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ABSTRACT

Malbec is a wine grape variety of great phenolic potential characterized for its high levels of anthocyanins
and dihydroflavonols. To evaluate the possible implication of dihydroflavonols in the expression of red
wine color through reactions of copigmentation or condensation, assays were carried out in wine model
systems with different malvidin-3-0-glucoside:dihydroquercetin-3-O-glucoside molar ratios. The
addition of increasing levels of dihydroquercetin-3-O-glucoside to a constant malvidin-3-O-glucoside
concentration resulted in a hyperchromic effect associated with a darkening of the anthocyanin solutions,
greater quantity of color and visual saturation, perceptible to the human eye. Copigmentation and
thermodynamic measurements showed that dihydroquercetin-3-0-glucoside can act as an anthocyanin
copigment, similar to other usual wine components like flavanols or phenolic acids, although apparently
less efficient than flavonols. The high levels of dihydroflavonols existing in Malbec wines in relation to
other non-anthocyanin phenolics should make this family of compounds particularly important to
explain the color expression in Malbec young red wines.
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1. Introduction

Color is one of the most important quality parameters of red
wine significantly influencing their sensory appreciation. In
general, it is the first perceived characteristic, and therefore plays
a key role in the process of decision-making of consumers, with
preferences usually aimed toward intense coloring. Phenolic com-
pounds, participating in the color of red wine, are extracted from
grape skins and seeds and diffuse into must/wine during winemak-
ing process (Boido et al., 2011; Gonzalez-Manzano, Rivas-Gonzalo,
& Santos-Buelga, 2004). While anthocyanins are the pigments
directly responsible for the color of red wine, other flavonoids
and non-flavonoids are involved in its stabilization through reac-
tions of copigmentation or condensation (Monagas & Bartolomé,
2009).

* Corresponding author. Tel.: +54 261 4963020; fax: +54 261 4963320.
E-mail address: fanzone.martin@inta.gob.ar (M. Fanzone).
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Anthocyanins are compounds with relatively low stability and
their susceptibility to degradation is influenced by factors such
as temperature, light, pH, solvents, oxygen, non-covalent interac-
tions with other anthocyanins (self-association) or colorless
compounds (intermolecular copigmentation), coordination with
metallic ions and covalent reactions with other compounds pres-
ent in the medium. In particular, the copigmentation phenomenon
is involved in the color variability observed in flowers and fruits
(Goto & Kondo, 1991), and it is also believed to play a relevant con-
tribution in the color of red wines (Santos-Buelga & De Freitas,
2009). Copigmentation consists of hydrophobic interactions (n-m
stacking) between the planar polarisable nuclei of the colored
forms of the anthocyanins and other molecules (copigments).
Copigmentation complexes adopt a sandwich configuration that
protects the flavylium chromophore from the nucleophilic attack
of water, thus reducing the formation of colorless hemiketal and
chalcone forms. The final result is that anthocyanin solutions show
a more intense color than theoretically could be expected accord-
ing to pH value of the media (Escribano-Bailon & Santos-Buelga,
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2012). In addition to this intermolecular interaction, other copig-
mentation mechanisms have also been described, such as the asso-
ciation between the central anthocyanin chromophore and
aromatic acyl residues from its own molecule (intramolecular
copigmentation), the self-association of anthocyanins, and the
interactions involving metal cations (Dangles, Saito, & Brouillard,
1993a; Fernandez, Santamaria, & Sparza, 2006). As a result of this
phenomenon, the absorption spectra of copigmented solutions
usually display a shift of the maximum wavelength (i,.x) in the
visible range (bathochromic effect) accompanied by an increase
in absorbance (hyperchromic effect). The extent of these effects
depends on different factors such as pH, temperature, ethanol con-
tent, the nature of the chromophore and the copigment, or the pig-
ment/copigment molar ratio, among others (Baranac, Petranovic, &
Dimitric-Markovic, 1996; Boulton, 2001; Escribano-Bailén &
Santos-Buelga, 2012).

Copigmentation processes are of great oenological interest, as
they are vital for the understanding of the relationship between
grape composition and color in young red wines (Boulton, 2001).
Also, different authors have pointed out their possible participation
in the color evolution during wine ageing, constituting the first
stage in the formation of more stable pigments (Brouillard &
Dangles, 1994), having been shown that young red wines with
higher percentages of copigmented color lead to wines with higher
percentages of polymeric color (Lorenzo, Pardo, Zalacain, Alonso, &
Salinas, 2005).

