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ABSTRACT: Alcoholic beverages with low ethanol contents were produced by fermenting black currant juice with Saccharomyces
and non-Saccharomyces yeasts without added sugar. The effects of different yeasts on the phenolic compounds (anthocyanins,
hydroxycinnamic acids, flavonols, and flavan-3-ols) and other selected constituents (the ethanol content, residual sugars, organic
acids, and color) of the black currants were assessed. Single yeast-fermented beverages had higher ethanol contents (3.84—4.47%, v/v)
than those produced by sequential fermentation. In general, the fermentation of black currant juice increased the contents of organic
acids and flavonols, whereas anthocyanin contents decreased. All of the fermentations decreased the contents of glycosylated nitrile-
containing hydroxycinnamic acids, resulting in higher contents of the corresponding aglycons. Fermentation with Saccharomyces
bayanus resulted in lower anthocyanin and organic acid contents compared to the other yeasts. Sequential fermentations with
Saccharomyces cerevisiae and Metschnikowia pulcherrima led to the highest total hydroxycinnamic acids and anthocyanins among all of
the fermentations.
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1. INTRODUCTION non-Saccharomyces yeasts are primarily used in mixed or
sequential fermentations with S. cerevisiae.

Yeast fermentation is known to affect the composition of
anthocyanins and pyranoanthocyanins, a group of anthocyanins
primarily present in alcoholic beverages. They are anthocyanin
derivatives formed by condensation between anthocyanins and
yeast metabolites, such as pyruvic acid, acetaldehyde, and vinyl-
phenols. The color of pyranoanthocyanins is usually reddish
brown or reddish orange, and their typical maximal absorption

. . 12
Anthocyanins are the primary group of phenolic compounds in wavelength is typically between 495 and 515 nm, ™ lower than

black currants, followed by flavonols, flavan-3-ols, and phenolic those Of.the corresponding n?onomer1c. anthocyamns: Pyranoan-
acids.®” thocyanins are formed during the wine fermentation mostly

when 20—85% of the glucose is consumed."®> However, their
formation is a slow process that takes more time than sugar
fermentation.'' The formation of some pyranoanthocyanins
requires the presence of oxidants to be completed.'”

During fermentation, yeasts produce intra- and extracellular
enzymes, such as pectinases, esterases, proteases, and glycosidases,
which have effects on the technological and sensory properties
of the final wine products.'®'> The production rate of the
enzymes depends upon the yeast species and strain.'*~'® Pectinases
degrade pectin, which results in improved clarification and filtration

Black currant (Ribes nigrum) is the third most cultivated berry
crop in Finland and the second largest berry crop in Europe.
The phenolic composition of black currants has been widely
studied and varies according to the cultivar, growth location,
and weather conditions.”> The rich phenolic contents of the
berries affect their sensory properties, resulting in a bitter taste
and more astringency.” The phenolic compounds in black currants
also have potential beneficial effects on human health.”>

Wine yeasts have a comprehensive effect on the sensory
quality of final wine products, and therefore, selecting the yeast is
an important task.* ™" Saccharomyces cerevisiae and Saccharomyces
bayanus are the most frequently used wine yeast species as a result
of their high ethanol tolerance and good fermentation perfor-
mance in matrices with high sugar contents and low pH values.
Non-traditional wine yeasts, such as Torulaspora delbrueckii,
Metschnikowia pulcherrima, and Metschnikowia fructicola, have
become increasingly popular in research on fruit wine fer-
mentation in recent years, and these yeasts are commercially
available for fine production at an industrial scale as well.

Non-Saccharomyces wine yeasts are often used to improve the Received: May 27, 2020 ?Eonch[smy
comprehensive quality parameters, such as increasing the formation Revised:  August 10, 2020 ;
and/or release of aromatic volatiles,"" and, thus, possibly improve Accepted:  August 17, 2020 o

the sensory properties,” reduce the alcohol content,” and improve Published: August 17, 2020

the stability of the anthocyanin pigments.'” As a result of their
relatively low fermentation performance and ethanol tolerance,
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as well as the release of phenolic compounds, such as anthocyanins
and flavonols, in addition to flavor compounds.'® f-Glucosidase
is a common glycosidase produced by the wine yeasts. It can
increase or decrease the final quality of a wine by releasing
glycoside moieties from terpenoids (increasing the aroma
complexity'”) and anthocyanins (decreasing the color intensity'”).

The effects of processing, such as heat, enzymatic treat-
ment,”'®"” and storage,20 on phenolic compounds and, thus,
the sensory properties of black currants have been widely
studied. However, there are only a few studies focused on the
effects of yeast fermentation on the chemical composition of
black currant beverages.”' ~>” Moreover, no study reporting on
comparisons of the impacts of different yeasts on the chemical
composition of fermented black currant were found. In the
present study, we aimed to assess comprehensive effects of pure
fermentation with single yeast strains of S. cerevisiae, S. bayanus,
or T. delbrueckii yeasts as well as sequential fermentations of
M. pulcherrima and M. fructicola with S. cerevisiae on the
chemical composition of black currant juice. Special focus was
directed toward the effects on various non-volatile constitu-
ents, such as phenolic compounds, sugars, and organic acids,
as well as ethanol, which are known to impact the sensory
properties of beverages strongly. Black currant pulp containing
a high amount of pectin was used in this study because its
flavor properties resemble those of the original black currants
more than those of the enzymatically treated black currants.”®
Additionally, sugars were not added to the juice before or during
fermentation because our goal was to produce beverages with a
low ethanol concentration instead of fruit wines.

