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Abstract

Tannins are the molecules that are responsible for the astringency perceptions of wines. However, the mechanisms by which
tannins influence the astringency perceptions of wines remain unclear. In the current study, the grape varieties had greater
effects on the tannin profiles than did the aging periods. The percentage of galloylated flavanols (%G) was positively cor-
related with drying astringency and negatively correlated with velvety astringency. The mean degree of polymerization
(mDP) of tannins had a positive correlation with drying astringency. In comparison to monomeric flavan-3-ols, the flavan-
3-o0l subunits of tannins are the most important determinants of astringency perceptions. Furthermore, findings justified the
inconsistencies on the correlation between the tannins profiles and the astringency reported of previous studies. The current
findings enhance the understanding of the relationship between the tannin profiles and the astringency perceptions of wines.
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tC (+)-Catechin terminal subunit

tEC (-)-Epicatechin terminal subunit

tEGC  (-)-Epigallocatechin terminal subunit

eC (+)-Catechin extension subunit

eEC (—)-Epicatechin extension subunit

eEGC (—)-Epigallocatechin extension subunit
eECG (—)-Epicatechin gallate extension subunit
%PC The percentage of procyanidins

%PD  The percentage of prodelphinidins

%G The percentage of galloylated flavanols
mDP  Mean degree of polymerization

Introduction

The condensed tannins, which are also known as the proan-
thocyanidins, are polyphenolic compounds that are widely
found in the fruits, barks, leaves, and seeds of plants. They
are the secondary metabolites that protect plants from the
biotic and the abiotic stresses, thus, play an important role
in the plant adaptations to the environments [1-3]. During
winemaking processes, the maceration process extracts the
condensed tannins from the grapes into the wine [4]. The
flavan-3-ols, which encompass (+)-catechin (C); (—)-epi-
catechin (EC); (+)-gallocatechin (GC); (—)-epigallocatechin
(EGC); (—)-epicatechin gallate (ECG); and (—)-epigallocat-
echin gallate (EGCG), are the important monomers of the
condensed tannins.

The tannin concentrations and composition in wines are
initially influenced by the grape varieties [5] and subse-
quently modified during wine aging [6]. The tannin con-
centration and composition are the most important factors to
winemakers: they determine the colors and the astringencies
of wines. Bindon et al. [7] found that the grape tannin com-
position significantly influences the formation of polymeric
pigments in model wine. Moreover, these authors reported
that the astringency of red wine is affected by several factors
such as the tannin structure and concentration. According to
Quijada-Morin et al. [8], the subunit compositions of wine
tannins have a greater effect on the astringency than do the
total concentration and the mean degree of polymerization
(mDP) of the tannins. However, Kyraleou et al. [9] suggested
that tannin concentration has a higher correlation with
astringency than does the tannin structural compositions.
The percentage of galloylated flavanols (%G) is another
factor that regulates astringency perception; nevertheless,
the contribution of the %G towards astringency is argued.
Several studies reported the positive correlation between the
%G and the astringency [10, 11]; however, several studies
indicated the absence of correlation [9, 12] or even the nega-
tive one between %G and astringency [13]. On the basis of
previous studies' findings, the wine astringency is influenced
by the concentration, the mDP, and the subunit compositions

of the wine tannins. However, the relationships between the
concentrations and the compositions of grape proanthocya-
nidins and the sensory properties of grapes or wines that
were reported in previous studies are limited to particular
grape varieties [14] or particular regions [10] from which
the grapes were obtained. Moreover, some of the previous
studies derived the relationships between the concentrations
and the compositions of grape proanthocyanidins and the
sensory properties of grapes or wines from the constructed
models [11, 12]; the experimental results derived from
wines are required to validate the results obtained by the
constructed models. In addition, a previous study focusing
on grape variety effect on tannin profiles and astringency
was reported [15]. At present, relatively little is still known
about the variety effect on astringency perceptions of wines.

The current study aims to provide comprehensive and
systematic evaluations on the effects of grape varieties and
the aging periods on the tannin profiles and the astringencies
of wines. The two main objectives were: (1) to evaluate the
tannin profiles of the wines that were produced from three
grape varieties and were subjected to three aging periods
and (2) to investigate the effects of the tannin profiles on the
astringency perceptions of the wines. The findings of this
study improve current understanding on the relationships
between the tannin profiles and the astringencies of wines.

Materials and methods
Chemicals and reagents

Acetonitrile and methanol were obtained from Tedia (USA).
Phloroglucinol, trifluoroacetic acid (99%, spectroscopy
grade), acetic acid, L (+)-ascorbic acid, EC, C, and ECG
were purchased from Sigma-Aldrich (USA).