Among red wine components, flavonoids and hydroxycinna-
moyl derivatives appear to be most promising compounds to act
as anthocyanin copigments. In assays carried out in wine model
solutions, flavonols showed a greater potential of copigmentation,
followed by hydroxycinnamic acids and by flavanols (G6mez-
Miguez, Gonzalez-Manzano, Escribano-Bail6n, Heredia, & Santos-
Buelga, 2006).

In order to interpret the influence of different factors on the
wine color and its evolution during maturation, several studies
with model solutions using malvidin-3-0-glucoside (the majority
anthocyanin in red wines) as a pigment and distinct copigments
(e.g., caffeic acid, ferulic acid, (+)-catechin, (—)-epicatechin, quer-
cetin, procyanidins) have been conducted. However, in many
cases the concentrations of pigment and cofactors and the molar
ratios tested were higher than those that can be found in wines
(Berké & De Freitas, 2005; Dimitric-Markovic, Petranovic, &
Baranac, 2000; Lambert, Asenstorfer, Williamson, Iland, & Jones,
2011).

In previous studies by our research group about phenolic com-
position of Malbec variety (Vitis vinifera L.), the presence of
dihydroflavonols as relevant compounds between low molecular
weight phenolics was observed (Fanzone, 2012). According to the
literature, these compounds are especially present in white varie-
ties (Masa, Vilanova, & Pomar, 2007) and play functional roles in
grape berries (Landrault et al., 2002), but they represent a smaller
fraction of the flavonoids in most wines. However, relatively high
levels of dihydroflavonols have been found in Malbec red grapes
and wines from the region of Mendoza (Argentina), which could
represent a distinctive feature of this variety (Fanzone, Zamora,
Jofré, Assof, & Pefia-Neira, 2011; Fanzone et al., 2012). In all cases,
dihydroquercetin-3-0O-glucoside was the major compound with
higher concentrations (>40 mg/L) than the individual non-antho-
cyanin flavonoids and non-flavonoids phenolics identified
(Fanzone, 2012). Due to these results and to absence of information
on its behavior at oenological/technological level, it is interesting
to assess its copigmentation potential. In this context, the aim of
the present study was to evaluate the interaction between
dihydroquercetin-3-O-glucoside and malvidin-3-O-glucoside and
to explore its effects on color parameters in model solutions with
different pigment/copigment molar ratios.

2. Materials and methods
2.1. Standards and reagents

Sodium chloride and hydroxide were purchased from Anedra
(Buenos Aires, Argentina). Ethyl acetate was acquired from
Sintorgan (Buenos Aires, Argentina). Sodium sulfate anhydrous,
hydrochloric acid, tartaric acid, formic acid, ethanol, chromatogra-
phy grade methanol and acetonitrile were purchased from Merck
(Darmstadt, Germany). All reactive were analytical grade or supe-
rior. Ultra pure water was obtained from a RiO/Elix3-Sinergy185
purification system (Millipore, Sao Pablo, Brazil). Cellulose filter
(3 um pore size) was supplied by Microclar (Buenos Aires,
Argentina).

The pigment malvidin-3-O-glucoside (Mv3gl) was obtained in
the laboratory from skins of Malbec grapes using extraction with
methanol:HCl 1N (95:5, v/v) and further purification by semi-
preparative HPLC using a reversed-phase column, as described by
Heredia, Rivas-Gonzalo, Vicario, and Santos-Buelga (1998). The iso-
lated compound was then freeze-dried and its purity examined by
HPLC-DAD-ESI/MS.