2. MATERIALS AND METHODS

2.1. Yeasts and Standard Compounds. The two S. cerevisiae
strains W15 and ICV-K1 (Scl and Sc2, Lalvin, Montreal, Quebec,
Canada), T. delbrueckii Biodiva (Td, Level, Edwardstown, Australia),
M. pulcherrima Flavia (M1, Level, Edwardstown, Australia), and
M. fructicola IOC Gaia (M2, Edwardstown, Australia) were kindly
provided by Lallemand, Inc. (Montreal, Quebec, Canada), and
S. bayanus (Sb, Condessa, Viinitialo Melkko, Ltd., Lahti, Finland) was
purchased from a local wine equipment store in Turku, Finland.

Quercetin-3-O-glucoside, cyanidin-3-O-glucoside, and (+)-catechin
were purchased from Extrasynthese (Genay, France). p-Coumaric
acid, chlorogenic acid, xylitol, tartaric acid, quinic acid, fumaric acid,
shikimic acid, and galacturonic acid were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). Citric acid and sucrose were purchased
from J.T. Baker Chemicals (Leuven, Belgium). n-Butanol was purchased
from Riedel-de Haén (Morris Plains, NJ, U.S.A.), and ethanol was
purchased from Altia (Helsinki, Finland).

2.2. Preparation of Black Currant Juice and Fermented
Beverages. Frozen Finnish black currants (Pakkasmarja, Ltd.,
Suonenjoki, Finland) were purchased from a local supermarket.
All of the black currants used here were from the same production
batch. They were stored at —20 °C until further use. Before the juice
pressing, the black currants were thawed in the microwave oven for
1.5 min at 350 W, mixed, and thawed again for 1.5 min at 350 W.
Thawed berries were cold-pressed with a vertical tincture press (HP
2 H, Hafico, Fischer Maschinenfabrik, Neuss, Germany) at a pressure
of 140 kg/cm®. The black currant juice was pasteurized in 50 mL glass
bottles by immersing the bottles into boiling water. The temperature
changes in the juice were followed with a thermometer (TM-947SD,
Lutron Electronic Enterprice Co., Ltd., Taipei, Taiwan) until it reached
97 °C, kept at 97 °C for 30 s, and then immediately transferred to ice to
cool to 25 °C. For each fermentation, 100 mL of pasteurized juice was
measured and transferred to a glass bottle.

Before inoculation of the black currant juice, all of the yeasts were
reactivated with water rehydrant solution (Go-Ferm, Lallemand,
Inc,, Montreal, Quebec, Canada) to shorten the lag phase of the

fermentation. The optimal temperature and time were used to reac-
tivate each yeast, which were as follows: S. cerevisiae 1, 35—40 °C;
S. cerevisiae 2, 40 °C; S. bayanus, 30—3S °C; T. delbrueckii, 30 °C;
M. pulcherrima, 30 °C; and M. fructicola, 20—30 °C. The minimum
reactivation time was 20 min for every yeast but less than 45 min. The
inoculation was performed so that the inoculation amount was 0.25 g/L
of active dried yeast, which corresponds to 1.4 X 10° colony-forming
units (CFU)/mL of S. cerevisiae 1, 3.6 X 10° CFU/mL of S. cerevisiae 2,
9.7 X 10" CFU/mL of S. bayanus, 4.7 x 10® CFU/mL of T. delbrueckii,
7.3 X 108 CFU/mL of M. pulcherrima, and 1.2 X 10® CFU/mL of
M. fructicola. The cell populations of each yeast were determined by
plate counting on YPD agar (1% yeast extract, 2%, peptone, 2% dextrose,
and 2% agar). The plates were incubated at 35 °C for 48—72 h before
counting. The fermentation was performed at 21 °C in the dark. For
sequential fermentations, the juice was pre-fermented with Metschnikowia
yeasts for 24 h, and after that, S. cerevisiae yeast was added to continue
the fermentation, as described above. All of the fermentations were
performed in triplicate.

The fermentations were monitored by measuring the Brix (Hanna
Instruments, Woonsocket, RI, U.S.A.) regularly and were stopped by
adding yeast killer (potassium sulfate/potassium sorbate, 1:1, Jasstopp D,
Viinitialo Melkko, Lahti, Finland) when the Brix had remained constant
for 24 h. The beverages were centrifuged at 1500g for 10 min, and the
supernatant was collected and stored in the freezer at —80 °C.

2.3. Extraction of Phenolic Acids and Flavonol Glycosides.
To extract the non-anthocyanin phenolic compounds, 2 g of each
sample was weighed in an extraction tube and S mL of ethyl acetate
was added. Thereafter, the extraction tube was shaken vigorously for
90 s, followed by centrifugation for 5 min at 1500g. The supernatant
was collected in an evaporation flask. The extraction was repeated
4 times, and the extracts were combined. Ethyl acetate was evaporated
to dryness at 35 °C under a vacuum with a rotary evaporator
(Heidolph Instruments, Schwabach, Germany), and the extract was
reconstituted with 1 mL of methanol and filtered through a 0.22 ym
polytetrafluoroethylene (PTFE) filter. The extractions were performed
in triplicate.

2.4. Determination of Phenolic Acids, Flavonols, and
Anthocyanins. The phenolic acids, flavonol glycosides, flavan-3-ols,
methyl citrates, and anthocyanins were determined using an ultra-high-
performance liquid chromatography (UHPLC) instrument (Nexera 30
Series, Shimadzu Corp., Kyoto, Japan) coupled with a SPD-M20A
diode array detector (DAD), as described previously by Mikili et al,*
with slight modifications. The mobile phases were water (A) and
acetonitrile (B), both containing formic acid (0.1%, v/v). The phenolic
acids, flavonols, flavan-3-ols, and methyl citrates were separated with the
following mobile phase B gradient: 0—15 min, 2—18%; 15—20 min,
189%; 20—30 min, 18—20%; 30—35, 20—60%; and 40—45 min, 60—2%.
The flow rate of the mobile phase was 1 mL/min. The separation
of compounds was performed with an AerisPeptide column (XB-C18,
150 mm X 4.6 mm X 3.6 um, Phenomenex, Torrance, CA, U.S.A.).
The oven temperature was set to 25 °C. Flavan-3-ols and methyl
citrates were recorded at 280 nm; phenolic acids were recorded at 310
and 320 nm; and flavonol glycosides were recorded at 360 nm.
(+)-Catechin, p-coumaric acid, chlorogenic acid, and quercetin-3-
O-glucoside were used to quantify the compounds at 280, 310, 320,
and 360 nm, respectively. Five-point calibration curves were constructed
using reference compounds over a concentration range of 0.006—0.40 g/L.

