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Abstract: The color of rosé wines is extremely diverse and a key element in their marketing. It is due
to the presence of anthocyanins and of additional pigments derived from them and from other wine
constituents. To explore the pigment composition and determine its links with color, 268 commercial
rosé wines were analysed. The concentration of 125 polyphenolic compounds was determined by
a targeted metabolomics approach using ultra high-performance liquid chromatography coupled
to triple quadrupole mass spectrometry (UHPLC-QqQ-MS) analysis in the Multiple Reaction Mon-
itoring (MRM) mode and the color characterised by spectrophotometry and CieLab parameters.
Chemometrics analysis of the composition and color data showed that although color intensity is
primarily determined by polyphenol extraction (especially anthocyanins and flavanols) from the
grapes, different color styles correspond to different pigment compositions. The salmon shade of light
rosé wines is mostly due to pyranoanthocyanin pigments, resulting from reactions of anthocyanins
with phenolic acids and pyruvic acid, a yeast metabolite. Redness of intermediate color wines is
related to anthocyanins and carboxypoyranoanthocyanins and that of dark rosé wines to products of
anthocyanin reactions with flavanols while yellowness of these wines is associated to oxidation.

Keywords: wine; rosé wine; color; polyphenols; anthocyanins; metabolomics; UHPLC; mass
spectrometry; Multiple Reaction Monitoring—MRM; chemometrics

1. Introduction

Rosé wine consumption has increased greatly in the last 20 years, reaching over 10%
of the global market of still wines [1]. Color is an essential element in the perception of rosé
wine quality. As these wines are usually sold in clear glass bottles, it is also a major driver of
consumer purchases, although there is no consensus on the ideal color [1]. Rosé wine color
varies widely from very pale “sand” or “nacre” to vivid “garnet” nuances, through orange
“apricot” or red “raspberry” shades, depending on the grape cultivar and on various factors
linked to environment, vine growing practices and wine-making process.

The color of rosé wine, like that of red wines, is due to the presence of anthocyanins
extracted from red grape skins and of additional pigments formed from them or through
reactions of other must and wine components during wine making and ageing. Genuine
anthocyanins are usually described as red flavylium cations but this form is predominant
only at very low pH values and anthocyanins are present mostly in their colorless hydrated
hemiketal form [2,3] under the pH conditions encountered in wine. Moreover, flavylium
cations react with sulfite to form colorless bisulfite adducts [4], a reaction referred to as
sulfite bleaching [5]. Both of these reactions are reversible, so the red flavylium cation can
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be released from colorless water or sulfite adducts. In particular, the hydration equilibrium
can be shifted to the red flavylium forms in the presence of copigments such as flavonols,
flavanols and hydroxycinnamic acids [3]. This phenomenon is responsible for 30–50%
of the color in young red wines, but may be limited in rosé wines by the low pigment
concentration. Other reactions of anthocyanins described in red wines include formation
of red flavanol-anthocyanin adducts [6,7] and colorless anthocyanin–flavanol adducts [8],
condensation with acetaldehyde yielding purple methylmethine linked (ethyl-linked)
adducts, and reactions with hydroxycinnamic acids or vinylphenols and with carbonyl
compounds such as acetaldehyde and pyruvic acid, yielding different groups of orange
pyranoanthocyanins [9–11].

Limited data is available on the composition of rosé wines. A study performed
on Grenache rosé wines [11] provided quantitative analysis of 28 polyphenols, showing
that their proportions were very different from those encountered in red wines made
from the same grape variety [12]. In these rosé wines, the major phenolic compounds
were hydroxycinnamic acids, while anthocyanins and flavanols were present in lower
amounts. Higher color intensity and pinker shade were related to higher concentrations
of anthocyanins and phenolic acids and lower pH values [11]. Particular pigment profiles
were pointed out, with a lower proportion of coumaroylated derivatives, likely reflecting
poor extraction rates of these hydrophobic pigments compared to other anthocyanins, and
higher proportions of derived pigments, including several groups of pyranoanthocyanins.
This study also provided the first report of anthocyanin–caftaric acid adducts in wines.
Detection of these pigments, resulting from nucleophilic addition of anthocyanins onto
caftaric acid quinones formed by enzymatic oxidation of caftaric acid [13], may reflect the
fact that rosé wine-making technology enables enzymatic oxidation at pressing and/or the
high levels of hydroxycinnamic acids in the Grenache variety. More recently, a method
based on ULPC-MS/MS analysis in the multiple reaction monitoring mode was developed
for quantitative determination of 152 phenolic compounds in rosé wines [14]. Application
of this method to twelve rosé wines showed differences in phenolic composition, and
especially in the concentrations of hydroxycinnamic acids and of anthocyanins, flavanols,
and gallic acid, suggesting an impact of both varietal characteristics and wine-making
process (enzymatic oxidation, extraction).

Changes in color [15] and/or phenolic composition [11,16] of rosé wines induced
by wine processing and storage have also been described but the relationships between
phenolic composition and color are only partly understood. The objective of the present
work was to explore the phenolic composition of rosé wines and explain differences in
color styles. This was achieved on a large collection of commercial wines reflecting the
diversity of rosé wine styles worldwide, using semi-quantitative phenolic composition data
obtained by targeted HPLC-MS/MS in the MRM mode, along with classical oenological
data (e.g., pH, sulfite concentration), and color intensity, hue values, and L*a*b* CIELAB
data determined by spectrophotometry.

2. Results
2.1. Rosé Wine Diversity

Two hundred and sixty-eight commercial rosé wines were selected from the Rosé
du Monde collection 2011, so as to obtain a diverse set of color styles and origins. These
wines were analyzed by targeted UHPLC-QqQ-MS in the MRM mode targeting phenolic
composition. Enological and color data were also collected.

The variable list and codes used and the data presented in this study are provided as
Supplementary Materials (Table S1 and Table S2, respectively).

2.1.1. Enological Parameters and Color

Enological data showed large diversity within the Rosé du Monde Collection, with
pH values ranging from 2.92 to 3.98, percent alcohol from 9.75 to 18.77, total sulfite content
from 18 mg·L−1 to 237 mg·L−1 and free sulfite content from 5 mg·L−1 to 132 mg·L−1.
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Wine color analysis also revealed large diversity, with a broad range of color intensities
from light (CImin = 0.15) to dark (CImax = 2.07) and hues from reddish (Hmin = 0.63) to
orange (Hmax = 2.87) due to different wine-making techniques or grape varieties (Figure 1).
Even if Hue and CI were not correlated, the highest values of Hue were observed for the
lowest CI. CI was strongly correlated with both A420 (R2 = 0.98) and A520 (R2 = 0.99)
which were also correlated together (R2 = 0.94). Accordingly, L* values ranged from 57.6
to 97.3, a* values from −0.88 to 50.9, and b* values from 5.02 to 31.59. L* showed strong
negative correlation with CI (R2 = −0.99) and a* (R2 = −0.98), which were positively corre-
lated together (R2 = 0.96). The yellow component b* was also negatively correlated with
L* (R2 = −0.75) and positively correlated with a* (0.64) and CI (R2 = 0.78), the latter
correlation being mostly driven by A420 (R2 = 0.88).
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2.1.2. Phenolic Composition

Targeted MS analysis showed large composition differences between the rosé wine
samples. The most abundant classes of phenolic compounds in rosé wines were flavanols,
hydroxycinnamic acids, benzoic acids, and anthocyanins, aromatic amino acids (tyrosine
and tryptophan), alcohols derived from these amino acids (i.e., tyrosol, hydroxytyrosol,
and tryptophol), while stilbenes, flavonols, and dihydroflavonols were present in lower
amounts but large variations were observed in all families.

Major hydroxycinnamic acid derivatives in the rosé wines were hydroxycinnamoyl
tartaric acids, namely caftaric acid (0.8–83.1 mg·L−1), coutaric acid (1.1–36.9 mg·L−1),
and GRP (0.1–82. 7 mg·L−1). Rather large amounts of free hydroxycinnamic acids (up
to 28.9 mg·L−1 and 6.8 mg·L−1, for caffeic acid and p-coumaric acid, respectively) were
detected in some wines, suggesting some hydrolysis.

Flavanols were represented mainly by monomers, i.e., catechin (0.3–36 mg·L−1) and
epicatechin (0.1–100.6 mg·L−1), along with lower amounts of dimers, and especially B1
(up to 48.7 mg·L−1) and B2 (up to 11.7 mg·L−1), and small amounts of trimers. Con-
centrations of flavanol units measured after phloroglucinolysis ranged between 1 and
258.8 mg·L−1. Their total concentration exceeded the sum of monomers and oligomers
in most samples, indicating the presence of larger oligomers and /or tannin derivatives.
Mean degree of polymerisation (mDP) values ranging from 1.2 to 7 were calculated from
the phloroglucinolysis data.