Wine samples

Red wines of Merlot (ML), Cabernet Gernischt (CG), and
Pinot Noir (PN) grape varieties were selected in this work.
The wines were produced in three continuous vintages
(2015, 2016, and 2017) in Wuwei City, Gansu Province,
China (Table 1). All the wines were produced at commercial
scale in Mogao International Winery (36°11 N, 103°69 E).
Similar production processes were used for each vintage and
variety. About 150 kg grapes were destemmed, crushed, and
treated with 60 mg/L SO, addition, the must was transferred
into 200 L stainless steel tanks, added with 20 mg/L pecti-
nase (BXL, Gestown, China), and then macerated at room
temperature for 8 h. After that, grape must was inoculated
with 250 mg/L activated commercial yeast (BV818, Angel,
China), and then fermented with the skins and seeds. When
alcoholic fermentation was completed (about 2 g/L reducing
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Table 1 The grape varieties, the aging periods, and the enological compositions of wine samples

Wines Grape varieties Aging periods  Reducing sugars (g/L) Total acids pH values Ethanol contents (% v/v)
(year/s) (g/L)
ML1 Merlot 1 3.28+0.03" 5.51+0.00* 4.20+0.01* 13.81+0.01*
ML2 Merlot 2 3.22+0.08" 5.60+0.13" 4.07 +£0.03° 13.23+0.06°
ML3 Merlot 3 2.85+0.05° 5.09+0.08° 4.06 +0.00° 11.57+0.01¢
CG1 Cabernet Gernischt 1 2.62+0.03° 5.40+0.10° 4.11+0.01° 11.72+0.26°
CG2 Cabernet Gernischt 2 3.12+0.03% 5.79+0.08* 4.03 +0.00° 12.23 +0.08°
CG3 Cabernet Gernischt 3 2.62+0.06° 5.51+£0.10° 4.15+0.01* 13.42+0.06"
PN1 Pinot Noir 1 3.07+0.03 5.18+0.05° 3.91+0.01° 11.41+0.06°
PN2 Pinot Noir 2 2.68+0.03° 4.80+0.03¢ 4.01+0.00* 11.78+£0.01°
PN3 Pinot Noir 3 3.07 £0.06 5.51+0.00* 3.87+0.01¢ 12.09+0.06

The values are the means + standard deviations of three experiments. For each of ML, CG, and PN wines, the letters a, b, and c indicate the sig-
nificant differences (p <0.05) in the enological compositions of the wines due to various aging periods

sugar), the wine was treated with 60 mg/L SO, and then
macerated at 25 °C for 1 week. After that, separated red
wine from pomace using a plate-and-frame filter press, and
stored at 12 °C for 3 months. The wine was clarified using
1.0 g/L bentonite (NC, Erbsloeh) before bottling, and then
were transported to Northwest A&F University kept in the
original bottles (750 mL, Amber, Cork) and stored in a wine
cellar under 15+2 °C and 65+ 5% RH.

Each red wine of each grape variety consisted of 3 treat-
ments (1-, 2- and 3-year-aged, respectively). Each treat-
ment consisted of 6 bottles with a total of 54 bottles in this
study. Three bottles of each treatment were used for chemi-
cal measurements, and the other three bottles were used to
sensory analysis. One bottle of wine was considered as wit-
ness. After the aging for 1, 2, or 3 years, wines were used
for chemical measurements and sensory analysis at room
temperature (20+2 “C). For different chemical measure-
ments, 3 bottles of each treatment were opened, and were
immediately divided into 50 mL centrifuge tubes and stored
in a refrigerator at — 80 C.

Spectrophotometric analyses

Color parameters of wines was analyzed according to the
procedures described by Chira et al. [14]. Briefly, wine
samples were placed in 2-mm-path-length glass cell to be
scanned in transmission mode (380-700 nm) under 1 mm
optical way using a Shimadzu UV-2450 spectrophotometer
(Shimadzu Corporation, Japan). Spectra data were converted
to the various CIE coordinates using 10° Standard Observer
and Standard Illuminant D65. The distilled water was used
as reference. The total phenolic content and the total antho-
cyanin content were quantified according to the protocols
described by Perez-Magarino and Jose [16]. The total phe-
nolic content was measured by Folin—Ciocalteu reagent, and
the total anthocyanin content was quantified according to
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the color variation as a function of pH. The total phenolic
content was expressed as gallic acid equivalent, and the total
anthocyanin content was expressed as mg/L of malvidin-
3-glucoside. The spectrophotometric analyses were per-
formed in triplicate.