Before the anthocyanin analysis, S00 uL of black currant juice or
fermented beverage was diluted with S00 uL of acidified methanol
(using concentrated HCI at 1%, v/v) and filtered through a 0.22 ym
PTFE filter. The mobile phases were water (A) and acetonitrile (B),
both containing formic acid (5%, v/v). The following gradient was
used for the mobile phase B: 0—10 min, 5—10%; 10—15 min, 10—
15%; 15—20 min, 15—40%; 20—30 min, 40—90%; and 30—35 min,
90—5%. The flow rate was 1 mL/min. The separation of the com-
pounds was performed with the same column as mentioned previously.
The oven temperature was 36 °C, and the peaks were recorded at
520 nm. Cyanidin-3-O-glucoside was used to construct a five-point
calibration curve over a concentration range of 0.021-0.34 g/L to
quantify the anthocyanins.

https://dx.doi.org/10.1021/acs.jafc.0c03354
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2.5. Qualitative Analysis of Phenolic Acids, Flavonols, and
Anthocyanins. The phenolic acids, flavonol glycosides, and
anthocyanins were identified with an Elute UHPLC—DAD instru-
ment coupled with an Impact I ESI-QTOF system (Bruker Daltonik
GmbH, Bremen, Germany). The system was controlled with Compass
HyStar software (Bruker Daltonik GmbH, Bremen, Germany). The same
mobile phases A and B were used as those described previously. In the
analysis of flavan-3-ols, phenolic acids, and flavonols, the following
mobile phase B gradient was used: 0—9.4 min, 2—18%; 9.4—11.80 min,
18%; 11.80—14.20 min, 18—20%; 14.20—16.50 min, 20—60%; 16.50—
18.90 min, 60—2%; and 18.9—21.20 min, 2%. The flow rate was
0.5 mL/min. The compounds were separated with a bioZen column
(XB-C18, 150 mm X 2.1 mm X 1.7 um, Phenomenex, Torrance, CA,
U.S.A.). The oven temperature was set to 35 °C, and the peaks were
recorded at 310, 320, and 360 nm. The mass spectrometer was
operated in positive- and negative-ion modes. The capillary voltage
was set to 4.5 kV; the nebulizer pressure was set to 4.8 bar; the dry gas
flow was set to 12 L/h; and the dry temperature was set to 350 °C.
The ions were scanned over a range of m/z 20—1000.

The chromatographic conditions and column used for the quali-
tative anthocyanin analysis were the same as those used previously for
quantitative analysis. A flow of 0.140 yL/min was directed to the mass
spectrometer operated in positive- and negative-ion modes. The
capillary voltage was 4.5 kV; the nebulizer pressure was 1.4 bar; the
dry gas flow was 9.0 L/h; and the dry temperature was 230 °C. The
ions were scanned over a range of m/z 20—1000.

2.6. Determination of Sugars and Organic Acids. The sugars
and organic acids were analyzed with gas chromatography (GC,
GC-2010Plus, Shimadzu Corp., Kyoto, Japan) equipped with a flame
ionization detector (FID) as trimethylsilyl (TMS) derivatives as described
before in our previous study.”” The compounds were quantified using
the internal standards: xylitol for sugars and tartaric acid for acids at a
concentration of § g/L. External standards (quinic, fumaric, shikimic,
citric, and galacturonic acids, all at S g/L) were analyzed to identify
and calculate the correction cofactors.

2.7. Ethanol Determination in Fermented Beverages. The
ethanol was determined with GC (GC-2010Plus, Shimadzu Corp.,
Kyoto, Japan) equipped with a flame ionization detector (FID) as
described before by Liu et al.*® Before the analysis, the samples were
filtered with 0.45 ym RC filters. 2-Butanol was added as an internal
standard for ethanol quantification.

2.8. Determination of Color Properties. The color properties
were determined from undiluted samples by spectrophotometric mea-
surements (Evolution UV—vis 300, Thermo Fisher Scientific, Wilmington,
DE, U.S.A.) using a plastic cell with a 1 cm optical pathway. The
absorbances were recorded at 420, 520, and 620 nm. According to
Liu et al,,*° percentages of yellow (% yellow), red (% red), and blue
(% blue) and the color intensity (CI) and color tonality (CT) were
calculated as follow:

A420/520/620

ercentage of color =
P 8 CI

Cl=Apy + Ag + As

A420
ASZO

CT =

2.9. Statistical Analysis. SPSS 25.0.0.1. (IBM SPSS Statistics,
Inc, Chicago, IL, U.S.A.) used a one-way analysis of variance
(ANOVA) with Tukey’s test and an independent sample ¢ test. The
one-way ANOVA was used to determine the statistical difference
between different yeast fermentations, and the independent sample ¢
test was used to determine the differences between the black currant
juice and the average fermented beverage. Unscrambler X (version 11,
CAMO, Inc., Oslo, Norway) was used to performe principal com-
ponent analysis (PCA1). PCAI was constructed using one black currant
juice sample, three biological replicates of seven fermented beverage
samples, and 57 chemical variables. The samples were grouped by
juice and the yeast species into seven groups. PCA2 was constructed
using three biological replicates of seven fermented beverage samples,

and there were 57 chemical variables. The samples were grouped by
the yeast species.

