones and subsequently to form macromolecules by
polymerization.*>*¢

In conclusion, nonanthocyanin phenolic compounds in the
juices and wines produced from berries of a white bilberry
mutant and a normal bilberry were identified and quantified.
The content and composition of nonanthocyanin phenolics in
the products produced from white bilberry differed from those
of the corresponding products prepared from pigmented
bilberry. Dicaffeoylquinic acids, laricitrin 3-O-galactoside,
isorhamnetin 3-O-galactoside, and (+)-catechin have only
been found in blue bilberry juice or wine, while p-
coumaroylquinic acid has only been detected in white bilberry
products. The contents of phenolic acids, flavonols, and flavan-
3-ols in white bilberry samples were significantly lower than
the levels in blue ones. The excessively high amount of p-
coumaroyl monotropeins was found for the first time in
bilberry-based wines. Yeast fermentation significantly influ-
enced the profiles of phenolic compounds in both pigmented
and nonpigmented bilberry juices. The characterization and
quantification of phenolic compounds provide a comprehen-
sive insight into the chemical composition of bilberry products.
At the same time, the study on the value-added products might
stimulate the cultivation, breeding, and industrial utilization of
bilberries.
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