Major anthocyanins were malvidin-3-O-glucoside (0.04–42.9 mg·L−1) and malvidin-3-
O-acetylglucoside (0–20.1 mg·L−1), followed by peonidin 3-O-glucoside (0.04–11.02 mg·L−1),
and malvidin-3-O-coumaroylglucoside (0–8. 9 mg·L−1). Gallic acid was the most abundant
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benzoic acid with values ranging from 0.5 to 41.3 mg·L−1. Stilbenes were mostly repre-
sented by cis- and trans-piceid (maximum values at 21.8 and 12.6 mg·L−1, respectively).
Major flavonols (0–15 mg·L−1) were quercetin derivatives along with lower amounts of
myricetin glycosides while astilbin and taxifolin were the only dihydroflavonols detected.

Anthocyanin derivatives were detected in lower amounts but also showed large
variations. The most abundant derived pigments were those formed by reactions involv-
ing acetaldehyde, i.e., pyranoanthocyanins (Py) flavanol-methylmethine-anthocyanins
(flavanol-ethyl-anthocyanins, FEA), and flavanyl-pyranoanthocyanins (FPy), present in
lower amounts. Other important families included carboxypyranoanthocyanins (CP,
phenylpyranoanthocyanins (catechyl-, hydroxyphenyl-, guaiacyl-, and syringyl-
pyranoanthocyanins, PP) and flavanol-anthocyanin adducts (F-A). Trace amounts of caftaric-
anthocyanin adducts (CAF) and of A-type anthocyanin-flavanol adducts (A-F) were also
detected in some wines. The malvidin 3-O-glucoside derivative was the major represen-
tative of each group which contained a large series of compounds derived from all major
anthocyanins and reflecting their proportions in the wines. Thus, the major derived pig-
ments detected were pyranomalvidin-3-O-glucoside (vitisin B: 0–3.6 mg·L−1), (epi)catechin-
ethyl-malvidin-3-O-glucoside (total concentration of the four isomers = 0–2.2 mg·L−1),
p-hydroxyphenylpyranomalvidin-3-O-glucoside (0–1.8 mg·L−1), catechylpyranomalvidin
3-O-glucoside (pinotin A: 0–0.9 mg·L−1), carboxypyranomalvidin-3-O-glucoside (vitisin A:
0–0.8 mg·L−1), and (epi)catechin-malvidin-3-O-glucoside (0–0.7 mg·L−1).

The correlation network established from the phenolic composition data (Figure 2)
showed close correlations within each group, and especially native anthocyanins, pyranoan-
thocyanins, carboxypyranoanthocyanins, phenylpyranoanthocyanins, hydroxycinnamic
acids, flavonols, flavanols, methylmethine bridged anthocyanin—flavanol adducts, A-F
and F-A adducts. Moreover, the concentrations of anthocyanins, flavonols, and flavanols
were correlated, reflecting the extent of extraction in the wine-making process. Flavanol-
anthocyanin adducts were correlated with anthocyanins and with flavanol dimers and
trimers and tannins determined after phloroglucinolysis, which is consistent with their
formation pathway involving cleavage of flavanol oligomers and polymers [6,7,17]. A
noticeable exception is (epi)catechin-malvidin 3-O-acetylglucoside (FA7), correlated with
malvidin 3-acetylglucoside (AC9) and its carboxypyrano derivative (CP9) meaning that
formation of this pigment is limited by the availability of malvidin 3-O-acetylglucoside. Sim-
ilarly, correlations between peonidin 3-O-glucoside (AC4) and carboxypyranopeonidin 3-
O-glucoside (CP4) and between petunidin 3-glucoside (AC3) and carboxypyranopetunidin
3-O-glucoside (CP3) may be linked to particular grape anthocyanin profiles. Anthocyanin-
flavanol adducts were correlated with flavanol monomers, which are their precursors [8].
Pyranoanthocyanins (PY) and carboxypyranoanthocyanins (CP) were only weakly cor-
related with native anthocyanins suggesting that their formation rates are ruled by the
amount of acetaldehyde and pyruvic acid, respectively. Ethyl-linked flavanol anthocyanin
adducts and flavanyl-pyranoanthocyanins were strongly correlated with pyranoantho-
cyanins, indicating that their concentration is driven by that of their common precursor, i.e.,
acetaldehyde. Phenylpyranoanthocyanins were not correlated with native anthocyanins
but with hydroxycinnamic acids, revealing the limiting role of the hydroxycinnamic acids
in their formation. Other strong correlations were observed between dihydroflavonols
(astilbin and taxifolin), between stilbenes (cis- and trans-resveratrol, cis- and trans-piceid),
between hydroxycinnamoyltartartes (caftaric and coutaric acid), indicating that all members
of each group are similarly impacted by grape variety, vine growing conditions, and wine
making process, and between each phenolic acid ethyl ester and its phenolic acid precursor.
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2.2. Links between Color and Phenolic Composition
2.2.1. Multivariate Analysis of the L*a*b*, Enological Analysis, and Phenolic Composition Data

Principal component analysis (PCA) was performed on the centered MRM, oenologi-
cal analysis, and L*a*b* data. Projection of the wines on the first two principal components
showed large distribution along the first axis accounting for 48% of the variance (Figure 3).
Loadings associated to the first PC are shown in Figure 3B. Color parameters a* and b*
were associated positively and L* associated negatively with PC1, indicating that this axis
was related to color. Most other variables were associated positively with PC1, with highest
loadings corresponding to flavanols (monomers, dimers, trimers, total units and mDP deter-
mined by phloroglucinolysis), flavanol-anthocyanin adducts, flavonols, and anthocyanins,
indicating that higher a* and b* values are related to higher flavonoid contents.

Loadings associated to the second PC, representing 15% of the variance, are shown in
Figure 3C. This axis is positively associated mostly with the levels of combined and free SO2
and L* values and negatively with oxidized glutathione, acetaldehyde reaction products
(flavanyl-pyranoanthocyanins, flavanol-ethyl-anthocyanin adducts, pyranoanthocyanins),
GRP, a*, and b*.

2.2.2. Composition of the Light, Intermediate, and Dark Wine Groups

In order to determine whether the links between color and composition are the same
for light and dark rosé wines, three groups of wine were established based on their color
intensities: light group (IC < 0.5); intermediate group (0.5 < IC < 1); dark group (IC > 1).
Moreover, as all compounds of a given phenolic group share common color character-
istics and the high correlations between them (Figure 2) reflect common origins (grape
composition, formation process), they were considered together for further analyzing the
relationships between composition and color.
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Figure 3. Principal component analysis of phenolic composition, enological analysis, and
L*a*b* data: (A) Projection of the wines on the first two principal components; (B) loadings of
variables on PC1; (C) loadings of variables on PC2; for (B,C), all variables in decreasing loading order
and zoom presenting the first 30 variables. Variable codes provided in Table S1.
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Variance analysis confirmed that the three groups (Table 1) were significantly different
for all measured color parameters, with CI, a*, and b* increasing, and Hue and L* decreas-
ing from the light to dark wines. Examination of the phenolic composition of each group
showed significant increases in the concentrations of anthocyanins, hydroxybenzoic acids,
stilbenes, flavonols, and total flavanol units measured after phloroglucinolysis from the
light to the dark group, confirming that color is primarily related to polyphenol extraction
from skins. The concentrations of flavanol monomers, dimers, and trimers were signifi-
cantly lower in the light group than in the other two. No significant difference was observed
in the levels of hydroxycinnamic acids and hydroxycinnamoyltartrates which are more
affected by the grape variety and the extent of oxidation at must stage than by maceration.

Table 1. Comparison of the phenolic composition, enological analysis, spectrophotometry and color
data of the 3 color groups.