Ultra-performance liquid chromatography (UPLC)
analyses of tannins

Instruments and mobile phases

The UPLC analyses were conducted by an ACQUITY UPLC
I-Class system (Waters Corporation, USA). The column was
an ACQUITY UPLC BEH HILIC Cg (2.1 mm X 50 mm),
and the phases consisted of phase A (2% (v/v) aqueous
phosphoric acid solution) and phase B (20% (v/v) of phase
A in acetonitrile); the flow rate was 0.20 mL/min. The
mobile phase gradients were adjusted to 10% B at 0—6 min,
10-15% B at 6-9 min, 15-20% B at 9 — 12 min, 20-30% B
at 12-13 min, and 30-10% B at 13—15 min. The eluted peaks
were detected at 280 nm by a diode array detector (PDA el).

Determination of monomeric flavan-3-ol concentrations

In order to determine the concentrations of monomeric
flavan-3-ols, 10 mL of each wine sample were added into
a 50 mL centrifuge tube and then, 10 mL of ethyl acetate
were also added into the wine. The mixture was subjected to
vortex mixing for 2 min at 3500 r/min, and the organic phase
was carefully transferred into a 50 mL round-bottom flask by
a needle; the latter process was performed in triplicate. The
organic phases were combined, and the ethyl acetate was
evaporated by a rotary evaporator under vacuum at 35 C.
The residue was dissolved in 2 mL of methanol and filtered
through a 0.22 pym PFTE membrane. The methanolic sam-
ples were stored at — 80 “C until further analyses.
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Determinations of the subunit compositions and the mDP
of condensed tannins

The condensed tannins were extracted according to the
report of Yacco et al. [17]. Briefly, 50 mL of each wine
sample was injected into a chromatography column that was
packed with Toyopearl chromatography resin (HW-40C,
30 mm, 250 mm). The column was pre-equilibrated with
0.05% (v/v) trifluoroacetic acid (TFA) aqueous solution.
The injected wine was firstly eluted with 300 mL of 0.05%
(v/v) TFA aqueous solution to remove sugars and organic
acids and then was eluted with 300 mL of the 1:1 mixture of
methanol and 0.05% (v/v) TFA aqueous solution to remove
anthocyanins and low molecular weight phenolics. Finally,
the injected wine was eluted with 150 mL of the 2:1 mix-
ture of acetone and 0.05% (v/v) TFA aqueous solution to
elute the condensed tannin fraction. The tannin fraction was
concentrated under reduced pressure at 38 “C to remove the
acetone and was lyophilized to obtain dry tannin extract.
After that, the dry weight of tannin was measured, and then
was stored at — 80 °C until further analyses.

The condensed tannins that were extracted from the wines
were characterized by the acid-catalyzed cleavage of the tan-
nins in the presence of excess phloroglucinol; the characteri-
zations followed the procedures described by Kennedy and
Jones [18] with minor modifications. Briefly, each of the dry
tannin extracts of the wines was dissolved in methanol and
was added with phloroglucinol reagent (a solution of 0.1 N
hydrochloric acid in methanol containing 50 g/L phloroglu-
cinol and 10 g/L ascorbic acid) at 1:1 (v/v) ratio. The mix-
ture was maintained at 50 °C for 20 min. The reaction was
terminated by adding 40 mM cold aqueous sodium acetate
solution into the mixture at 5:1 (v/v) ratio. The solution was
injected into the UPLC system, and the eluted peaks were
detected by a diode array detector (PDA el) at 280 nm.
A chromatogram that illustrates the peaks of monomeric
flavan-3-ols is shown in Supplementary Fig. 1. In order to
calculate the percentages of terminal and extension subunits,
the calibration curves of the flavan-3-ols-the C, EC, ECG,
EGC, GC and EGCG were prepared; the reference com-
pounds (i.e., the standard compounds) of the flavan-3-ols
were used to construct the standard curves (Supplementary
Table 1). The mDP of the condensed tannins was calculated
on the basis of the ratio between the sum of all constitutive
units (in mole) and the sum of the terminal units (in mole).
The determination of the composition and the mDP of con-
densed tannins were performed in triplicate.

Sensory analyses
The sensory analyses of ML, CG, and PN wines were

accomplished by a sensory panel following the processes of
the sensory analyses conducted by Ristic et al. [19]. Briefly,