3. RESULTS AND DISCUSSION

3.1. Fermentation Kinetics. The fermentation times
between the single yeast and sequential fermentations were
notably different. Sequential fermentations with M. pulcherrima
(M1) or M. fructicola (M2) and the S. cerevisiae strains (Scl
and Sc2) lasted only 6 days, whereas the single yeast fermen-
tations took 8—11 days to complete. The fermentation kinetics
measured as changes in Brix values are presented in Figure 1.
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Figure 1. Decrease in Brix values during the fermentation: (blue H)
S. cerevisiae 1, (red @) S. cerevisiae 2, (green A) S. bayanus, (purple V)
T. delbrueckii, (orange B) M. pulcherrima + S. cerevisiae 1, (cyan H)
M. fructicola + S. cerevisiae 1, and (maroon @) M. pulcherrima +
S. cerevisiae 2.

The Brix values of the M1Sc2 and M2Scl fermentations also
decreased less than in other fermentations according to the
initial Brix of the juice. The single yeast fermentation with
S. bayanus (Sb) had the longest lag phase, and its fermentation
lasted the longest. Similar low fermentation rates for S. bayanus
have been reported before.”'

The pH was measured before and after each fermentation
(Table 1). The initial pH of the black currant juice was 2.96,
and after fermentation the values varied between 2.93 (M2Scl)
and 3.07 (Sb). The S. bayanus and T. delbrueckii (Td) fermen-
tations increased the pH significantly compared to the black
currant juice. The increase in the pH cannot be explained by the
compounds determined in this study, but, for example, changes
in the pectin concentration could have an effect on the pH.*>

3.2. Ethanol Concentration. The highest ethanol concen-
tration was observed in Sc2 (4.47%, v/v), and the lowest ethanol
concentration was in M1Sc2 (3.46%, v/v; Table 1). The ethanol
concentration in the Sc2 beverage was significantly higher than
those in the beverages from all of the sequential fermentations
(3.46—3.79%). A lower ethanol content of sequential fermen-
tations is possibly caused by the lower ethanol production per-
formance of Metschnikowia yeasts. Contreras et al.” reported
significantly lower levels of ethanol from sequential fermentation
with S. cerevisiae and five different M. pulcherrima yeast strains
than fermentation with S. cerevisiae alone. However, Escribano-
Viana et al.** did not observe almost any difference in the
ethanol concentration with sequential fermentations compared

https://dx.doi.org/10.1021/acs.jafc.0c03354
J. Agric. Food Chem. 2020, 68, 10128—10141
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to a conventional single yeast fermentation with S. cerevisiae.
Our results indicate that Sc2 has a better ethanol production
performance than Scl in fermenting black currant juice. In addi-
tion to the difference between the yeast strains, the ethanol
content is often affected to a great extent when another yeast is
introduced into the fermentation matrix. Typically, T. delbrueckii
is used to reduce the ethanol content in grape wines,”” whereas
our study demonstrated that black currant juice fermented with
Td had a higher ethanol content (4.07%, v/v) than the Scl-
fermented sample (3.84%, v/v). T. delbrueckii is reportedly
highly resistant to stressful environments, such as low pH and
temperature.”” This resistance may explain the similar or better
fermentation performance of T. delbrueckii in black currant juice
in comparison to some S. cerevisiae yeast strains. In addition,
T. delbrueckii can be used alone to ferment black currant juice.

3.3. Identification of Phenolic Compounds. A total of
27 phenolic acids, 12 flavonols, 3 proanthocyanidins, and 16
anthocyanins were identified or tentatively identified (Table 2)
in the black currant juice and fermented beverages by through
comparisons of the retention times, ultraviolet—visible (UV—
vis) spectra, and mass spectra to the reference compounds and
the results reported in the literature.””"*>~’

In the phenolic acid group, derivatives of caffeic, p-coumaric,
and ferulic acids were detected in addition to free caffeic
acid and p-coumaric acid. Four phenolic acids containing a
nitrile group were also detected in the black currant juice: (E)-
caffeoyloxymethyleneglucosyloxybutenenitrile, (E)-coumaroy-
loxymethyleneglucosyloxybutenenitrile, (Z)-coumaroyloxyme-
thyleneglucosyloxybutenenitrile, and (E)-feruloyloxymethyle-
neglucosyloxybutenenitrile (compounds 10—13 in Table 2),
which have been identified before by Lu et al. and Makila
et al.>”** In comparison to the black currant juice, two new
phenolic acid peaks were detected only in the fermented samples,
namely, (E)-coumaroyloxymethyleneoxybutenenitrile and (Z)-
coumaroyloxymethyleneoxybutenenitrile (compounds 14 and
15 in Table 2). They were tentatively identified on the basis
of the mass spectra as aglycones of compounds 11 and 12,
respectively. The odd-numbered nominal mass [M] of m/z
259 indicated the presence of odd-numbered nitrogen atoms in
the molecules. The fragmentation pattern under both ionization
modes (m/z+ 96, 114, 147, and 242 [M + H — H,0]; m/z—
117 and 163 [M — H — coumaric acid]) were similar to those
of compounds 11 and 12. These compounds are most likely
formed through the cleavage of glucose by yeast glucosidases.