Variable Light Intermediate Dark

Phenolic Compounds (mg·L−1) Mean ± SD (n = 114) Mean ± SD (n = 101) Mean ± SD (n = 53)

Benzoic acids and ethyl esters (BA 1–6) 6.2 ± 6.0 a 9.9 ± 7.1 b 13.2 ± 7.5 c

Hydroxycinnamic acids and ethyl
esters (HCA 1–5) 3.6 ± 2.8 a 4.2 ± 5.5 a 3.9 ± 3.6 a

Hydroxycinnamoyl tartaric acids (HCA 6–8) 53.4 ± 27.2 a 47.3 ± 21.0 a 50.0 ± 26.3 a

2-S-glutathionylcaffeoyltartaric acid (GRP) 19.8 ± 12.5 a 16.8 ± 10.7 a 24.6 ± 18.6 b

Stilbenoids (St 1–6) 3.2 ± 2.4 a 4.6 ± 3.4 b 5.9 ± 6.4 c

Flavonols (Flo 1–5) 0.7 ± 1.5 a 1.4 ± 1.7 b 2.1 ± 1.6 c

Dihydroflavonols (DHF 1–2) 0.9 ± 0.8 a 1.6 ± 1.8 b 0.9 ± 0.7 a

Flavanols monomers and oligomers (Fla 1–9) 19.2 ± 19.6 a 32.3 ± 26.7 b 33.6 ± 22.7 b

Total flavanol units after
phloroglucinolysis (FlaT) 25.3 ± 27.6 a 45.3 ± 31.8 b 73.5 ± 45.5 c

Mean degree of polymerisation (mDP) 2.4 ± 0.6 a 2.7 ± 0.9 a 3.5 ± 1.3 b

Anthocyanins (Ac 1–25) 10.6 ± 6.2 a 19.2 ± 12.7 b 32.2 ± 19.1 c

Pyranoanthocyanins (Py 1–13) 0.02 ± 0.05 a 0.17 ± 0.30 b 0.82 ± 0.95 c

Carboxypyranoanthocyanins (CP 1–12) 0.05 ± 0.04 a 0.17 ± 0.15 b 0.39 ± 0.25 c

Flavanol-anthocyanin adducts (FA 1–8) 0.05 ± 0.07 a 0.13 ± 0.11 b 0.30 ± 0.26 c

Anthocyanin-flavanol adducts
(A-type) (AF 1–5) 0.001 ± 0.005 a 0.005 ± 0.011 b 0.010 ± 0.015 c

Caftaric-anthocyanin adducts (CAF 1–2) 0.02 ± 0.04 a 0.03 ±0.04 a 0.02 ±0.03 a

Ethyl-flavanol dimers (EF 1–2) 0.001 ± 0.003 a 0.006 ± 0.024 ab 0.008 ± 0.011 b

Flavanol-ethyl-anthocyanins (FEA 1–8) 0.003 ± 0.023 a 0.064 ± 0.319 a 0.205 ± 0.351 b

Phenylpyranoanthocyanins (PP 1–18) 0.35 ± 0.41 a 0.53 ± 0.48 b 0.68 ± 0.59 c

Flavanyl-pyranoanthocyanins (FPy 1–3) 0.002 ± 0.007 a 0.010 ± 0.037 ab 0.016 ± 0.044 b

Unknown 551 & 581 (U 551 & 581) 0.016 ± 0.020 a 0.038 ± 0.037 b 0.092 ± 0.066 c

Alcohols (Al 1–3) 13.6 ± 6.3 a 11.5 ± 6.1 a 15.8 ± 9.3 b

Amino acids (AA 1–2) 7.9 ± 3.5 a 8.6 ± 4.1 a 6.4 ± 3.3 b

Glutathione (GSH) 0.06 ± 0.05 a 0.06 ± 0.07 a 0.09 ± 0.09 b

Oxidized glutathione (GSSG) 0.06 ± 0.13 a 0.18 ± 0.55 a 0.91 ± 3.21 b
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Table 1. Cont.

Variable Light Intermediate Dark

Phenolic Compounds (mg·L−1) Mean ± SD (n = 114) Mean ± SD (n = 101) Mean ± SD (n = 53)

Enological analysis

pH 3.4 ± 0.1 a 3.4 ± 0.2 a 3.4 ± 0.2 a

Free sulfites content (FSO2) 25 ± 20 a 21 ± 13 a 16 ± 9 b

Combined sulfites content (CSO2) 75 ± 21 a 78 ± 23 a 74 ± 23 a

% alcohol (ALC) 12.7 ± 0.9 a 12.7 ± 1.2 a 13.1 ± 0.8 b

Color analysis

L* 93.2 ± 2.2 a 84.6 ± 3.5 b 70.6 ± 5.5 c

a* 7.0 ± 3.2 a 17.3 ± 5.71 b 34.7 ± 7.6 c

b* 10.30 ± 2.68 a 15.62 ± 3.32 b 20.0 ± 4.2 c

Color intensity (CI) 0.33 ± 0.10 a 0.69± 0.14 b 1.36 ± 0.31 c

Hue (H) 1.50 ± 0.47 a 1.16 ± 0.26 b 0.88 ± 0.16 c

Different superscript letters indicate significant differences between color groups for a given parameter (ANoVA
with SNK test for p < 0.05).

The concentrations of most derived pigments, except caftaric anthocyanin adducts,
formed by enzymatic oxidation [13], also showed significant increase from the light to the
dark group. A few variables showed significantly higher values in dark wines compared to
the other two groups, namely ethyl-linked flavanol dimers (EF) and flavanol anthocyanin
adducts (FEA), flavanylpyranoanthocyanins (FPy), and glutathione especially under its
oxidized form. This might be related to higher oxidation rate, in agreement with the
significantly lower free SO2 content of these wines.

2.2.3. Links between Color and Phenolic Composition for Light, Dark and Intermediate Wines

In order to visualize the links between phenolic composition and the different color
styles, PCAs were performed on the standardized MRM, oenological analysis and L*a*b*
data, separately for each group.

Projection of the variables on the first two principal components are shown for each
group (Figure 4), evidencing major differences in the links of color with composition
between the groups.

For group 1 (light wines), PC1 is associated positively with a* and b*, and negatively
with L* and is thus a color intensity axis. Other variables positively associated to PC1
include anthocyanin derivatives, namely carboxypyranoanthocyanins and phenylpyra-
noanthocyanins and caftaric-anthocyanin adducts, but also unknown anthocyanin deriva-
tives and colorless dihydroflavonols and benzoic acids. Variables reflecting the extent of
extraction, such as anthocyanins, flavanols, tannin-anthocyanin and anthocyanin-tannin
adducts, flavonols and stilbenes, positively contribute to both PC1 and PC2 while hydrox-
ycinnamoyltartrates, reduced glutathione, GRP, and flavanol mDP contribute positively to
PC2 and, to a lesser extent, negatively to PC1. PC2 is also negatively associated to pyra-
noanthocyanins, flavanol-ethyl-anthocyanin adducts and oxidized glutathione, suggesting
that it is associated to oxidation.

For group 3 (dark wines), PC1 is associated negatively to L* and positively to a* while
b* contributes positively to PC2. Most phenolic variables and especially anthocyanins,
flavanols, hydroxycinnamic acids and all anthocyanin derivatives are also positively associ-
ated with PC1, and thus red color, except for Py, FE and FPy. These molecules, that result
from reactions involving acetaldehyde, are associated positively with PC2 which is also neg-
atively associated with sulfite concentrations and can be interpreted as an oxidation axis.
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In the intermediate group, PC1, positively associated with flavanols, flavanol-
anthocyanin adducts, and oxidation markers such as pyranoanthocyanins, ethyl-linked
flavanols, and flavanol-ethyl-anthocyanins, reflects both extraction and oxidation. PC2,
contrasting a* with L* and b*, is a red color axis, lighter wines in this group being also
more orange. The red color is associated with higher concentrations of anthocyanins, car-
boxypyranoanthocyanins, and alcohols derived from tyrosine and tryptophan and with fla-
vanol mDP while lighter and more yellow wines show higher values of pH, and higher con-
centrations of aromatic amino acids, dihydroflavonols, flavanol monomers and oligomers,
anthocyanin-flavanol adducts, flavanylpyranoanthocyanins and oxidized glutathione.

3. Discussion
3.1. Rosé Wine(s) Versus Red Wine

The rosé wine collection exhibited large color differences from almost white to light
red, covering the entire range of shades described in the Color Chart from the Centre du
Rose® (Centre Du Rosé.fr., available online: https://centredurose.fr/nuanciers-vins-roses,
accessed 30 January 2022). It should be emphasized that there is no definition of rosé wine
based on color and examination of color values reported in the literature for red and rosé
wines show large variations and overlapping (e.g., L*: 28–70, a*: 28–52, b: 8–36 in reds [18];
L*: 38–45; a*: 48–52; b*: 24–28 in rosés [15]). However, much lighter colors have been
reported in other studies (L*: 79–86, a*: 17–25, b*: 8–9 [16]; L*: 92–95, a*: 2–5, b*: 7–11 [11])
and the light “salmon” shade, which is characteristic of Provence wines, is generally the
leader on the global market although consumer preferences may vary between regions [1].
The maximum color intensity value was at 2.2 and thus much lower than those reported in
reds (e.g., 11–23 [19], 6–7 [20]).