eleven professionally-trained panelists (nine females and
two males) from the College of Enology, Northwest A &
F University, were appointed for the sensory analyses. To
ensure that all panelists exercised similar criteria in evalu-
ating the sensory properties of the wines, we equipped the
panelists with a sensory evaluation training; the solutions of
3 g/L. commercial tannins, 15 mg/L quinine sulfate, 15 g/L
sucrose, and 3 g/L tartaric acid were selected to train the
panelists for distinguishing astringent, bitter, sweet, and
sour tastes, respectively. The sensory analyses of the ML,
the CG, and the PN wines were performed in a standard
wine sensory laboratory. The laboratory was equipped with
a separate compartment at ambient temperature (20 +2 °C)
that was free of noise or other interferences. Each panelist
evaluated 30 mL of each wine sample. The panelist covered
his or her tongue with the wine and gently stirred the wine
by the tongue. After 3-5 s, the panelist took a breath, held
the breath for 3 s, and expectorated the wine. Upon complet-
ing the sensory analysis of one wine sample, the panelists
were allowed to rinse their mouths twice with deionized
water, to chew soda crackers to recover their taste buds, and
to wait for at least 30 s before evaluating the subsequent
sample. Each panelist completed the sensory evaluation of
each wine sample within 3 min. When the panelists evalu-
ated the astringencies of the wine samples, the astringencies
were qualitatively expressed by descriptors such as puck-
ery, coarse or emery, grainy, dryness, silky, and velvety
(Table 2). Subsequently, the intensities of the drying astrin-
gency descriptors (puckery, coarse, grainy, and dryness) and
the intensities of the velvety astringency descriptors (silky
and velvety) were evaluated by 5-point scales (1: no percep-
tion, 2: slight perception, 3: moderate perception, 4: strong
perception, 5: very strong perception). Then the two astrin-
gency descriptors were selected, and the intensity of drying
astringency or the intensity of velvety astringency, Modified
frequency (MF %), a mixture of intensity and frequency of
detection, was calculated to grade the intensity of astrin-
gency with the formula:

MF% = \/F(%)I(%)

F (%) denoted the frequency of the astringency descrip-
tor, and 7 (%) denoted the average intensity of each astrin-
gency descriptor. The average intensity of each astringency
descriptor was calculated on the basis of the intensities of
the descriptor reported by all panelists.

Statistical analysis

Statistical analyses were conducted by SPSS Statistics 20.0
(IBM, the USA). The significant differences in the results
were evaluated by by ANOVA and Tukey’s HSD test; the
significant differences in the results were indicated by
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Table 2 The astringency perceptions of wine samples and the descriptors of the astringency perceptions [19]

Astringency perceptions  Descriptors Stages Descriptions
Drying astringency Puckery After expectoration The involuntarily reflex of the epithelial tissues in mouth
cavity to shrink and to release saliva to rehydrate the mouth
cavity
Coarse/emery  In mouth and after expectoration ~ Rough texture, fine-emery-paper-like sensation
Grainy In mouth and after expectoration  Sensation of grainy particulate matter
Dryness In mouth and after expectoration  Lack of lubrication or the dehydration of the mouth
Velvety astringency Silky In mouth and after expectoration  Silk-like fine texture
Velvety In mouth and after expectoration =~ Medium—fine texture of velvety material

p <0.05. Figures were prepared by Origin Pro 9.1 (Origin-
Lab Corporation, the USA). The principal component analy-
sis (PCA) with cross validation was performed by Unscram-
bler X10.3 (CAMO Software, Norway).

Results and discussion

The effects of the grape varieties and the aging periods on
the phenolic compositions and the color parameters of the
wines.

Phenolic composition and color parameters of wines
are shown in Table 3. The total phenolic contents of ML
and CG wines after 2-year aging (ML2 and CG2 wines;
1643.15 and 1606.22 mg/L, respectively) were 209.5 and
303.6 mg/L, 388.6 and 278.3 mg/L higher than in the two
other aging periods, while the total phenolic contents of
PN wines were no significant differences between values
of total phenolic contents nevertheless the aging period.
Among ML, CG, and PN wines, the ML, the CG, and the
PN wines that were 2-year-aged had the highest total tan-
nin contents (38.1 mg/L) and it was 1.5 and 13.5 mg/L

higher than in the two other aging periods. Thus, the grape
varieties greatly affect the phenolic compositions of the
wines, which is in agreement with the previous reports of
Heras-Roger et al. [20] and Leeuw et al. [21]. Although
the phenolic compositions could be influenced by the the
climate, and the harvest year, it was hypothesized that the
grape varieties had stronger influences on the phenolic
compositions of the wines than did the aforementioned
factors.

Overall, the longer is the aging period, the lower are the
total anthocyanin contents and the higher are the color inten-
sity of the wines; the anthocyanins are decomposed dur-
ing the wine aging [22]. The reduction in total anthocyanin
contents were observed to be followed by the formation of
polymeric pigments that increased hues and color intensity
of the wines during aging [6]. In addition, the anthocyanins
might directly or indirectly condense with flavanols pinotins,
portisins, flavanyl-pyranoanthocyanins, or the other poly-
meric pigments and formed stable color pigments [23-25].
Although a series of more stable anthocyanins were formed
during wine aging and these pigments probably were less
likely to accumulate [26].