Flavonols were identified as glycosides of myricetin, quercetin,
and kaempferol, and anthocyanins were identified as glycosides
of delphinidin, cyanidin, and peonidin. Two pyranoanthocya-
nins, cyanidin-3-O-rutinoside-pyruvic acid and cyanidin-3-O-
rutinoside-acetaldehyde (compounds 39 and 40 in Table 2),
were detected and tentatively identified in fermented beverages
with a quadrupole time-of-flight (QTOF) mass spectrometer.
The parent ion masses were [M + H]* 663 and 619, respec-
tively. The daughter ions of the peaks were both in m/z+ 595,
indicating that both compounds were cyanidin-3-O-rutinoside
derivatives. Compound 39 was tentatively identified as cyanidin-
3-O-rutinoside-pyruvic acid ([M + H + pyruvic acid]* 595 + 68),
and compound 40 was cyanidin-3-O-rutinoside-acetaldehyde
(M + H + acetaldehyde]* 595 + 24). Pyranoanthocyanins were
detected in the trace amounts in all fermented beverages but
were absent from the black currant juice. The formation of a low
amount of pyranoanthocyanins during black currant fermenta-
tion could be attributed to low concentrations of nutrients, such
as sugars and nitrogen, which limited the formation of pyruvic

acid and acetaldehyde during the early stage of fermentation.
The sugar content of the grape musts ranges between 150 and
250 g/L, whereas in the black currant juice used in this study,
it was only 78 g/L. In a nutrient-rich environment, pyruvic acid
is produced in excess and excreted from yeast cells into the
fermentation medium, which leads to a high formation rate of
pyranoanthocyanins in wines. Additionally, the pH and temper-
ature affect the formation rate of pyranoanthocyanins.*” The pH
of grapes must can be as high as 3.6,"” whereas the black currant
juice pH is typically below 3 (in this study, it was 2.96)."'

3.4. Comparison between Chemical Compositions of
Black Currant Juice and Fermented Beverages. The
independent sample ¢ test was used to compare the phenolic
compositions of black currant juice and the averaged value of
all fermented black currant beverages (Table 3). Generally, the
phenolic profiles differed between the fermented beverages and
the black currant juice.

Seven organic acids and three sugars were detected in the
juice and fermented beverages (Table 1). Not surprisingly, the
contents of all of the sugars were significantly lower in the fer-
mented beverages than in the black currant juice. Interestingly,
the total organic acids differed less than 1% between the juice
and average beverage as a result of the fact that citric acid as
the primary acid remained unaffected. Citric acid accounted for
up to 87% of the total organic acid contents. Methyl esters of
citric acid have been detected before in black currants® and
were also detected in the juice and fermented beverages in our
study. The average concentrations of citric acid methyl esters
were statistically significantly higher in fermented black currant
beverages (73 mg/L) than the corresponding values in the
black currant juice (67 mg/L). In contrast, the fermentations
primarily decreased the concentrations of malic, shikimic, and
quinic acids. Succinic and galacturonic acids were not present
in the black currant juice but appeared in the all of the fermen-
tations (Table 3). Yeasts produce succinic acid during alcohol
fermentation through a few different metabolic pathways,*
and galacturonic acid is formed as a degradation product of
pectin by pectinases.

Fermentation decreased the total concentration of hydrox-
ycinnamic acids (by 6.7%) and the total content of anthocyanins
(by 28.4%) and increased the total concentration amounts of
flavonols (11.7%) and flavan-3-ols (8.8%). The contents of all of
the hydroxycinnamic acids containing a nitrile moiety decreased
significantly during the fermentations compared to the black
currant juice. In addition, the contents of Z-p-coumaroylglucose,
ferulic acid hexoside, and p-coumaric acid were significantly
higher in the fermented beverages than in the juice. Czyzowska
and Pogorzelski”® reported that the hydroxycinnamic acid
contents decreased by approximately half during fermentation.
In general, all monomeric anthocyanin contents decreased
during the fermentations. The most highly affected anthocya-
nins were the glucosides of cyanidin, delphinidin, and cyanidin
3-0O-(6-p-coumaroyl) glucoside. Their contents decreased by
40.8, 37.5, and 34.7%, respectively. Simultaneously, the con-
centrations of delphinidin and cyanidin aglycones increased
during the fermentations. Anthocyanins have an important role
in consumer acceptance of food products because their color is
one of the first things consumers can perceive in foods. Czyzowska
and Pogorzelski”' reported a higher loss of anthocyanins (96%)
after a wine yeast fermentation of black currant juice treated with
pectinase compared to our results.

A PCA model constructed with all of the samples (n = 21;
biological replicates shown separately) and all of the chemical