2.2. Extraction and isolation of dihydroquercetin-3-0-glucoside
(DHQ3gl)

This compound was isolated from Malbec grape skins of Uco
Valley (Mendoza, Argentina). The skins were manually separated
and extracted with methanol:water:formic acid (50:48.5:1.5, v/v/
v) following the method proposed by Lago-Vanzela, Da-Silva,
Gomes, Garcia-Romero, and Hermosin-Gutiérrez (2011). The
methanol extracts were concentrated under vacuum to evaporate
the alcohol, and then were submitted to repeated liquid-liquid
extractions with ethyl acetate. The organic fractions were com-
bined, dehydrated with sodium sulfate anhydrous, filtered through
a 3 pm pore size cellulose filter, and evaporated to dryness under
vacuum at 35°C. The solid residue was dissolved in metha-
nol:water (20:80, v/v), and then was subjected to semi-preparative
HPLC to purify DHQ3gl. The equipment employed was an Agilent
1260 Infinity Analytical-Scale Purification System with a diode
array detector (G1315D), a preparative pump (G1361A), a fraction
collector (G1364B), and an autosampler (G2258A) (Agilent Tech-
nologies, Waldbronn, Germany). Separation was performed on an
Agilent preparative C18 column (150 mm x 21.2 mm i.d., 5 um;
Agilent, Waldbronn, Germany) at 25 °C. A gradient consisting of
solvent A (0.1% formic acid) and solvent B (methanol) was applied
at a flow rate of 15 mL/min from O to 55 min as follows: 85% A and
15% B from 0 to 5 min, 15-25% B from 5 to 10 min, 25% B from 10
to 25 min, 25-35% B from 25 to 40 min, 35% B from 40 to 50 min,
and 35-100% B from 50 to 55 min; followed by a final wash with
100% methanol and re-equilibration of the column. Detection
was carried out at 280, 360, and 520 nm. The fractions that con-
tained DHQ3gl were mixed, concentrated under vacuum and
freeze-dried. The identity and purity of the isolated compound
was checked by HPLC-DAD-ESI/MS.

2.3. Preparation of model solutions

In order to evaluate the magnitude of copigmentation between
Mv3gl/DHQ3gl and to explore its effects on color parameters, stock
solutions of both compounds were prepared at a concentration of
4.1 mM. A wine-like medium containing 5 g/L of tartaric acid in
12% of ethanol, buffered with NaOH to pH 3.6, and ionic strength
adjusted to 1 M with NaCl, was used. The working solutions were
prepared by mixing and adequate dilution of the stock solutions,
and they consisted of a reference solution containing 200 mg/L
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(0.41 mM) of Mv3gl, and four copigmented solutions with the
same anthocyanin concentration and increasing concentrations of
copigment (pigment/copigment molar ratio 1:0.5, 1:1, 1:2 and
1:5). All the solutions were prepared in triplicate, transferred to
glass vials, closed and stored in darkness at 25 °C.

2.4. Copigmentation and colorimetric measurements

The magnitude of the copigmentation was estimated by com-
parison of the absorbance at 520 nm from the reference solution
(Ao) and the absorbance at 520 nm from the copigmented solutions
(A), and expressed as the percentage, according to the following
equation (Eq. (1)) (Boulton, 1996):

[(A —Ao)/Ao] < 100 (1)

Spectral measurements were performed over the entire visible
range (between 380 and 770 nm) in 2 mm path length glass cells
at 25 °C, by using a Hewlett Packard UV-Vis HP-8452 spectropho-
tometer (Agilent Technologies, Palo Alto, CA). The CIELAB parame-
ters (L*, a*, b*, Ci, hip) and a CIELUV parameter (sy,) were
determined by using the original software Cromalab (Heredia,
Alvarez, Gonzalez-Miret, & Ramirez, 2004). The illuminant D65 and
10° Standard Observer were taken as references. The absolute color
variation induced by copigmentation (AEj,) was assessed between
the color of the copigmented (cp) and reference (p) anthocyanin
solutions, as follows (Eq. (2)) (Gordillo, Rodriguez-Pulido,
Escudero-Gilete, Gonzalez-Miret, & Heredia, 2012):

5 ) o\ 172
AE},(cp—p) = ((sz - L;) + (aép - a;) + (pr - b;) ) (2)

In the same way, the absolute lightness, chroma, and hue differ-
ences (AL*, ACj, and AhZ,) were used to assess the trend of the color
changes induced by copigmentation. Furthermore, the relative con-
tribution of the three color attributes that make up the total CIELAB
color difference was also calculated to compare the copigmentation
effect according to different factors. The weight of each color attri-
bute (%AL, ¥AC and %#AH) was calculated as indicated by Gordillo
et al. (2012). Samples of working solutions for the analysis were
taken at 2 h and after 2 months of storage at 25 °C.

2.5. Thermodynamic measurements

In order to determine the apparent hydration constant, model
solutions of Mv3gl were prepared at a concentration of 0.1 mM
and at different pH values (range 0.9-4.0) in citrate-phosphate
buffer with 12% of ethanol, and the ionic strength adjusted to
1M with NaCl. These solutions contained increasing concentra-
tions of DHQ3gl, to obtain molar ratios Mv3gl:DHQ3gl of 1:0,
1:0.5, 1:1, 1:2, 1:5. The solutions were kept for 2 h at 25°C to
ensure complete hydration equilibrium and then their UV-Vis
spectra were recorded as previously described. All assays were
made in triplicate.