Table 3 The phenolic

. Wines  Phenolic compositions (mg/L) Color parameters
compositions and the color
parameters of the wine samples Total phenolic contents ~ Total tannin contents  Total antho- color intensity  Hues
cyanin contents

ML1 1433.66 +7.46° 38.19+1.18° 92.83+2.39* 7.61+0.15" 0.93+0.03°
ML2  1643.15+53.16% 44.21+2.34 84.14+5.46% 7.27+0.01° 1.14+0.01*
ML3  1339.58+1.24° 34.78 +1.58° 50.62+0.35> 6.01+0.14° 1.1540.02*
CG1 1217.58 +53.16° 35.11+1.21° 130.52+1.25*  7.28+0.23° 0.97+0.02°
CG2 1606.22 + 16.48° 44.64+0.11° 66.95+2.57° 8.01+0.08° 1.06 +0.00*
CG3 1327.93+23.32° 25.92+1.66° 86.96+5.70° 8.57+0.17° 1.05+0.00*
PN1 1532.58 £24.56 36.56+0.91% 82.68+0.95% 3.59+0.04° 1.02+0.00°
PN2 1499.71 +£23.47 38.10+0.66* 64.33+6.38  4.99+0.04° 0.92+0.00°
PN3 1496.31 +6.53* 24.75+0.94° 24.45+0.30°  6.66+0.00° 1.15+0.00*

The values are the means + standard deviations of three experiments. For each of ML, CG, and PN wines,
the letters a, b, and c indicate the significant differences (p <0.05) in the phenolic compositions and the
color parameters of the wines due to aging periods
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Effect of grape varieties and aging periods of wines on
the latter's concentrations in monomeric flavan-3-ols.

Effect of grape varieties and aging periods of wines on
the latter's concentrations in monomeric flavan-3-ols are
illustrated in Fig. 1C, EC and EGC are the major monomeric
flavan-3-ols of ML, CG, and PN wines. All wines had low
concentrations of GC, ECG, and EGCG. The concentrations
of the monomeric flavan-3-ols in PN wines decreased signif-
icantly over time. In fact, the concentration of EGCG in the
PN wine after 3-year aging (PN3 wine) is below the detec-
tion limit of the UPLC system; similar finding was reported
by Gambuti et al. [27] and Curko et al. [6].

As opposed to the changes in the concentrations of the
monomeric flavan-3-ols in PN wines, the concentrations of
the monomeric flavan-3-ols in ML and CG wines are the
highest after 2-year aging (ML2 and CG2 wines; 278.5 mg/L
and 200.2 mg/L, respectively) but the lowest after 3-year
aging (ML3 and CG3 wines; 195.3 and 142.1 mg/L, respec-
tively). During wine aging, condensed tannins undergo
spontaneous cleavage and formation of interflavan bonds
[28], polymerize with the other condensed tannins, and pro-
mote the condensations between anthocyanins and flavanols.
The lower monomeric flavan-3-ol concentrations of ML3
and CG3 wines than those of ML2 and CG2 wines may be
attributed to the plausible participations of the monomeric
flavan-3-ols in ML3 and CG3 wines in polymerization and
condensation reactions. On the other hand, the higher mono-
meric flavan-3-ol concentrations of ML2 and CG2 wines
than the monomeric flavan-3-ol concentrations of ML1 and
CG1 wines and the monomeric flavan-3-ol concentrations
of ML3 and CG3 wines can be ascribed to the higher inter-
flavan-bond cleavage rates of the condensed tannins or the

Fig. 1 The concentration of 300 ~
flavan-3-ol monomers in wine

samples with different grape 3 /
varieties and aging periods é
250 \
~\ -
® N
&' 200 \
N
&
5
£ 150
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higher initial concentrations of the monomeric flavan-3-ols
in the ML2 and the CG2 wines.

Effect of grape varieties and wine aging periods
on the latter's tannin profile

During wine aging, condensed tannins undergo structural
rearrangements, namely the interflavan bond cleavage and
formation, and precipitation reactions; the structural changes
of the tannins are reflected by the changes in the mDP of the
tannins. The early stages of wine aging are characterized by
the intensive polymerizations, thus, the increases in the mDP
of the tannins [6, 29]. However, the mDPs of condensed
tannins generally decrease after long-term aging [14]. As
shown in Table 4, the mDPs of the wines after 1-year aging
(ML1, CGl1, and PN1 wines; 2.81, 2.94 and 2.02, respec-
tively) are significantly higher than those of the wines after
3-year aging (ML3, CG3, and PN3 wines; 2.58, 3.05 and
1.76, respectively) but significantly lower than those of the
wines after 2-year aging (ML2, CG2, and PN2 wines; 2.78,
3.06 and 2.26, respectively).