https://dx.doi.org/10.1021/acs.jafc.0c03354
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- variables (n = S57; first three PCs explain 74% of the total
~ [P variance) clearly shows that black currant juice is clearly
. separated from the fermentation samples on the PC2 (panels A
= (E and B of Figure 2). Not surprisingly, the ethanol and total
o
L‘i‘ o 5 3 sugar contents correlate negatively with one another. However,
3 B B 5 5 most of the organic acids and the total organic acid content
correlate more positively with fermented beverages than with
43 g s & black currant juice. The nitrile-containing hydroxycinnamic
% g L = acids (variables 10—15), certain anthocyanins (e.g, rutinosides
Ch 5 & & of delphinidin and cyanidin), and the majority of sugars correlate
. positively with black currant juice. The aglycones of the nitrile-
£ 5 o © 2 containing hydroxycinnamic acids, ethanol, and myricetin rutino-
&
= & roos : ! side correlated negatively with the black currant juice.
3.5. Comparison of Chemical Composition of Beverages
- 2 2 3 3 Fermented with Different Yeast Strains. 3.5.1. Organic
2| % 3 s 2 3 Acids and Residual Sugars. Citric acid was the primary organic
g 6 &
EE’, Eg 20z 2 0% < acid in the black currant beverages. Its concentrations varied
g2 &5 3 § 3 3 between 30.3 g/L (M2Scl) and 35.2 g/L (M1Scl). The con-
e =S g = 1 centrations of citric acid increased moderately in all of the other
el o o .
g fermentations, except Sb and M2Scl.
o ] The highest concentration of succinic acid was found in the
g | g 3 = 9 g Sb beverage (930 mg/ L); the second highest concentration of
=) 2 succinic acid was found in the Td beverage (770 mg/L); and
. E the lowest concentrations were observed in the sequentially
=) 52 2 fermented beverages. Our results are concurrent with Eglinton
| 5 & LI LI 2, et al,”’ who reported that S. bayanus produced more succinic
, = = acid than S. cerevisiae during fermentation. In addition, high
ol - s production rates of succinic acid by T. delbrueckii have been
f § g 2 = reported before.’”** Canonico et al."* reported increases in the
Z|LB8% 8 5 = E = = ’% succinic acid concentration when a beverage was fermented
8¢ 2
:|§ E§ 5 F 2 =58 with M. pulcherrima and S. cerevisiae, and Liu et al.* reported
s é _;5 g § similar succinic acid levels in sequential fermentation with
& < g
4 g 5 M. fructicola and S. cerevisiae. In our study, the concentrations
“—
. & g 8 of succinic acid in the sequentially fermented beverages were
- a, [\l =] <+ © 3} . . .
v 3 U I 27 £ significantly lower than they were in the Scl and Sc2 beverages.
T 3 s g Zg = . . . .
= = ; 55 S & According to Rubico and McDamel,46 the taste properties of
o R g succinic acid are sour and bitter at a concentration of 680 mg/L.
o g In the present study, the concentrations of succinic acid in
= =<} [ [
+ B E ~ B S 3 the fermented beverages were above the reported threshold,
=== iy indicating possible effects on the sensory properties of the
i\ o~ r'(5" beverages.
- O . . . . .
E 5?@ I 58 8 The highest galacturonic acid concentrations were in the
wn| 3.8 - o) o . .
S| 8y 2 S 3 A, sequential fermentations (280—310 mg/L), and the lowest
E\S g 2 = 2 o ﬁl galacturonic acid concentration was in Sb (160 mg/L). Belda
= & i = E a et al."® reported that both M. pulcherrima and M. fructicola have
- 2 & S A high polygalacturonase activity, and the use of M. pulcherrima
o - Ll) with S. cerevisiae was beneficial for the sensory and tech-
(ﬁég 5 3 = = nological properties of wine products as a result of the release
= z g Ea of important sensory active compounds by pectin degradation.
g Clear differences were observed in the contents of residual
g z sugars between the yeasts studied here (Table 1). Scl had the
s = E g lowest amounts of residual glucose (0.08 g/L) and fructose
S ) = .
e g =~ £ (0.1 g/L), whereas Sb had the highest amount (1.0 and 1.9 g/L,
£ g R .- respectively) but the lowest amount of sucrose (0.1 g/L).
= % % % 5 Sc2 also had a low amount of sucrose left (0.4 g/L), whereas
= £ 3 S & 2‘; i Scl had a higher amount (2.8 g/L). Interestingly, sequential
? o . .
) % TE L T 23 g fermentations had the highest amount of sucrose left after
8 58 4 5. 4 . . .
g "é% "é %?g "é g 2 fermentation (3.5—3.9 g/L), corresponding to approximately
g 5T &° &° E half of the initial sucrose concentration and 10 times the level
° - o in Sc2. Additionally, no glucose or fructose was detected after
:: 53 E the sequential fermentations. Differences in the use of sugar
= &5 & may result from different gene expressions across the yeast
« o = o ® o =) ~ . .
H ° ©® ® ¥ 9 strains and species. Generally, yeasts preferably use hexose
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. " - - ks § monosaccharides, such as glucose and fructose, because these
TH 2w S8 SXa£EL, sugars enter the glycolytic pathway directly. To degrade sucrose,
58 HHHHH HH HHHFESR yeasts have to first produce the invertase enzyme. High concen-
> % R R T mom ™S 535 . . .
] ¥ 3 S 8" Smno3 trations of glucose suppress the expression of the genes encoding

v . . .
<SS the invertase enzyme. Therefore, when glucose is present at high
P é § =g levels, the production of invertase is inhibited by yeast.*’
9 & . . .
= 2773 f : S 89055y g 3.5.2. Phenolic Acids, Flavonols, and Anthocyanins. The
& LT ns 3% S Lo EEERS phenolic acid contents in the fermented samples varied between
.. o . . .
= g9 oa Taoqd 3 S g 53 and 67 mg/L (Table 3). In general, the total phenolic acid
¥ >3 u? 3‘3 ) contents were significantly lower in all of the single yeast
- 8 2% 8 fermentations compared to the sequential fermentations.
L ! . . . . . . .
, 873 . 2 " E S .2 g § Six phenolic acids containing nitrile groups (compounds

3 o B =S o5y L5 E 8 %g 10—15 in Table 2) were detected in the black currant juice

— = = =) . P

= HoH 44 H HHEF32S and beverages. The contents of nitrile compounds decreased

—~ N O vy ® 3 w8 g 9 v . .
5R=3 4 = I ks - 1.5—19-fold (Table 3) during the fermentations, and one of
NS L= th ey . .
§ 928 e nitrile compounds was detected only in trace amounts.
S 288 % L .
- g B o B, 2 E355 ¢ Two new nitrile compounds were detected in the fermented
SO . . . .

= B35 2 S8 S5 ) N %'5 o3 black currant beverages, which were tentatively identified as

& ®hHh~—~S S S S Aa=ggo 1 f th ds (E)- 1 hvleneclu-

2 HHHHN HH Hunassoqh aglycones of the compounds coumaroyloxymethyleneglu

= 23292 z9 233 A8 ’;\L & cosyloxybutenenitrile and (Z)-coumaroyloxymethylenegluco-

¥ = Sa&ag2”8 syloxybutenenitrile (section 3.3). The concentrations of these
-9 0 g . . . .
w8 &8 - compounds differed significantly between fermentations; the
g = . C .
8,588 oo 273 é g2 & sequentially fermented beverages had significantly higher con-
- - 2 139 .
- T®eo22 22 Za° § “? § ] g tents of both compounds than single yeast-fermented beverages.
2 HoHH A A H S g g This result is consistent with the reported high S-glucosidase
$F3°6% 23 2838 L5923 activity of Metschnikowia yeasts.” In addition, the concentrations
3} 0 "g 2 : o B b4
- 538 of the initial compounds (11 and 12) decreased 1.5—15-fold.
S v . .
e So 2 £ ° g 4 The highest decrease was observed with Scl by 93.5 and 65%,
vy N = 1 >
32g2%8 249 QE:;EHEJ%E respectively.