The value of first-order apparent rate constant of the hydration
reaction (K) is the sum of the hydration (Ky,) and proton transfer
(K,) constants (K=K'y+K,), and was deduced from plotting Ao/
(Ag — A) versus 107PH, resulting in a straight line, from the inter-
cept to slope ratio, in accordance with the Eq. (3) (Dangles, Saito,
& Brouillard, 1993b):

Ao/(Ap — A) = (K} + Ko(1 — 1)) + (10" (K}, + Ko(1—10))  (3)

In this equation, Ay is the absorbance of Mv3gl solution at
strongly acidic condition (pH < 1), in which the anthocyanin is in
pure flavylium form; A is the absorbance of the copigmented

solution at a slightly acidic pH (3.6), similar to that found in wines;
and r, is the ratio of molar absorption coefficients of the same pig-
ment in its quinoidal form and in its flavylium form.

Also, it was calculated the equilibrium constant of copigmenta-
tion (K.) according to the Eq. (4) (Brouillard, Mazza, Saad,
Albrechtgary, & Cheminat, 1989):

(A —Ag)/Ag = KT[Cp)n (4)

where A is the absorbance (/.x) of the copigmented solution at the
specific pH; A is the absorbance of Mv3gl solution at the same pH; r
is the ratio ean/eancp (ratio of molar absorption coefficients of
flavylium ion and flavylium ion-copigment complex) and can be
estimated by the ratio between the absorbance of the anthocyanin
solution in strongly acidic media (pH < 1) and the absorbance of the
same solution at a copigment:pigment molar ratio of 1000:1; C;, is
the copigment concentration; and n is the stoichiometric ratio
between components in the complex of copigmentation. Represent-
ing In(A — Ao)/Ao against In[Cp], results in a straight line whose
slope is n and the ordinate at the origin is InK.r (Eq. (5))

In(A — Ao) /Ao = InK.r + nln[C,] (5)

Finally, Gibbs energy variation (AG®) was calculated by AG® =
—RTInK.; where R is the universal gas constant; T is the tempera-
ture; and K. is the equilibrium constant of copigmentation,
explained above. In order to standardize the results the thermody-
namic parameters were calculated at T=298 K.

2.6. HPLC-DAD-ESI/MS analyses

HPLC analyses were carried out using an Agilent 1100 Series
chromatographic system provided with a diode array detector
(G1315A), quaternary pump (G1316A), autosampler (G1313A),
and data treatment station (Agilent Technologies, Waldbronn, Ger-
many). Separation was performed on an AQUA® Phenomenex
reversed phase C18 column (150 mm x 4.6 mm i.d., 5 pm; Phe-
nomenex Inc., Torrance, CA) at 25 °C. The solvents were (A) 0.1%
formic acid in water (v/v) and (B) acetonitrile. The following linear
gradient was used: 15% B from 0 to 5 min, 15-20% B from 5 to
10 min, 20-35% B from 10 to 20 min, 35-50% B from 20 to
30 min, 50-60% B from 30 to 32 min, and 60% B for 5 min, followed
by washing and reconditioning of the column. The flow-rate was
0.5 mL/min and the injection volume 50 pL. Double online detec-
tion was carried out in a diode array detector (DAD) using 280,
320, 360, and 520 nm as preferred wavelengths and a mass
spectrometer (API 3200 Qtrap, Applied Biosystems, Darmstadt,
Germany) connected to the HPLC system via the DAD cell outlet.
For pigment analysis, MS spectra were recorded in positive ion
mode from m/z 100 to 1500. Zero grade air served as the nebulizer
gas (40 psi) and as turbo gas (600 °C) for solvent drying (50 psi).
Nitrogen served as the curtain (100 psi) and collision gas (high).
Both quadrupoles were set at unit resolution. Enhanced MS
(EMS) and Enhanced Product Ion (EPI) analyses were used for
acquisition of full scan spectra and fragmentation patterns of the
precursor ions, respectively. Setting parameters used for EMS
mode were: ion spray voltage 5000 V; declustering potential (DP)
41V, entrance potential (EP) 7.5V, collision energy (CE) 10V,
and parameters for EPI mode were: DP 41V, EP 7.5V, CE 10V,
and collision energy spread (CES) 0 V. MS analyses of other pheno-
lic compounds were performed in negative ion mode between m/z
100 and 1000. Zero grade air served as the nebulizer gas (30 psi)
and turbo gas for solvent drying (400 °C, 40 psi). Nitrogen served
as the curtain (20 psi) and collision gas (medium). Quadrupoles
were set at unit resolution. EMS parameters were: ion spray
voltage —4500V; declustering potential (DP), —50V; entrance
potential (EP), —6 V; collision energy (CE), —10V; and cell exit
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potential (CXP) —3 V. EPI parameters were: DP 50V, EP 6V, CE
25V, and CESOV.