MS analysis targeting phenolic compounds also showed large composition differences.
Hydroxycinnamoyltartaric acids, flavanols, and anthocyanins were the most abundant com-
pounds detected, as shown earlier [11,14]. However, their proportions varied greatly within
the collection and were significantly different in the three wine color groups (Figure 5).
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Hydroxycinnamoyltartaric acids (i.e., caftaric and coutaric acids) which are abundant
in the grape berry flesh and thus easily released into the must were the predominant
phenolic compounds in the light rosé wines, as classically observed in white wines [21,22].
The concentrations of hydroxycinnamic acids, of GRP, and of caftaric-anthocyanin adducts
showed large variations but were similar in the three color groups. Indeed, these vari-
ables depend on the grape composition in hydroxycinnamic acids and glutathione which
are varietal characteristics [23] and on the extent of enzymatic oxidation during must
preparation [24] but are little affected by maceration and extraction.

The concentrations of phenolic compounds localized in skins, such as anthocyanins,
flavonols, flavanols and stilbenes, were lower than those generally reported in red wines
and significantly increased from light to dark wines, primarily reflecting the extent of
extraction from the grape berry skins although this can also be modulated by adsorption
on yeast or fining treatments. For example, the low levels of coumaroylated anthocyanins
(0 −11.6 mg·L−1) in the rosé wines are related to their low extraction rate pointed out in
earlier studies [11] and recently confirmed in extraction experiments [25] but they can also
result from their selective adsorption on fining agents used in rosé wine-making such as
PVPP [16]. The correlation network presented in Figure 2 showed strong correlations within
each group of phenolic compounds, meaning that the concentrations of all compounds of
a given group are affected in the same way during the vine-growing and wine–making
process. Correlations between anthocyanin, flavanol, and flavonol concentrations also
indicate that extraction and possibly fining have similar impacts on these three groups. Ad-
ditional correlations of derived pigments with anthocyanins and /or flavanols are related
to their formation process and in a few cases, to specific anthocyanin profiles likely related
to the wine variety, as explained in Section 2.1.2. In particular, formation of acetaldehyde
reaction products, carboxypyranoanthocyanins and phenylpyranoanthocyanins depend
on the concentrations of acetaldehyde, pyruvic acid, and hydroxycinnamates, respectively
rather than on that of anthocyanins. The impact of yeast strain and fermentation conditions
on the production of yeast metabolites such as acetaldehyde and pyruvic acid, sulfite
consumption or production, and enzymatic activities, including cinnamate decarboxylase
activity, and subsequently on phenolic and especially pigment composition is well docu-
mented [20,26]. In addition, interplay between sulfite and acetaldehyde metabolism during
alcoholic fermentation has been recently demonstrated [27]. However, the impact of yeast
metabolism and of chemical oxidation after fermentation on formation of acetaldehyde and
pyruvic acid cannot be distinguished.

Other colorless compounds are also involved in wine discrimination along PC1
and PC2. In particular, tryptophol, hydroxytyrosol, and tyrosol are opposite to tryp-
tophan and tyrosine, reflecting conversion of the aromatic amino acids to alcohols by yeast
metabolism [28]. Aromatic alcohols are associated with lower color intensity and lower
oxidation in groups 1 and 3, which may be related to the fact that fermentation forms more
tyrosol and hydroxytyrosol without oxygen than with oxygen [29]. However, this was not
observed in group 2, suggesting that parameters related to yeast or other microorganisms
may be prevalent.

3.2. Pigment Composition and Color

After this general description, rosé wines were separated into three color intensity
groups: light, intermediate and dark. The colors of the three wine groups are related to
very different pigment composition both quantitatively and qualitatively.

The concentrations of flavanol-anthocyanin, anthocyanin-flavanol, ethyl-flavanols,
anthocyanin-ethyl-flavanols, and flavanylpyranoanthocyanins adducts increased with color
and were significantly higher in the dark wine group. The concentrations measured for
these compounds are rather low compared to those of genuine flavanols and anthocyanins.
However, the lower molecular weight (dimeric) compounds assayed in this study represent
groups of related compounds formed by the same reaction and showing longer flavanol
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chains that are not quantified by the MRM method but contribute to the total units measured
by phloroglucinolysis [17,30,31].

The concentrations of pyranoanthocyanins, carboxypyranoanthocyanins, and phenylp-
yranoanthocyanins also increased significantly from the light to the dark wine group. The in-
crease was much higher for pyranoanthocyanins and carboxypyranoanthocyanins, derived
respectively from acetaldehyde and pyruvic acid, than for phenylpyranoanthocyanins, de-
rived from hydroxycinnamates and correlated with them. Consequently, phenylpyranoan-
thocyanins were the major pyranoanthocyanins in wines from the light and intermediate
groups whereas pyranoanthocyanins were predominant in the darker wines (Figure 6).
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Figure 6. Distribution of pyranoanthocyanin, carboxypyranoanthocyanins and phenylpyranoantho-
cyanins in the three color groups.

In light rosé wines, carboxypyranoanthocyanins and phenylpyranoanthocyanins are
major contributors to the first PC, positively associated to both the red and yellow color
components, along with anthocyanins and flavanol-anthocyanin dimer adducts. The first
two groups of molecules show a salmon shade compared to the pink color of diluted
anthocyanin solutions and have a high extinction coefficient in the visible range, compared
to anthocyanins [32]. Moreover, they are resistant to sulfite bleaching [33] and hydra-
tion [10,32] reactions and thus remain under their pigmented flavylium form regardless of
the pH value or the presence of sulfites whereas genuine anthocyanins and FA adducts [7]
are mostly colorless in wine. This may explain their large contribution to the salmon color
of the pale rosé wines, in spite of their rather low concentrations.

PCAs performed on the darker rosé wines (groups 2 and 3) show a color axis related
to the red color component, contrasting L* and a*. In group 3, the red color axis (PC1) is
related to anthocyanins and all derived pigments except those resulting from reactions
with acetaldehyde which are associated with the yellow component on PC2, suggesting a
role of oxidation in the development of browning as discussed below. Moreover, the poor
representation of b* suggests that yellow hues are largely due to compounds that are not
quantified by the MRM method. In group 2, the red color axis (PC2) contrasts a* with both
L* and b*, meaning that the lightest wines in this group are also the most orange. Redness
is associated with anthocyanins and carboxypyranoanthocyanins while lighter and more
orange color is associated with higher pH values, shifting anthocyanin equilibria from red
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flavylium cations to colorless forms and possibly promoting oxidation. Identification of
the unknown anthocyanin derivatives determined by the targeted MRM method used and
of other molecules which are not analyzed by this method, is needed to characterize the
yellow pigments.

3.3. Drivers of Rosé Wine Color
3.3.1. Extraction

When considering the entire wine collection, color appears related mostly to the extent
of extraction, reflected by the concentrations of flavanols and especially FlaT, anthocyanins,
derived tannins and pigments, flavonols, dihydroflavonol, and stilbenes. Flavanol mDP
determined by phloroglucinolysis also increases with tannin concentration, consistent with
the fact that lower molecular weight flavanols are more readily extracted.

PCAs performed for each group suggest different links between extraction and color.
The color of light rosé wines depends primarily on pyranoanthocyanins and is little im-
pacted by extraction which is quite limited in these wines. In contrast, the color of dark rosé
wines is determined primarily by the extent of extraction, the darkest wines of group 3 show-
ing higher levels of all phenolic compounds and compositions closer to those of red wines.

In group 1 (light wines), mDP values contribute positively to PC2 and are thus associ-
ated with higher levels of flavanols and lower oxidation, like in the entire collection. This is
not so clear in the darker wines, possibly indicating higher proportions of flavanol units
arising from derived tannins in these wines. Indeed, it is well established that conversion of
tannins to derived tannins through oxidation, formation of flavanol-anthocyanin adducts
or condensation with acetaldehyde leads to over- or under-estimation of mDP values as
some of the new bonds are resistant to phloroglucinolysis and the resulting derived units
are not taken into account in the calculations [34].

3.3.2. Oxidation

Oxidation appears like another important factor affecting rosé wine color. Indeed, the
second axis of the PCA performed on the whole wine collection contrasts the concentration
of sulfites and L* values with those of compounds resulting from reactions of anthocyanins
and flavanols with acetaldehyde and oxidized glutathione, and a* and b* values and is thus
associated to oxidation, enhancing color.

Higher level of pyranoanthocyanins and of other molecules arising from reactions of
phenolic compounds with acetaldehyde (i.e., ethyl-flavanols, anthocyanin-ethyl-flavanols,
and flavanylpyranoanthocyanins) in dark wines reflect a higher extent of oxidation in these
wines, as also indicated by other variables such as the increased concentration of oxidized
glutathione and lower concentration of free SO2. Indeed, oxidation of red [12,35] and
rosé [11] wines has been reported to result first in consumption of SO2, followed by release
of flavylium ions from anthocyanin bisulfite adducts and thus enhancement of the red color.
Consumption of sulfite can result from their reaction with quinones generated by chemical
oxidation of o-diphenols in the presence of metal ion catalysts [36] or with flavanols [37] and
indoles [38]. Moreover, it can involve sulfite combination with carbonyl compounds such
as acetaldehyde [11] and pyruvic acid [39] that are produced as fermentation byproducts
but also by chemical oxidation of ethanol and malic acid, respectively [40].