Tannins are mainly composed of C, EC, ECG, EGC, GC
and EGCG terminal and/or extension subunits. As shown in
Table 4, the C is the most abundant terminal subunit of the
condensed tannins extracted from the wine samples, while
the EC is the most abundant extension subunit of the tannins.
This finding is supported by Basalekou et al. [30], who con-
firmed that EC is the dominant extension unit in the red wine
of Mandilari variety. Percentages of EC extension subunits
of tannins extracted from young wines (2017 vintages) are
1.5-7.5% higher than those of tannins extracted from aged
wines (2015 vintages); the EC extension subunits of the

VL L
\

GCl GC2 GC3 PN1 PN2 PN3
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Table 4 The tannin profiles of wine samples
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%PD %G mDP

%PC

Extension units (%)

Terminal units (%)

Wines

eECG

eEGC eC eEC

tECG

tEC

tC

13.54+0.16°  0.82+0.03* 2.81+0.01?

85.64+0.13%
83.57+0.50°
84.37+0.05°
84.47+0.02°
81.71+0.28°
80.68 +0.63°
92.25+0.09°
90.63 +0.32°
93.57+0.42°

5.11+0.11a

50.50+0.137
49.07+0.12°
47.24+0.04°
52.26+0.49°
50.62+0.55°

1.42+0.04°
1.32+0.01¢

5.00+0.06"

1.15+0.07%
0.77+0.02°

17.26 +0.30°
17.17+0.14°
18.97+0.45°
17.30+0.317
15.93+0.30°
16.60+0.69°
11.97 +0.42¢
15.28 +0.14°
18.14+0.09°

19.58 +0.45¢
20.76 +0.08°
22.42+0.28°
19.01+0.10°
18.76 +£0.47°
19.50+0.01°
37.13+0.81*
29.17 +0.25°
37.04+0.372

ML1

15.57+0.52a  0.86+0.03"  2.78+0.03*
15.25+0.07*
15.11+0.01¢

17.30+0.27°
19.08 +0.60°

5.09+0.11a

5.85+0.23"

ML2

2.58+0.01°

0.38+0.02°

3.61+0.01b

3.11+0.11b

5.80+0.04* 1.74+0.04*

0.74+0.03°

ML3

2.94+0.04*

0.42+0.00°

6.02+0.07°

1.20+0.00°
1.28 +0.02°

5.69 +0.00°

0.94+0.08*

CGl1
CG2
CG3
PN1
PN2
PN3

3.06+0.07*

0.99+0.01°

6.48+0.11°

0.92+0.02*

3.05+0.07*

0.24+0.02°

1.0940.01°  50.80+0.35® 3.77+0.11°
0.98+0.08° 42.59+0.19°

7.30+0.25%

0.95+0.00*

0.45+0.01*  2.02+0.02°

7.30+0.08"

3.74+0.05%

45.86+0.52*
35.12+0.55°

2.72+0.03°

0.89+0.06°

0.36+0.01>  2.26+0.02°

3.34+0.11°  1.42+0.01° 3.63+0.05% 9.01+0.32%
2.18 +0.06*

1.31+0.02°
1.98 +0.03*

3.10+0.03° 6.37+0.42°  0.06+£0.00° 1.76+0.01°

2.44+0.15°

The values are the means + standard deviations of three experiments. The letters a, b, and ¢ indicate the significant differences (p<0.05) in the tannin profiles of the ML, CG, and PN wines due

to the grape varieties

tannins extracted from aged wines were gradually oxidized
during aging. According to Mcrae et al. [25], significantly
higher eECs of the wines after 1-year aging than those of
wines after 3-year aging can be assigned to the gradual oxi-
dation of tannins during aging. During the aging period, the
C was always the most abundant terminal subunit and ML,
CG and PN were 19.6-22.4%, 18.8-19.5% and 29.2-37.1%,
respectively; the EC is the most abundant extension unit
and ML, CG and PN were 47.2-50.5%, 50.6-52.3% and
35.1-45.9%, respectively. In addition, the %PC of ML, CG
and PN were 83.6-85.6%, 80.7-84.5% and 90.6-93.6%,
respectively; %PD of ML, CG and PN were 13.5-13.6%,
15.1-19.1 and 6.4-9.0%, respectively. Although the chemi-
cal compositions of wine may affect the changes in tannin
structure during the aging of the wine, the effect diminishes
after long-term aging [6]. Nonetheless, there is no consist-
ent conclusion on the percentage changes of ECG subunits
during wine aging [10, 31]. Mcrae et al. [25] proposed that
the lack of consistent conclusion is more heavily influenced
by the differences in the structures of the extracted tannins
than by the aging periods; thus, the current findings may
hypothesize that the grape varieties had stronger influences
on the structures of the condensed tannins extracted from
ML, CG, and PN wines than did the aging periods. Further-
more, reductions in %G values of the wines during aging
were noticed; the %G values of the wines after 3-year aging
are 0.30-0.75% lower than of the wines after 2-year aging
and 0.18-0.46% lower than of the wines after one-year aging
(Table 4). Low %G values of wines after 3week-year aging
may be due to the consumptions of the galloylated flavanols
(e.g., the EGC) in the wines during the reactions with oxy-
gen [32]. The current hypothesis on the reactions between
the galloylated flavanols and oxygen is supported by Mcrae
et al. [25] who demonstrated that the tannins in aged wines
exhibit similar characteristics to oxidized tannins. Overall,
the current findings suggest that grape varieties have greater
influences on the tannin profiles of the wine samples than do
the aging periods, in spite of the significant changes in the
tannin profiles during the aging of the wines.