2.7. Statistical analysis

Statistical analysis was assessed with Statgraphics Plus version
4.0 software (Copyright 1994-1999, Statistical Graphics Corp.,
Warrenton, VA). All the results were tested for homogeneity of var-
iance using Cochran’s test, and the differences between means
evaluated by analysis of variance (ANOVA) and Tukey’s multiple-
range tests (TMRT). A p <0.05 was considered to be statistically
significant.

3. Results and discussion
3.1. Isolation and identification of DHQ3gl

Dihydroquercetin-3-0-glucoside was isolated from the skins of
Malbec grapes. The HPLC chromatogram, UV (.« at 292 nm and
336 nm, sh) and mass spectra of the obtained compound are
shown in Fig. 1. Both UV and mass spectra were coherent with
those expected for the compound, with a fragmentation pattern
showing product ions at m/z 465 ([M—H]~, molecular ion), 303
([Yo]; dihydroquercetin), 285 ([Yo-H20]7), 257 (|Yo-H,0-CO]"),
229 ([Yo-H,0-2C0]), 211 ([Yo-2H,0-2C0]") and 151 (["*A¢]";
retro Diels-Alder fission) consistent with the one proposed by
Abad-Garcia, Garmén-Lobato, Berrueta, Gallo, and Vicente (2009)
for dihydroflavonols. The estimated chromatographic purity of
the isolated dihydroquercetin-3-0O-glucoside was 96%. This com-
pound was used in the copigmentation assays discussed below.

3.2. Copigmentation assays

The study of the copigmentation between Mv3gl and DHQ3gl
was performed at different pigment:copigment molar ratios
(1:0.5; 1:1; 1:2 and 1:5) using wine model solutions of pH 3.6 in
12% ethanol. Fig. 2 shows the modifications produced in the visible
region of the absorption spectrum in the Mv3gl solution following
copigment addition, and Table 1 collects the changes in the absor-
bance at 520 nm. The addition of increasing levels of DHQ3gl to a
constant anthocyanin concentration resulted in an increasing
absorbance of the solution over all the visible range. In contrast
with the observations made in other studies conducted in model
solutions with different copigments (Berké & De Freitas, 2005;
Malaj, De Simone, Quartarolo, & Russo, 2013; Mirabel, Saucier,
Guerra, & Glories, 1999), in this case hardly bathochromic shift in
Jmax in the visible spectra of the copigmented solutions was
observed, which might suggest a low capacity of binding of
DHQ3gl to the flavylium form of the anthocyanin, possibly indicat-
ing that it is a poor electron donor.

The hyperchromic effect in the copigmented solutions was still
noticeable 2 months after their preparation (Fig. 2B), being the
relative increase in the absorbance at 520 nm in relation to
the solution containing the anthocyanin alone even higher than
the one observed in the first sampling (Table 1). Nevertheless, after
2 months of storage a decrease in the color intensity of the solu-
tions was observed and a modification in the shape of the visible
spectrum was also produced, suggesting that changes in the com-
position of the solutions might have been produced. Indeed a
decrease in the concentrations of both Mv3gl and DHQ3gl in the
solutions occurred (Fig. 3), which in the case of the anthocyanin
accounted for 30% on average, irrespective of the presence and
level of added copigment. Those decreases were not accompanied
by significant formation of new compounds, namely new pigments
(Fig. 3), contrary to what was observed in previous studies in our

laboratory using catechins, flavonols or hydroxycinnamic acids as
anthocyanin copigments (Gonzalez-Manzano, Duefias, Rivas-
Gonzalo, Escribano-Bailon, & Santos-Buelga, 2009; G6mez-Miguez
et al, 2006). These observations suggest that the presence of
DHQ3gl did not confer additional stability to the anthocyanin
and that the changes observed in the color of the solutions would
be basically explained by the changes in the levels of original sub-
strates and the copigmentation phenomenon itself.