Acetaldehyde is released from its sulfonates as SO2 is consumed and accumulates
in wines submitted to oxidation once SO2 is depleted [35,41]. Accordingly, increased
levels of acetaldehyde reaction products, including pyranoanthocyanins, flavanylpyra-
noanthocyanins, and ethyl-linked compounds, have been reported in wines submitted to
microoxidation [31]. The last two groups of compounds also included larger oligomers
which are not analyzed by the MRM method used in the present study but may contribute
flavanol units after phloroglucinolysis and bias mDP calculation as explained above.

The PCAs performed on each color group confirm an impact of oxidation but suggest
that different compounds and mechanisms may be involved.
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In the light rosé wines, the oxidation axis (PC2) contrasts the concentrations of fla-
vanols, flavanol-anthocyanin adducts and flavonols, flavanol mDP and, to a lesser extent,
the contents of hydroxycinnamoyltartrates, glutathione, and GRP, with those of oxidized
glutathione and acetaldehyde derivatives, namely pyranoanthocyanins and flavanol-ethyl-
anthocyanins. Hydroxycinnamoyltartrates are known to be the major substrates of enzy-
matic oxidation taking place in the musts before fermentation. Their oxidation generates
o-quinones which can react with glutathione to form GRP [42] or, after glutathione de-
pletion, oxidize other o-diphenols, including GRP [43] and flavanols [44–46]. Enzymatic
oxidation taking place before fermentation results in lower levels of all these compounds
and intense browning of the must. However, the brown products formed at this stage are
removed by racking and filtration steps so that they have limited impact on the final wine
color [47]. Browning susceptibility of white wines has been related to their flavanol con-
tent [47,48] and several reaction mechanisms involving flavanols and resulting in browning
have been described. In particular, oxidation of catechin yields yellow pigments called
dehydrodicatechins A [49] and oligomers resulting from condensation with aldehydes
such as glyoxylic acid [50], furfural [51] or acetaldehyde [52] proceed to intensely yellow
xanthylium salts. Thus, high values of b* may be related to the presence of both orange
pyranoanthocyanins and of flavanol oxidation products which are not analyzed in the
targeted MRM method used but are expected to increase with both extraction and oxidation.

In the dark rosé wines, oxidation (PC2) is associated with the concentrations of FEA,
Fpy, and Py and negatively with the levels of free and combined SO2, confirming the
relevance of acetaldehyde and its reaction products as wine oxidation markers [31,53]. The
yellow color component b* is also positively associated to PC2, again suggesting a role of
oxidation in the development of browning.

Dihydroflavonols are not associated with extraction like other flavonoids, except in
group 3, meaning that their concentration is driven by different mechanisms. In contrast,
they are associated with b* in light and intermediate wines, suggesting that they may
participate in oxidative browning, owing to their o-diphenolic B-ring.

4. Materials and Methods
4.1. Chemicals

Formic acid and HPLC grade methanol were purchased from VWR Prolabo (Fontenay-
sous-Bois, France). Deionized water was obtained from a Milli-Q purification system (Milli-
pore, Molsheim, France). Standard of trans-piceid was purchased from Selleckchem (Hous-
ton, TX, USA). Standards of caffeic acid, vanillic acid, gallic acid and ferulic acid were pur-
chased from Fluka (Buchs, Switzerland). Standards of syringic acid, p-coumaric acid, pro-
tocatechuic acid, ethyl protocatechuate, tyrosol, tryptophol, tryptophan, trans-resveratrol,
quercetin, catechin, epicatechin, epicatechin 3-gallate, taxifolin, oxidized and reduced glu-
tathione were purchased from Sigma-Aldrich (St. Louis, MO, USA), as well as hydrochloric
acid, phloroglucinol, L-ascorbic acid, and ammonium formiate. Standards of ethyl gallate,
ethyl caffeate, tyrosine, hydroxytyrosol, epigallocatechin, malvidin 3-O-glucoside chloride,
and malvidin 3,5-diglucoside chloride were purchased from Extrasynthese (Geney, France).
Standards of trans-caftaric acid, quercetin glucoside and procyanidin dimers B1, B2, B3, B4,
and trimer C1 were purchased from Phytolab (Vestenbergsgreuth, Germany).

4.2. Samples and Sampling

A set of 268 commercial rosé wines selected from the Rosé du Monde Collection of
2011 was provided by the Centre du Rosé (IFV, Vidauban, France). All of them have been
sampled at the “Mondial du Rosé®” Contest organized in 2011 by Union de Oenologues
de France, among a collection of 869 commercial rosé wines, selected so as to ensure good
representation of all producing countries and regions. The wines were from 21 different
countries and covered a wide range of colors. All analyses were performed in spring 2012.

Samples (250 mL) were taken immediately after opening the bottles, filtered through
0.45 µm filters (Hydrophobic Durapore, Millipore) under vacuum and degassed during
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5 min under stirring. This filtered and degassed wine was then dispached in different
volume aliquots for analysis. A volume of 125 mL was inerted (N2) and stored at 4 ◦C until
color and enological analyses (pH, alcoholic degree, free and total sulfites content), that
were performed on the same day. A 1 mL sample was filtered on a 0.2 µm regenerated
cellulose membrane filter (Phenex, Phenomenex, Le Pecq, France) and directly injected
in triplicate using Ultra High Performance Liquid Chromatography, coupled to triple-
quadrupole Mass Spectrometry (UHPLC-QqQ-MS) in the Multiple Reaction Monitored
(MRM) mode for determination of polyphenol composition. Six aliquots of 2 mL were
taken to dryness under reduced pressure using Genevac (SP Scientific, Warminster, PA,
USA) to perform phloroglucinolysis and stored at −80 ◦C until analysis.

4.3. Enological Analysis

Oenology parameters, namely pH, total sulfite content and free sulfite content were
determined by traditional methods (Method OIV-MA-AS323-04B, OIV-MA-AS313-01).
Combined sulfite content was calculated by subtracting free sulfite content from total
sulfite content. Percent alcohol was determined by NIR selective absorption method using
an Alcolyzer (Anton Paar, Les Ulis, France).

4.4. Color Analysis

The absorbance measurements were performed with an Evolution 300 UV−visible
spectrophotometer (ThermoFisher, Dardilly, France) directly on the wine, using a 10 mm
optical path cell. The method is described in the Compendium of International Methods
of Wine and Must Analysis by the International Organisation of Vine and Wine (OIV-MA-
AS2-07B). The color intensity (CI) is defined as the sum of absorbance values at 620, 520
and 420 nm corresponding respectively to blue, red and yellow wavelengths [54]. The hue
value (H) is the ratio between absorbance at 420 and 520 nm.

In order to describe the color perceived by the observer, trichromatic components
defined by the Commission Internationale de l’Éclairage were used (CieL*a*b*, 1976).
The calculation method of the different chromatic parameters, namely, lightness L*, a*
expressing the red/green component and b* expressing the yellow/blue component, is
defined by OIV (OIV-MA-AS2-11).

4.5. Analysis of Phenolic Composition

Polyphenol composition was determined by UHPLC-MS/MS in the MRM mode,
using an Acquity UHPLC system coupled to a triple quadrupole (QqQ) mass spectrometer
(Waters, Saint-Quentin-en-Yvelines, France) with an electrospray ionization (ESI) source
operated in both positive and negative modes. MassLynx software (Waters, Milford, MA,
USA) was used to control the instruments and to acquire the data. Then, data were
processed using TargetLynx software (Waters, Milford, MA, USA).