To further investigate the effects of the grape varieties
and the aging periods on the tannins profiles and TA of the
wines, PCA was performed (Fig. 2). The score plot (Fig. 2A)
reveals wines clustering: PN wines are clustered on the left-
hand side of the plot, while GC and ML wines are clus-
tered on the right-hand side of the plot. On the other hand,
3-years-aged wines were located above 2-years-aged and
1-year-aged ones, respectively. These findings indicated that
the grape varieties were the primary factors that explained
the differences in the physicochemical parameters of the
wines; the aging periods of the wines were the secondary
factors that explained the differences.

The physicochemical parameters of the wines were
analyzed by PCA (Fig. 2B) where the first and second
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Fig.2 Bi-plot (score +loading

together) generated by PCA

analyses on the basis of the 1
physicochemical parameters of

the wine samples

0.5

Bi-plot
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EC ¢ .
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.

components (PC1 and PC2) explained together 73% of the
total variances. mDP, %PD, eEGC, GC, EGCG and eEC
were positively correlated with PC1; while, tC, ECG and
%PC were negatively correlated with the first principal
component. TP and C are negatively correlated with the
PC2. Overall, Fig. 2A and B indicated that grape varieties
significantly affected most wines' physicochemical param-
eters of the wines. On the other hand, the aging periods
significantly affected the TP, the C, and the tEC.

Fig.3 The radar charts of the
astringency descriptor intensi-
ties of the wine samples
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Effect of grape varieties and wines aging periods
on the latter's astringency perceptions

The astringencies of the wines were evaluated by descrip-
tors, such as puckery, coarse or emery, grainy, dryness,
silky, and velvety (Fig. 3). As observed, the grape varie-
ties and the aging periods greatly influenced the astrin-
gency perceptions of the wines. In general, the wines that
were aged for 3 years exhibited palpable velvetiness. The
reactions between tannins and anthocyanins are the major
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phenolic reaction that occur during wine aging; the reac-
tions continuously reduce the astringency of the wine [33].
The wines that were aged for 1 year impose strong puckery
and dryness perceptions, which can be explained by the
high concentrations of tannins in the young wines. Dur-
ing wine aging, puckery perception gradually softens [34].

Correlations between the astringency perceptions and
the concentrations of monomeric flavan-3-ols and between
the astringency perceptions and tannin profile.

Pearson’s correlation was employed to analyze the rela-
tionships between the astringency perceptions and tannins
profiles of the wines (Table 5). As observed, drying astrin-
gency showed significant correlations with TT.

A strong positive correlation between drying astrin-
gency and total tannin content (TT) was observed
(R=0.77). This is in accordance with previous reports of
several studies [9, 35]. However, other researchers found
no statistical significant correlation between the astrin-
gency and total tannin concentration [8]. Kyraleou et al.
[9] proposed that the differences in the determination
methods of tannin concentration lead to the differences in
the reported findings. The current findings demonstrated
that there is neither a significant correlation between dry-
ing astringency and total anthocyanin content (TA) nor
a significant correlation between velvety astringency and
TA; which is in accordance with the findings of Landon
et al. [36].

The galloylated flavanols (%G) are the other critical factors
that determine astringency. As shown in Table 5, there is no
significant correlation between the %G and drying astringency
nor between the %G and velvety astringency. Nevertheless,
there is no agreement in literature on the correlation between
the %G and the astringency. The studies conducted by Chira
etal. [10] and Curko et al. [11] reported a positive correlation
between the %G and the astringency. However, the study of
Chira et al. [13] showed a negative correlation between %G
values and the astringencies of grape seed extracts. Classify-
ing astringency into drying and velvety astringencies may be
crucial to investigate the correlation between the %G and the
astringency; hence, the lack of the classification justifies the
inconsistent reports on the correlation between the %G and
the astringency. The effect of the %PC on the astringency was
illustrated by Séenz-Navajas et al. [37]: (1) a strong negative
linear relationship for %PC <68%, (2) a moderately strong
positive linear relationship for 68% < %PC <76%, and (3) no
relationship for %PC>76%. Table 5 indicates that neither is
the %PC significantly correlated with drying astringency nor
is the %PC significantly correlated with velvety astringency.
The absence of significant correlation could be justified on the
basis of the high %PC values of the wines (> 80%, Table 4)
and the absence of the relationship between the %PC and the
astringency for %PC >76% [37]. Similar to the inconsistent
reports on the correlation between the %G and the astrin-
gency, the reports on the correlation between the PD% and