3.3. Influence of copigmentation in color parameters

With the aim of evaluating the effect of copigmentation on the
color expression of Mv3gl, chromatic analyses in the CIELAB space
were performed, so as to visualize changes in the entire visible
spectrum. Table 2 shows the mean values of the chromatic param-
eters for the different solutions, calculated after 2 h and 2 months
of their preparation.

The addition of the copigment to the anthocyanin solution
induced a decrease in lightness (L*) and a significant (p < 0.05)
increase in saturation (sy,) and chroma (C*), indicating a greater
color intensity of copigmented solutions. Thus, the hyperchromic
effect was associated to a darkening of the anthocyanin solutions
and greater quantity of color and visual saturation. These changes
were more marked with increasing copigment concentration, in
agreement with previous studies using other cofactors (Gonzalez-
Manzano et al., 2009; Gordillo et al., 2012). Changes in the chromatic
characteristics were still appreciated after 2 months of storage,
although different behavior in the hj, a* and b* parameters was
observed in relation to the first sampling date. While at the begin-
ning of the assay (2 h) the color of copigmented solutions shifted
toward red-purple compared with the anthocyanin alone, after
2 month, the displacement was more toward red-orange colors.

In general, the higher the level of DHQ3gl in the solutions the
higher was the decrease of AL* and the increase of Ahj,, which
means a shift toward red-orange and a darkening effect, which
was more pronounced after 2 months of storage (Table 2). Simulta-
neously, chroma differences ACi, tended to rise resulting in an
increasing vivid effect, more marked than lightness and hue trends.
On the other hand, by comparing the relative contributions of light-
ness (%AL), chroma (%AC), and hue (3AH) obtained at each molar
ratio, it was observed that for all the molar ratios tested, the absolute
color differences induced by copigmentation were mainly due to
quantitative changes (%AL+%AC>95% at 2h of reaction, and
between 69% and 95% after 2 months of storage) and to a lesser
extent to the qualitative ones (¥AH <5% at 2 h of reaction, and
between 4% and 30% after 2 months of storage) (Fig. 4). Besides, a
different behavior of quantitative changes depending on the time
of reaction could be observed, being the weight of the modifications
in chroma more marked than those in lightness at 2 h, whereas the
opposite was observed after 2 months. Moreover, increasing concen-
tration of DHQ3gl differently influenced the pattern of evolution of
these parameters during the assay, with a notable decrease in light-
ness from low to high molar ratios at both sampling times. The
chroma and hue contributions were in general more variable accord-
ing to the time of reaction, noting a significant decrease in chroma
and increase in hue after 2 months, with the increase in DHQ3gl con-
centration, in opposition to what was observed 2 h after the prepa-
ration of the solutions (Fig. 4).

In order to establish whether the changes generated in the chro-
matic parameters were visually relevant, the color differences
induced by copigmentation (AEj,) were also calculated (Table 2).
It has been indicated that a non-trained human eye is able to distin-
guish two colors when the AEj, is greater than 3 units CIELAB
(Martinez, Melgosa, Pérez, Hita, & Negueruela, 2001). According to
this criterion, only the color changes induced at the highest copig-
ment concentration (pigment:copigment molar ratio 1:5) would be
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Fig. 1. HPLC chromatogram recorded at 280 nm of the isolated dihydroquercetin-3-0-glucoside, and UV and ESI/MS(-) mass spectra of the compound.

visually relevant in the solutions after 2 h of preparation (AEj}, 3.94).
The differences between anthocyanin and copigmented solutions
were, however, more marked after 2 months of storage, at which
the change of color could be already considered visually evident in
the solution with molar ratio 1:2 (AEj}, 2.93), and was highly notice-
able in that with ratio 1:5 (AE}, 6.44).

3.4. Thermodynamic measurements

As described above, the changes in the visible spectrum of the
Mv3gl solution in the presence of increasing concentrations of

DHQ3gl clearly showed the production of a hyperchromic effect,
hardly inducing a bathochromic displacement (1-2 nm) of Zpax
(Table 1, Fig. 2). This phenomenon might indicate the alteration
in the hydration equilibrium and a little change in the deprotona-
tion of flavylium ion. Therefore, much higher modification of the
hydration constant (K,) than of the proton transfer constant (Kj,)
should occur (Gonzalez Manzano, 2007).