The method described by Lambert et al. [14] was applied to detect and quantify 135 phe-
nolics, including 99 anthocyanins and derivatives (native anthocyanins, anthocyanin dimers,
pyranoanthocyanins, carboxypyranoanthocyanins, phenylpyranoanthocyanins (i.e., catechyl,
hydroxyphenyl, and guaiacylpyranoanthocyanins), flavanyl-pyranoanthocyanins, flavanol-
anthocyanin (F−A) and anthocyanin-flavanol (A-F) dimer adducts and methylmethine-
linked anthocyanin flavanol adducts (F-ethyl-A dimers); 15 phenolic acids (hydroxybenzoic
acids, hydroxycinnamic acids and their methyl esters), six stilbenes, five flavonols, two
dihydroflavonols, nine flavanol monomers, dimers and trimers and two F-ethyl-F dimers.
Other compounds were quantified in the method such as amino acids (tyrosine and trypto-
phan) and the corresponding alcohols (tyrosol, hydroxytyrosol, tryptophol), reduced and
oxidized glutathione and GRP (Grape reaction product, i.e., 2-S-glutathionylcaffeoyltartaric
acid). Standard and sample preparations, UHPLC-MS/MS conditions, MRM parameters
and calibration ranges were the same as in the method validated by Lambert et al. [14]. The
variable list and codes used are presented in Table S1.
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Constitutive units of flavanol derivatives released after acid-catalyzed depolymer-
ization in the presence of phloroglucinol [55] were analysed by UHPLC-QqQ-MS in the
MRM mode as described by Pinasseau et al. [56]. The phloroglucinolysis reaction was
performed in triplicate on the solid obtained after evaporation of 2 mL of wine, using
either 2 mL or 3 mL of a phloroglucinol (50 g/L) and ascorbic acid (10 g/L) solution
in MeOH/HCl 0.2 M. The reaction was carried out for 20 min at 50 ◦C and stopped by
placing the sample in ice and adding an identical volume of ammonium formiate buffer at
200 mM [55]. The solution obtained was centrifuged (HettichLab Technology, Tuttlingen,
Germany) (15,000 rpm, 10 min, 4 ◦C). The supernatant was filtered through a 0.2 µm RC
Membrane filter (Phenomenex, Le Pecq, France) before injection into the HPLC-QqQ-MS
system. This method allows the detection and quantification of epigallocatechin, catechin,
epicatechin, epicatechin-3-O-gallate (terminal units) and of their phloroglucinol adducts
(extension units). Total flavanol units released by phloroglucinolysis (FlaT) were calculated
and average degree of polymerisation (mDP) was evaluated as the molar ratio of the sum
of all flavanol units to the sum of terminal units.

4.6. Chemometrics

Principal Component Analysis and ANalysis Of VAriance with a Student-Newman-
Keuls post-hoc test were performed with RStudio software (www.rstudio.com, Boston,
MA, USA, accessed on 30 January 2022) using Factoextra, Agricolae and Stats package.
ANOVA results were considered significant at p-value < 0.05. The correlation network was
performed using Cytoscape 3.9.0 (https://cytoscape.org/ accessed on 30 January 2022).

5. Conclusions

The results of the present study, performed on a large worldwide collection of commer-
cial rosé wines, shed light on the diversity of color styles of these wines. They demonstrate
large differences in phenolic and especially pigment composition between light rosé wines
and wines showing more intense color, meaning that the color differences do not simply
reflect dilution, and establish particular phenolic profiles related to the different color styles.
Thus, the composition of light Provence style wines is reminiscent of that of white wines,
with phenolic compounds represented mostly by hydroxycinnamoyltartrates while wines
showing higher color intensity contain larger proportions of flavanols and anthocyanins,
extracted from the grape skins.

Consequently, the color and salmon-orange hue of wines from the lighter group
are primarily due to phenylpyranoanthocyanins derived from hydroxycinnamates and
carboxypyranoanthocyanins formed from pyruvic acid, a yeast metabolite. Indeed, these
compounds are orange pigments and, unlike their anthocyanin precursors, hundred percent
colored in mildly acidic and dilute media such as light rosé wine. The more intense
and redder color of wines from the intermediate group is associated to higher levels of
anthocyanins and carboxypyranoanthocyanins and lower pH values, while that of the
darkest wines is impacted by pigments derived from anthocyanins and flavanols, including
derived phenolic compounds that are not among the targets of the MRM method used in the
present study. Interpretation of the yellow component of color, b*, is more complex. For the
intermediate group, it is associated with low color intensity, high pH values, and high levels
of compounds such as dihydroflavonols, aromatic amino acids, flavanols and anthocyanin-
flavanol adducts, which are not themselves colored but, in particular under oxidative
conditions, may be the precursors of yellow pigments that require further investigation.
For the darker wines, yellowness appears associated to oxidation, and especially products
derived from reactions of acetaldehyde with anthocyanins and flavanols which can be
considered as markers of larger families of related compounds. Untargeted metabolomics
approaches may help identify these pigments.

Beyond their implications for color and thus quality of rosés wines, the phenolic
composition profiles obtained in the present study may be of use for authentication of the
varietal or geographical origins of these wines.

www.rstudio.com
https://cytoscape.org/


Molecules 2022, 27, 1359 17 of 19

Supplementary Materials: The following supporting information can be downloaded online. Table S1:
List of variables and codes.docx, Table S2: RoseDataset.xls.

Author Contributions: Conceptualization: G.M. and V.C.; methodology: M.L., A.V., C.L., J.-C.B.
and N.S.; formal analysis: M.L., A.V. and M.-A.D.; investigation: C.L., J.-C.B. and V.C.; resources:
G.M.; data curation: M.L., A.V., E.M., M.-A.D. and C.L.; writing—original draft preparation, C.L.;
writing—review and editing: M.-A.D., J.-C.B., J.-R.M. and V.C.; visualization: C.L.; supervision: N.S.,
J.-C.B., J.-R.M. and V.C.; project administration and funding acquisition, G.M., N.S., J.-R.M. and V.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was initially funded by IFV (Institut Français de la Vigne et du Vin) and
Conseil Interprofessionnel des vins de Provence. It was also supported by CASDAR under the
grant agreement N◦18ART1807, by ANRT under the grant agreement CIFRE 2018/1412, and by
Actia (French Ministry of Food) through funding of UMT Qualinnov (2006–2015) that performed
oenological analysis and spectrophotometric analysis.

Data Availability Statement: The data presented in this study are available in the Supplementary
Information Section.

Acknowledgments: Conseil Interprofessionnel des vins de Provence and Centre du Rosé are acknowl-
edged for material support and Union des œnologues de France for provision of the wine collection.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Peres, S.; Giraud-Heraud, E.; Masure, A.-S.; Tempere, S. Rose Wine Market: Anything but Colour? Foods 2020, 9, 1850. [CrossRef]

[PubMed]
2. Brouillard, R.; Dubois, J.-E. Mechanism of the structural transformations of anthocyanins in acidic media. J. Am. Chem. Soc. 1977,

99, 1359–1364. [CrossRef]
3. Trouillas, P.; Sancho-García, J.; De Freitas, V.; Gierschner, J.; Otyepka, M.; Dangles, O. Stabilizing and Modulating Color by

Copigmentation: Insights from Theory and Experiment. Chem. Rev. 2016, 116, 4937–4982. [CrossRef]
4. Timberlake, C.; Bridle, P. Flavylium salts, anthocyanidins and anthocyanins. II. Reactions with sulphur dioxide. J. Sci. Food Agric.

1967, 18, 473–478. [CrossRef] [PubMed]
5. Somers, T.C. The polymeric nature of wine pigments. Phytochemistry 1971, 10, 2175–2186. [CrossRef]
6. Salas, E.; Fulcrand, H.; Meudec, E.; Cheynier, V. Reactions of anthocyanins and tannins in model solutions. J. Agric. Food Chem.

2003, 51, 7951–7961. [CrossRef] [PubMed]
7. Salas, E.; Le Guernevé, C.; Fulcrand, H.; Poncet-Legrand, C.; Cheynier, V. Structure determination and color properties of a newly

synthesized direct-linked flavanol-anthocyanin dimer. Tetrahedron Lett. 2004, 45, 8725–8729. [CrossRef]
8. Remy-Tanneau, S.; Le Guerneve, C.; Meudec, E.; Cheynier, V. Characterization of a colorless anthocyanin-flavan-3-ol dimer

containing both carbon-carbon and ether interflavanoid linkages by NMR and mass spectrometries. J. Agric. Food Chem. 2003,
51, 3592–3597. [CrossRef]

9. Cheynier, V.; Dueñas-Paton, M.; Salas, E.; Maury, C.; Souquet, J.M.; Sarni-Manchado, P.; Fulcrand, H. Structure and properties of
wine pigments and tannins. Am. J. Enol. Vitic. 2006, 57, 298–305.