3 Eo HHHHH HH HHHZEES g The main flavonols in the black currant juice and beverages
T893 33 25¢ ‘?*,‘é E BN were glycosides of myricetin and quercetin. Interestingly,
g E o § 2 sequential fermentations did have different degradation effects

g o .
g B 3E Z8 8 on the flavonols: M1Scl and M2Scl significantly increased the
£4=2547% 2o ®.5 52 g5 = flavonol aglycon contents, but M1Sc2 did not increase them at
o 8 1 2 — =] . .
3 < DDAV I I 53 % all. The total flavonol glycoside contents varied between 79 mg/L
£ .
2w o Qe e —pg §HE= ¢ (Scl) and 107 mg/L (M2Scl; Table 3) in the fermented bev-
— = 5 [ < . .
® °% " s£9538 erages. The highest content was found in M1Scl and M2Scl,
: '%i Rl which differed significantly with the one Scl beverage, but there
< g L .
228 . o0 o 2 = B E 7 were no significant differences between the M1Sc2 and Sc2
o 0 w8 3= . . ..
S o~~~ =5 <« HGSEBEZS beverages. The yeast fermentations did not have a significant effect
i3] N NS ~c S S S A o »bb 2 . ) .
3 HHHHH HH HHHSS 2 ik on the contents of flavan-3-ols. A moderate increase in the catechin
S k= . .
gLy 22 2249 §\ 239 g content was observed after the sequential fermentations (Table 3).
) X A=} . . . .

=828y The color properties, intensity, and tonality of the fermented

95) = 7] .
jf &2 g beverages were analyzed with a spectrophotometer (Table 1).

Flel=t . . .
LS © g o 2o ; 38 The highest color intensity was recorded from black currant
) 4= 3 N T P

3 23S s S g S R « N e é» juice. Of the beverages, the Sc2-fermented beverage had the

= H A M4 oonad 2 5 s £ 5 highest color intensity and the Sb beverage had the lowest

— H 1 B=Eaa . .

bR T e - 2Z2° 2 = gua color intensity. The colors of the beverages produced by sequen-

o= . . .
“ 8 éc Ce tial fermentations were recorded as more intense than the Scl,

- .
385 o 8 Sb, and Td beverages. A decreased blue color proportion and
7] 2 = . . .
= =~ T8LEET increased proportion of yellow and red colors were detected in
g = = g gL ~ beverages with lower color intensity and lower total anthocyanin
g E g £ 298 %50 contents. After the fermentations, the total anthocyanin con-
4] o .
= i m g E§ 22892 tents varied between 637 mg/L (Sb) and 1153 mg/L (M1Scl;
=] — 7 I e = . . e e
§ L g é e 8L g LuB f€'8 - Table 3). Clear differences in the contents of individual mono-
T2 %X &3 B 23 . . .
- g 2280 BE 8§ 5 g5c 3 = meric anthocyanins and the total anthocyanins were observed
= £ = — A~ = S . . .
2 8 %’o E E ] 2% = 2.3 & _E ii"ﬁ § go between the sequential and non-sequential fermentations. The
£ ERCEC- R £%25 T E8dgec” total anthocyanin contents of the sequential fermentations did
=== = =1 . . .

g tEEEE2aE2Es8 858% o g not differ statistically from the non-fermented black currant
© CEAAS S5 TE8T x g = £ =5 juice or from each other, whereas all of the fermentations with
r: 5 = 8 & &2 single yeast strains did. Sb had the lowest total anthocyanin
.-—g "g IR33588 53 A U fg s § 3 content. The difference between fermentations was in the extent
= | £ 55E8T of the decrease in all of the monomeric anthocyanins. Similar
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Figure 2. PCA based on 57 chemical variables in black currant juice and fermented black currant beverages using the following inoculation
schemes: (black OJ) black currant juice, (blue M) S. cerevisiae 1, (red @) S. cerevisiae 2, (green A) S. bayanus, (purple V) T. delbrueckii, (orange M)
M. pulcherrima + S. cerevisiae 1, (cyan B) M. fructicola + S. cerevisiae 1, and (maroon @) M. pulcherrima + S. cerevisiae 2 for (A) PC1 versus PC2,
and (B) PC1 versus PC3. Numbers with A (acid) or S (sugar) refer to Table 1, and the numbers of variables refer to Table 3. T.HA, total
hydroxycinnamic acids; T.Flava, total flavan-3-ols; T.Flavo, total flavonols; T.Anth, total anthocyanins; T.A, total organic acids; T.S, total sugars;

and S/A, sugar/acid ratio.

to our findings, Belda et al. and Escribano-Viana et al.'"'® have
reported higher anthocyanin contents after sequential fermentation
with M. pulcherrima and S. cerevisiae compared to S. cerevisiae
fermentation. The observed differences in color properties and
the loss of monomeric anthocyanin during the fermentations
can be attributed to variations in either f-glucosidase activity
or anthocyanin absorption by the yeast cell wall among
different yeast strains. -Glucosidase releases the aglycon forms
of anthocyanins through the cleavage of the glycosidic bond.
Aglycons are not stable and spontaneously convert to colorless
and brown compounds. Both f-glucosidase activity and cell
wall absorption are yeast species and strain-specific character-
istics.'***7>" Belda et al.'® reported f-glucosidase activity
in 88.5% of the studied M. pulcherrima strains and 88.9% of
M. fructicola strains.