In order to determine the modification of the anthocyanin
equilibria in the presence of DHQ3gl, assays were carried out in
solutions (0.1 mM in citrate-phosphate buffer, pH 3.6, 12% ethanol,
and 1M of ionic strength) of Mv3gl alone and with increasing
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Fig. 2. Absorbance spectra of malvidin-3-O-glucoside (0.41 mM) with different
molar ratios of dihydroquercetin-3-0-glucoside at 2 h (A) and 2 months (B) of assay
(25°C, pH 3.6).

Table 1

Magnitude of the hyperchromic shift at 520 nm in solutions of malvidin-3-0-
glucoside (0.41 mM) containing increasing molar ratios of dihydroquercetin-3-0-
glucoside at pH 3.6, determined 2h and 2 months after the preparation of the
mixtures.

Time [(A — Ao)/Ao x 100]?

Molar ratio (pigment:copigment)

1:0.5 1:1 1:2 1:5
2h 4.58 8.78 13.36 29.01
2 months 12.02 22.40 19.67 29.50

2 A and Ap are the absorbances of the solutions at 520 nm in the presence and
absence of copigment, respectively.

molar ratios of DHQ3gl. A low concentration of the anthocyanin
was used in these assays to prevent self-association and thus
evaluate the copigmentation effect without interference (Teixeira
et al., 2013). The pK'y, values of Mv3gl in the presence of different
concentrations of DHQ3gl were calculated according to Dangles
et al. (1993b). It was observed that pK'y, values significantly
increases (Tukey HSD test, p < 0,05) with the increase in the level
of copigment in the solution, from 2.61 (Mv3gl reference solution)
to a maximum value of 2.74 obtained in the solution with the high-
est concentration of DHQ3gl (pigment/copigment molar ratio 1:5).
In addition, the outcomes for the intermediate molar ratios were
2.65(1:0.5),2.66 (1:1), and 2.67 (1:2). These values are lower than
those observed when flavanols were used as copigments, where an
increase from a pK'y, value of 2.93 in the solution of Mv3gl alone to
values ranging between 3.06 and 3.19 in the solutions containing
Mv3gl:flavanol molar ratios of 1:5 was observed (Gonzalez-
Manzano et al., 2009). Other kinetic and thermodynamic parame-
ters were also determined. Thus, a constant of copigmentation

mAU A
700 1

600
500
400
300
200

100
0

N
o
o
!
—

Fig. 3. HPLC chromatograms recorded at 280 nm of the solution of Mv3gl:DHQ3gl
(1:1) obtained 2 h after preparation (A) and after 2 months of storage at 25 °C (B).
Peak reference: 1, DHQ3gl; 2, Mv3gl.

(K.) of 191.4 M~ was calculated, assuming a stoichiometric ratio
Mv3gl:DHQ3gl of 1:1. This value is of the same order of magnitude,
and even higher, to that reported by other authors in model solu-
tions of Mv3gl copigmented with different flavanols (Dangles,
Stoeckel, Wigand, & Brouillard, 1992; Francia-Aricha, Rivas-
Gonzalo, & Santos-Buelga, 1998; Mirabel et al., 1999) or phenolic
acids (Dimitric-Markovic et al., 2000; Malaj et al., 2013), indicating
similar ability of DHQ3gl to act as anthocyanin copigment as those
compounds. However, it was lower (5-10 times less) to that
obtained in studies with flavonols (Baranac et al., 1996; Lambert
et al., 2011), which would thus appear as better copigments than
dihydroflavonols. This could be logical considering the non-planar
structure of these latter due to the presence of asymmetric carbons
at positions 2 and 3 that, as in the case of flavanols, difficult a closer
approach to the anthocyanin.

The Gibbs energy variation (AG°) represents the changes in the
chemical potential of the system, and it is used as a measure of the
ease with which the copigmentation process occurs. Values of
AG® <0 indicate that the copigmentation process is favored. The
value of the AG® obtained in this study for DHQ3gl was —12.8 k]/
mol K, indicating its ability to act as Mv3gl copigment. This value
was similar to those observed by other authors for different pheno-
lic acids (caffeic, coumaric, vanillic, syringic), flavan-3-ols ((+)-
catechin, (-)-epicatechin, procyanidin dimmer), and flavonols
(quercetin, rutin) (Baranac et al.,, 1996; Lambert et al., 2011;
Malaj et al., 2013; Oszmianski, Bakowska, & Piacente, 2004).