10. De Freitas, V.; Mateus, N. Formation of pyranoanthocyanins in red wines: A new and diverse class of anthocyanin derivatives.
Anal. Bioanal. Chem. 2011, 401, 1463–1473. [CrossRef]

11. Wirth, J.; Caillé, S.; Souquet, J.M.; Samson, A.; Dieval, J.; Vidal, S.; Fulcrand, H.; Cheynier, V. Impact of post-bottling oxygen
exposure on the sensory characteristics and phenolic composition of Grenache rosé wines. Food Chem. 2012, 132, 1861–1871.
[CrossRef]

12. Wirth, J.; Morel-Salmi, C.; Souquet, J.; Dieval, J.; Aagaard, O.; Vidal, S.; Fulcrand, H.; Cheynier, V. The impact of oxygen exposure
before and after bottling on the polyphenolic composition of red wines. Food Chem. 2010, 123, 107–116. [CrossRef]

13. Sarni-Manchado, P.; Cheynier, V.; Moutounet, M. Reaction of enzymically generated quinones with malvidin-3-glucoside.
Phytochemistry 1997, 45, 1365–1369. [CrossRef]

14. Lambert, M.; Meudec, E.; Verbaere, A.; Mazerolles, G.; Wirth, J.; Masson, G.; Cheynier, V.; Sommerer, N. A High-Throughput
UHPLC-QqQ-MS Method for Polyphenol Profiling in Rose Wines. Molecules 2015, 20, 7890–7914. [CrossRef]

15. Hernández, B.; Sáenz, C.; Alberdi, C.; Alfonso, S.; Diñeiro, J.M. Colour Evolution of Rosé Wines after Bottling. S. Afr. J. Enol. Vitic.
2011, 32, 42–50. [CrossRef]

16. Gil, M.; Avila-Salas, F.; Santos, L.S.; Iturmendi, N.; Moine, V.; Cheynier, V.; Saucier, C. Rose Wine Fining Using
Polyvinylpolypyrrolidone: Colorimetry, Targeted Polyphenomics, and Molecular Dynamics Simulations. J. Agric. Food
Chem. 2017, 65, 10591–10597. [CrossRef]

http://doi.org/10.3390/foods9121850
http://www.ncbi.nlm.nih.gov/pubmed/33322523
http://doi.org/10.1021/ja00447a012
http://doi.org/10.1021/acs.chemrev.5b00507
http://doi.org/10.1002/jsfa.2740181008
http://www.ncbi.nlm.nih.gov/pubmed/6062482
http://doi.org/10.1016/S0031-9422(00)97215-7
http://doi.org/10.1021/jf0345402
http://www.ncbi.nlm.nih.gov/pubmed/14690379
http://doi.org/10.1016/j.tetlet.2004.09.127
http://doi.org/10.1021/jf021227b
http://doi.org/10.1007/s00216-010-4479-9
http://doi.org/10.1016/j.foodchem.2011.12.019
http://doi.org/10.1016/j.foodchem.2010.04.008
http://doi.org/10.1016/S0031-9422(97)00190-8
http://doi.org/10.3390/molecules20057890
http://doi.org/10.21548/32-1-1365
http://doi.org/10.1021/acs.jafc.7b04461


Molecules 2022, 27, 1359 18 of 19

17. Salas, E.; Atanasova, V.; Poncet-Legrand, C.; Meudec, E.; Mazauric, J.; Cheynier, V. Demonstration of the occurrence of flavanol-
anthocyanin adducts in wine and in model solutions. Anal. Chim. Acta 2004, 513, 325–332. [CrossRef]

18. Sáenz-Navajas, M.; Echavarri, F.; Ferreira, V.; Fernández-Zurbano, P. Pigment composition and color parameters of commercial
Spanish red wine samples: Linkage to quality perception. Eur. Food Res. Technol. 2011, 237, 877–887. [CrossRef]

19. Morel-Salmi, C.; Souquet, J.M.; Bes, M.; Cheynier, V. The effect of flash release treatment on phenolic extraction and wine
composition. J. Agric. Food Chem. 2006, 54, 4270–4276. [CrossRef]

20. Vernhet, A.; Carillo, S.; Rattier, A.; Verbaere, A.; Cheynier, V.; Mekoue Nguela, J. Fate of Anthocyanins and Proanthocyanidins
during the Alcoholic Fermentation of Thermovinified Red Musts by Different Saccharomyces Cerevisiae Strains. J. Agric. Food Chem.
2020, 68, 3615–3625. [CrossRef]

21. Singleton, V.L.; Timberlake, C.F.; Lea, A.G.H. The Phenolic Cinnamates of White Grapes and Wine. J. Sci. Food Agric. 1978,
29, 403–410. [CrossRef]

22. Chamkha, M.; Cathala, B.; Cheynier, V.; Douillard, R. Phenolic Composition of Champagnes from Chardonnay and Pinot Noir
Vintages. J. Agric. Food Chem. 2003, 51, 3179–3184. [CrossRef] [PubMed]

23. Cheynier, V.; Souquet, J.-M.; Moutounet, M. Glutathione content and glutathione to hydroxycinnamic acid ratio in Vitis vinifera
grapes and musts. Am. J. Enol. Vitic. 1989, 40, 320–324.

24. Cheynier, V.; Rigaud, J.; Moutounet, M. Oxidation kinetics of trans-caffeoyltartrate and its glutathione derivatives in grape musts.
Phytochemistry 1990, 29, 1751–1753. [CrossRef]

25. Abi-Habib, E.; Poncet-Legrand, C.; Roi, S.; Carrillo, S.; Doco, T.; Vernhet, A. Impact of grape variety, berry maturity and size on
the extractability of skin polyphenols during model wine-like maceration experiments. J. Sci. Food Agric. 2021, 101, 3257–3269.
[CrossRef]

26. Morata, A.; Loira, I.; Heras, J.; Callejo, M.; Tesfaye, W.; González, C.; Suárez-Lepe, J. Yeast influence on the formation of stable
pigments in red winemaking. Food Chem. 2016, 197, 686–691. [CrossRef]

27. Ochando, T.; Mouret, J.; Humbert-Goffard, A.; Aguera, E.; Sablayrolles, J.; Farines, V. Comprehensive study of the dynamic
interaction between SO2 and acetaldehyde during alcoholic fermentation. Food Res. Int. 2020, 136, 109607. [CrossRef]

28. Hazelwood, L.; Daran, J.; van Maris, A.; Pronk, J.; Dickinson, J. The ehrlich pathway for fusel alcohol production: A century of
research on Saccharomyces cerevisiae metabolism. Appl. Environ. Microbiol. 2008, 74, 2259–2266. [CrossRef]

29. Romboli, Y.; Mangani, S.; Buscioni, G.; Granchi, L.; Vincenzini, M. Effect of Saccharomyces cerevisiae and Candida zemplinina
on quercetin, vitisin A and hydroxytyrosol contents in Sangiovese wines. World J. Microbiol. Biotechnol. 2015, 31, 1137–1145.
[CrossRef]

30. Remy, S.; Fulcrand, H.; Labarbe, B.; Cheynier, V.; Moutounet, M. First confirmation in red wine of products resulting from direct
anthocyanin-tannin reactions. J. Sci. Food Agric. 2000, 80, 745–751. [CrossRef]

31. Atanasova, V.; Fulcrand, H.; Cheynier, V.; Moutounet, M. Effect of oxygenation on polyphenol changes occurring in the course of
wine making. Anal. Chim. Acta 2002, 458, 15–27. [CrossRef]

32. Vallverdu-Queralt, A.; Biler, M.; Meudec, E.; Le Guerneve, C.; Vernhet, A.; Mazauric, J.P.; Legras, J.L.; Loonis, M.; Trouillas, P.;
Cheynier, V.; et al. p-Hydroxyphenyl-pyranoanthocyanins: An Experimental and Theoretical Investigation of Their Acid-Base
Properties and Molecular Interactions. Int. J. Mol. Sci. 2016, 17, 1842. [CrossRef] [PubMed]

33. Sarni-Manchado, P.; Fulcrand, H.; Souquet, J.-M.; Cheynier, V.; Moutounet, M. Stability and color of unreported wine anthocyanin-
derived pigments. J. Food Sci. 1996, 61, 938–941. [CrossRef]

34. Poncet-Legrand, C.; Cabane, B.; Bautista-Ortin, A.B.; Carrillo, S.; Fulcrand, H.; Perez, J.; Vernhet, A. Tannin Oxidation: Infra-
versus Intermolecular Reactions. Biomacromolecules 2010, 11, 2376–2386. [CrossRef] [PubMed]

35. Gambuti, A.; Han, G.; Peterson, A.; Waterhouse, A. Sulfur Dioxide and Glutathione Alter the Outcome of Microoxygenation. Am.
J. Enol. Vitic. 2015, 66, 411–423. [CrossRef]

36. Hayasaka, Y.; Black, C.; Hack, J.; Smith, P. Structural characterization of reaction products of caftaric acid andbisulfite present
in a commercial wine using high resolution massspectrometric and nuclear magnetic resonance techniques. Food Chem. 2017,
230, 99–107. [CrossRef]

37. Arapitsas, P.; Ugliano, M.; Perenzoni, D.; Angeli, A.; Pangrazzi, P.; Mattivi, F. Wine metabolomics reveals new sulfonated products
in bottled white wines, promoted by small amounts of oxygen. J. Chromatogr. A 2016, 1429, 155–165. [CrossRef]

38. Arapitsas, P.; Guella, G.; Mattivi, F. The impact of SO2 on wine flavanols and indoles in relation to wine style and age. Sci. Rep.
2018, 8, 858. [CrossRef]

39. Nikolantonaki, M.; Magiatis, P.; Waterhouse, A. Direct Analysis of Free and Sulfite-Bound Carbonyl Compounds in Wine by
Two-Dimensional Quantitative Proton and Carbon Nuclear Magnetic Resonance Spectroscopy. Anal. Chem. 2015, 87, 10799–10806.
[CrossRef]

40. Danilewicz, J. Review of Reaction Mechanisms of Oxygen and Proposed Intermediate Reduction Products in Wine: Central Role
of Iron and Copper. Am. J. Enol. Vitic. 2003, 54, 73–85.