Table 5 Pearson’s correlation

. Wine physicochemi-
coefficients between Py

Correlation coefficients

cal parameters

astringency perception and Drying astringency Significance Velvety astringency Significance
the characteristics of tannins
(composition and structure) TT 0.768 ok -0.235
GC 0.458 0.034
EGC —0.462 —0.569 ok
C —0.486 —0.059
EC —0.289 0.345
EGCG 0.432 —-0.061
ECG —0.244 —-0.268
tC -0.414 * —-0.097
tEC -0.124 *E 0.48
tECG —0.034 0.059
eEGC 0.364 0.214
eC —0.407 *E 0.425
eEC 0.472 * —-0.143
eECG 0.407 *E —-0.011 *
%PC —-0.376 —-0.194
%PD 0.372 0.203 *
%G 0.644 *E —-0.356
mDP 0.525 * —0.001
TA 0.347 -0.401

*¥p<0.01 (two-tailed)
*p<0.05 (two-tailed)

@ Springer



The effects of the grape varieties and the wine aging periods on the tannin profiles and the... 2735

the astringency are conflicting [37, 38]. The contributions of
the conformational differences among tannins may explain the
conflicting reports; however, measuring tannin conformations
in wine is challenging [37].

In general, large condensed tannins bind strongly to saliva
proteins and enhance the astringency perceptions [39]. In
this work, the mDP of tannins showed no significant correla-
tion with drying astringency (Table 5). At present, the con-
tribution of the mDP towards astringency is argued. Several
studies found that there was a significant positive correla-
tion between mDP and astringency [40, 41]. Interestingly,
the studies by Quijada-Morin et al. [8] and Wollmann and
Hofmann [12] reported that there is no correlation between
the mDP of tannins and the astringency perception, while
the studies by Kyraleou et al. [9] and Sédenz-Navajas et al.
[37] suggested the partial correlation between the mDP of
tannins and the astringency perception. Kyraleou et al. [9]
reported that the astringency is significantly correlated with
the mDP of the oligomeric fraction of tannins, but not with
mDP of the polymeric fraction of tannins. Likewise, Sdenz-
Navajas et al. [37] presented that for low mDP values (below
1.4), the astringency increases with the increase in mDP;
however, for high mDP values (above 1.4), the astringency
decreases with the increase in mDP. The effect of the mDP
of tannins on the astringency is related to the tannin hydro-
phobicity [34]. Large condensed tannins are likely to carry
hydrophobic functional groups that increase the astringency
[42]. Nonetheless, due to the conformational rearrangements
and the polymerizations of the tannins during wine aging,
the increase in astringency is not proportional to the increase
in the number of hydrophobic functional groups [34].

Both velvety astringency and drying astringency were
negatively correlated with the concentration of EGC
(Table 5). This finding agrees with the previously-reported
similar finding [9, 30]. Interestingly, none of the C concen-
tration, the EC concentration, the GC concentration, the
ECG concentration, and the EGCG concentration is sig-
nificantly correlated with drying astringency and/or velvety
astringency. Similar observation was reported by Kallithraka
et al. [43] and Quijada-Morin et al. [8]. According to Ramos-
Pineda et al. [44], the wine flavanols may synergistically
interact with saliva proteins, which could explain why astrin-
gency is more influenced by the monomeric flavan-3-ols
composition than by the total concentration. The importance
of the flavan-3-ol subunits of tannins for the astringency
perception is emphasized by Quijada-Morin et al. [8].

Conclusion
In the current study, the grape varieties and aging periods

have a significant effects on the tannin profiles of ML, CG,
and PN wines; the tannin profiles significantly influenced

the astringency perceptions (the drying astringencies and
the velvety astringencies) of the wines. In comparison with
monomeric flavan-3-ols, the flavan-3-ol subunits of tannins
are the more important determinants of astringency percep-
tions. Interestingly, the flavan-3-ol subunits had stronger
influences on drying astringency than they did on velvety
astringency. In addition, there was no significant correlation
between the %PC and the astringency perceptions, which
can be attributed to the high %PC values of the wines. Fur-
thermore, the mDP of tannins exhibited a significant posi-
tive correlation with drying astringency. The findings of
this study contributed to the current understanding of the
relationships between the tannin profiles and the astringency
perceptions of wines. In addition, it also provided winemak-
ers with insights into the evaluations and modifications of
astringency perceptions based on tannin profiles of wines.
Further studies are needed to gain insight into the influence
of ageing conditions such as oxygen, temperature or light
on tannin profiles and the astringency perceptions of wines.
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