Comparisons about the relative ability of different compounds
to act as anthocyanin copigments should, nevertheless, be inter-
preted with caution, as different conditions of assay may be used
in each case. Actually, factors such as pH, temperature, ionic
strength, type of buffer or substrates concentration greatly modify
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Table 2

Chromatic parameters in the solutions prepared with malvidin-3-O-glucoside (0.41 mM) containing increasing levels of dihydroquercetin-3-0-glucoside, obtained 2 h and 2 months after preparation of the solutions.

CIELAB parameters

L

Molar ratio (p:cp)”

Time

AE3,

Ahzp

W AL*

S,

hzb

b*

10.82 a 349.69 a 0.16 a

-194 c
-2.03 ¢
-219c¢
-2.54b
-343a
1.25a

93.39% a 10.65 a
93.04 a

92.73 a
9241 a

1:0

2h

044 a 0.02 a 0.56 a

-035b
-0.67 b

0.17 ab
0.18 ab
0.19b
021c

349.61 a

11.26 ab
11.65 ab
1229 b
13.98 ¢
6.63 a

11.08 ab
11.44 ab
12.02 b
13.55¢
6.51a

1.06 ab
1.80b
394 c

0.10 a

0.82 a

349.18 a

0.33 ab
0.84b

147 b

3.16 ¢

—0.99 ab
-220a

348.06 a

345.80 a

91.19 a
94.79 a
93.92 a
93.00 a
92.59 a
90.31 a

0.11a

1091 a

2 months

112 a

0.66 a 024 a

-0.87b
-1.80b
-220b

-4.48 a

0.12 ab
0.13 bc
0.14 ¢
0.18d

12.87 a

7.29 ab
7.74 b
7.94 b
9.55 ¢

1.62 b
212 ¢
299d
574 e

7.11 ab
7.45b
7.36b
7.64 b

2.20 ab
293 b
6.44 c

112b 0.62 b

132¢c
293d

15.90 b
22.09 c

141c
3.58d

36.89d

Different letters in the same column indicate significant differences between molar ratios for each time of reaction (Tukey HSD test, p < 0.05).
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Fig. 4. Relative contribution of the three color attributes (lightness %AL, chroma
%AC, and hue %AH) to the total color difference for Mv3gl:DHQ3gl solutions as a
function of the molar ratio and time of reaction (A, 2 h; B, 2 months).

the kinetic and thermodynamic constants of the process. Thus, the
optimum copigmentation pH differs according to the pigment and
copigment tested (Williams & Hrazdina, 1979), and complex for-
mation decreases with the increase in the temperature, because
it is an exothermic process (Dangles & Brouillard, 1992; Malaj
et al., 2013). Salts and ions (K*, Na*, CI™) compete with flavylium
ion by molecules of water, so that the ionic strength also influences
the extent of the hydration reaction (Dangles et al., 1992). Solvents
also modify the copigmentation behavior. For instance, Mirabel
et al. (1999) obtained a K. of 101 M~! for Mv3gl and epicatechin
in aqueous solution and of 157 M~! in 10% ethanol. Finally, the
extent of copigmentation depends not only of the pigment:copig-
ment ratio, but it is also modified by the absolute concentrations
of the substrates.

4. Conclusion

All in all, the obtained results allowed concluding that
dihydroquercetin-3-O-glucoside can act as an anthocyanin copig-
ment, similar to other usual wine components like flavanols or
phenolic acids, although apparently less efficient than flavonols.
Nevertheless, the high levels of dihydroflavonols (i.e., DHQ3gl
and dihydroquercetin-3-O-rhamnoside) existing in Malbec grapes
and wines in relation to other non-anthocyanin phenolics
(Fanzone, 2012) should make this family of compounds particu-
larly important to explain the color expression and definition in
young red wines of this variety. Copigmentation with dihydrofl-
avonols does not seem, however, to be a critical factor to explain
the maintenance of the color during wine ageing and storage, as
apparently it does not confer additional protection against antho-
cyanin degradation nor favor the significant formation of new pig-
ments. The extent of these observations is limited by the difficulty
to extrapolate them to the wine matrix, whose complexity favors
multiple complementary reactions. More studies are also required
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to evaluate the influence of genetic, viticultural and enological
variables on the biosynthesis and accumulation of this kind of
copigments in grape berries and its expression into the wine, in
order to better understand their contribution to the color and to
achieve the desired effects.
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