41. Bueno, M.; Marrufo-Curtido, A.; Carrascón, V.; Fernández-Zurbano, P.; Escudero, A.; Ferreira, V. Formation and Accumulation of
Acetaldehyde and Strecker Aldehydes during Red Wine Oxidation. Front. Chem. 2018, 6, 20. [CrossRef] [PubMed]

42. Cheynier, V.; Trousdale, E.; Singleton, V.L.; Salgues, M.; Wylde, R. Characterization of 2-S-glutathionylcaftaric acid and its
hydrolysis in relation to grape wines. J. Agric. Food Chem. 1986, 34, 217–221. [CrossRef]

http://doi.org/10.1016/j.aca.2003.11.084
http://doi.org/10.1007/s00217-011-1456-2
http://doi.org/10.1021/jf053153k
http://doi.org/10.1021/acs.jafc.0c00413
http://doi.org/10.1002/jsfa.2740290416
http://doi.org/10.1021/jf021105j
http://www.ncbi.nlm.nih.gov/pubmed/12720412
http://doi.org/10.1016/0031-9422(90)85008-4
http://doi.org/10.1002/jsfa.10955
http://doi.org/10.1016/j.foodchem.2015.11.026
http://doi.org/10.1016/j.foodres.2020.109607
http://doi.org/10.1128/AEM.02625-07
http://doi.org/10.1007/s11274-015-1863-9
http://doi.org/10.1002/(SICI)1097-0010(20000501)80:6&lt;745::AID-JSFA611&gt;3.0.CO;2-4
http://doi.org/10.1016/S0003-2670(01)01617-8
http://doi.org/10.3390/ijms17111842
http://www.ncbi.nlm.nih.gov/pubmed/27827954
http://doi.org/10.1111/j.1365-2621.1996.tb10906.x
http://doi.org/10.1021/bm100515e
http://www.ncbi.nlm.nih.gov/pubmed/20831276
http://doi.org/10.5344/ajev.2015.15005
http://doi.org/10.1016/j.foodchem.2017.03.005
http://doi.org/10.1016/j.chroma.2015.12.010
http://doi.org/10.1038/s41598-018-19185-5
http://doi.org/10.1021/acs.analchem.5b01682
http://doi.org/10.3389/fchem.2018.00020
http://www.ncbi.nlm.nih.gov/pubmed/29492401
http://doi.org/10.1021/jf00068a016


Molecules 2022, 27, 1359 19 of 19

43. Cheynier, V.; Van Hulst, M.W. Oxidation of trans-caftaric acid and 2-S-glutathionyl caftaric acid in model solutions. J. Agric. Food
Chem. 1988, 36, 10–15. [CrossRef]

44. Cheynier, V.; Osse, C.; Rigaud, J. Oxidation of grape juice phenolic compounds in model solutions. J. Food Sci. 1988, 53, 1729–1732.
[CrossRef]

45. Cheynier, V.; Basire, N.; Rigaud, J. Mechanism of trans-caffeoyl tartaric acid and catechin oxidation in model solutions containing
grape polyphenoloxidase. J. Agric. Food Chem. 1989, 37, 1069–1071. [CrossRef]

46. Cheynier, V.; Ricardo Da Silva, J.M. Oxidation of grape procyanidins in model solutions containing trans-caffeoyl tartaric acid and
grape polyphenoloxidase. J. Agric. Food Chem. 1991, 39, 1047–1049. [CrossRef]

47. Cheynier, V.; Rigaud, J.; Souquet, J.M.; Barillère, J.M.; Moutounet, M. Effect of pomace contact and hyperoxidation on the phenolic
composition and quality of Grenache and Chardonnay wines. Am. J. Enol. Vitic. 1989, 40, 36–42.

48. Simpson, R.F. Factors affecting oxidative browning of white wine. Vitis 1982, 21, 233–239.
49. Guyot, S.; Vercauteren, J.; Cheynier, V. Colourless and yellow dimers resulting from (+)-catechin oxidative coupling catalysed by

grape polyphenoloxidase. Phytochemistry 1996, 42, 1279–1288. [CrossRef]
50. Es-Safi, N.E.; Guerneve, C.L.; Fulcrand, H.; Cheynier, V.; Moutounet, M. New polyphenolic compounds with xanthylium

skeletons formed through reaction between (+)-catechin and glyoxylic acid. J. Agric. Food Chem. 1999, 47, 5211–5217. [CrossRef]
51. Es-Safi, N.E.; Cheynier, V.; Moutounet, M. Study of the reactions between (+)-catechin and furfural derivatives in the presence or

absence of anthocyanins and their implication in food color change. J. Agric. Food Chem. 2000, 48, 5946–5954. [CrossRef] [PubMed]
52. Vallverdú-Queralt, A.; Meudec, M.; Eder, M.; Lamuela-Raventos, R.; Sommerer, N.; Cheynier, V. Targeted filtering reduces the

complexity of routine UHPLC-HRMS data to decipher polyphenol polymerization. Food Chem. 2017, 227, 255–263. [CrossRef]
[PubMed]

53. Ontañón, I.; Sánchez, D.; Sáez, V.; Mattivi, F.; Ferreira, V.; Arapitsas, P. Liquid Chromatography−Mass Spectrometry-Based
Metabolomics for Understanding the Compositional Changes Induced by Oxidative or Anoxic Storage of Red Wines. J. Agric.
Food Chem. 2020, 68, 13367–13379. [CrossRef]

54. Glories, Y. La couleur des vins rouges. 1ere partie. Les équilibres des anthocyanes et des tanins. OENO One 1984, 18, 195–217.
[CrossRef]

55. Kennedy, J.; Jones, G.P. Analysis of proanthocyanidin cleavage products following acid-catalysis in the presence of excess
phloroglucinol. J. Agric. Food Chem. 2001, 49, 1740–1746. [CrossRef] [PubMed]

56. Pinasseau, L.; Verbaere, A.; Roques, M.; Meudec, E.; Vallverdu-Queralt, A.; Terrier, N.; Boulet, J.C.; Cheynier, V.; Sommerer, N.
A fast and robust UHPLC-MRM-MS method to characterize and quantify grape skin tannins after chemical depolymerization.
Molecules 2016, 21, 1409. [CrossRef]

http://doi.org/10.1021/jf00079a003
http://doi.org/10.1111/j.1365-2621.1988.tb07828.x
http://doi.org/10.1021/jf00088a055
http://doi.org/10.1021/jf00006a008
http://doi.org/10.1016/0031-9422(96)00127-6
http://doi.org/10.1021/jf990424g
http://doi.org/10.1021/jf000394d
http://www.ncbi.nlm.nih.gov/pubmed/11141265
http://doi.org/10.1016/j.foodchem.2017.01.106
http://www.ncbi.nlm.nih.gov/pubmed/28274430
http://doi.org/10.1021/acs.jafc.0c04118
http://doi.org/10.20870/oeno-one.1984.18.3.1751
http://doi.org/10.1021/jf001030o
http://www.ncbi.nlm.nih.gov/pubmed/11308320
http://doi.org/10.3390/molecules21101409

	Introduction 
	Results 
	Rosé Wine Diversity 
	Enological Parameters and Color 
	Phenolic Composition 

	Links between Color and Phenolic Composition 
	Multivariate Analysis of the L*a*b*, Enological Analysis, and Phenolic Composition Data 
	Composition of the Light, Intermediate, and Dark Wine Groups 
	Links between Color and Phenolic Composition for Light, Dark and Intermediate Wines 


	Discussion 
	Rosé Wine(s) Versus Red Wine 
	Pigment Composition and Color 
	Drivers of Rosé Wine Color 
	Extraction 
	Oxidation 


	Materials and Methods 
	Chemicals 
	Samples and Sampling 
	Enological Analysis 
	Color Analysis 
	Analysis of Phenolic Composition 
	Chemometrics 

	Conclusions 
	References