To visualize the relationship between single yeast fermen-
tations and sequential fermentations and between Saccharomyces
and non-Saccharomyces beverages, a second PCA was constructed
using all 21 fermented beverage samples and 57 chemical
variables. The first three PCs are shown in panels A and B of
Figure 3 and explain 70% of the data variance. PCI1 clearly
separates the single yeast fermentations from the sequential
fermentations. Sequential fermentations are located on the left
side of the scores plot, and the single yeast-fermented beverages
are on the right. Between sequential fermentations, there are still
clear differences, with M1Scl and M2Scl located closer to each
other than to M1Sc2. M1Sc2 is also separated from M1Scl and
M2Scl on PC2. The correlation loadings plot shows almost all
of the chemical variables, especially flavonols and anthocyanins,
located on the left side with the Scl sequential fermentations.
Galacturonic acid (7A) correlates positively with M1Sc2 beverages
and clustering most of the anthocyanins and total anthocyanins.

10138

This classification can indicate higher pectinase enzyme activity
and, thus, positive effects on the contents of phenolic compounds
after fermentation. Scl, Sc2, Td, and Sb beverages are primarily on
the right side of the plot. However, the Sb beverages are separated
from other single yeast-fermented beverages on PC2. In addition,
the majority of chemical variables are correlated positively with
Sb, such as Z-p-coumaroyl O-glucoside (6), p-coumaric acid
O-glucoside (3), succinic acid (1A), fructose (1S), and glucose
(2S). The scores plot also shows that the Scl, Sc2, and Td
beverages are not separated from each other by the differences
in the studied chemical variables, and thus, their sensory prop-
erties may be more similar to each other than to Sb and
sequentially fermented beverages. The only chemical variables
positively correlating with Scl, Sc2, and Td are the delphinidin
and cyanidin aglycones and ethanol. The third component
separates the M1Sc2 samples from other sequential fermenta-
tions and brings the Sb beverages closer to other single yeast-
fermented beverages. Additionally, the Scl and Sc2 beverages
are separated from Td and Sb, indicating that they are more
similar to each other than to the other two single yeast fermen-
tations. However, the chemical variables are positively correlated
more with Sb and Td. Most interestingly, M1Sc2 clearly correlates
negatively with the anthocyanins, initial nitrile compounds (10—
13), glucose, fructose, and succinic acid on PC3. The difference
between biological replicates of fermentations may be caused
by the high pectin content of the black currant juice.

In conclusion, although black currant berries and juices are
widely studied,”*”*° studies on the composition of black currant
fermented beverages are scarce and focused only on fermen-
tations with S. cerevisiae.”*>***>*” To our knowledge, this is the
first study on the effects of non-Saccharomyces yeast fermen-
tations on the chemical composition of the fermented black

https://dx.doi.org/10.1021/acs.jafc.0c03354
J. Agric. Food Chem. 2020, 68, 10128—10141
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Figure 3. PCA based on 57 chemical variables of fermented black currant beverages using the following inoculation schemes: (blue W) S. cerevisiae
1, (red @) S. cerevisiae 2, (green A) S. bayanus, (purple VW) T. delbrueckii, (orange B) M. pulcherrima + S. cerevisiae 1, (cyan W) M. fructicola +
S. cerevisiae 1, and (maroon @) M. pulcherrima + S. cerevisiae 2 for (A) PCI1 versus PC2 and (B) PC1 versus PC3. Numbers with A (acid) or
S (sugar) refer to Table 1, and the numbers of variables refer to Table 3. T.HA, total hydroxycinnamic acids; T.Flava, total flavan-3-ols; T.Flavo,
total flavonols; T.Anth, total anthocyanins; T.A, total organic acids; T.S, total sugars; and S/A, sugar/acid ratio.

currant beverages. All of the fermentations decreased the con-
tent of phenolic acids containing nitrile moieties. Sequential
fermentations increased the contents of hydroxycinnamic acids,
flavan-3-ols, and flavonols but decreased the ethanol content
compared to single yeast fermentations. Beverages fermented
with S. cerevisiae or T. delbrueckii alone were similar to each
other, whereas S. bayanus was significantly different from the
other single yeast-fermented beverages. The S. bayanus beverage
had the lowest amounts of anthocyanins, and its color intensity
was significantly lower than that of all of the other fermented
beverages. When three sequential fermentations were compared
to each other, it was clear that the S. cerevisiae strain also effects
the concentrations of phenolic compounds; fermentations with
either Metschnikowia yeast or S. cerevisiae strain 1 resulted
primarily in more of phenolic compounds than fermentation
with M. pulcherrima and S. cerevisiae strain 2. Sequential fer-
mentation with Metschnikowia and S. cerevisiae yeasts could be
considered to be the most suitable for black currant juice, if the
aim is to maximize the preservation of the phenolic compounds
and to gain the highest sugar/acid ratio. In this sense, single
yeast fermentations would be more suitable for higher ethanol
production. In addition, S. bayanus was the least suitable yeast to
ferment black currant juice as a result of its high succinic acid
production, low phenolic compound concentrations, and clear
decrease in color properties.

This study demonstrated the potential use of Saccharomyces
and non-Saccharomyces yeasts in modifying the chemical compo-
sition of black currant beverages. However, there is still a gap in
knowledge about how fermentations with different yeasts affect the
sensory properties of fermented black currant beverages. Moreover,
the fermented black currant beverages could be intensely sour
as a result of the sugar utilization by the yeasts and increased
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acid content. Further studies are necessary to study how wine
yeast fermentations affect the aroma profile of black currant juice.
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