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ABSTRACT: The effect of prefermentative and postfermentative caffeic acid (CFA) addition, prefermentative cold maceration,
and a simulation of the micro-oxygenation technique through acetaldehyde addition on the phenolic and color composition of
Tempranillo wines was investigated. Cold soaking and dry ice addition were performed as prefermentative techniques. Wines
were analyzed after the end of the malolactic fermentation and after 6 and 12 months’ storage. The results showed an important
effect in wines to which CFA had been added, suggesting intramolecular copigmentation reactions through direct interaction
between anthocyanins and free phenolic acids, thereby increasing the acylated anthocyanin fraction with an increase in color
stability. The higher concentration of total phenols and lower hue values in CFA-added wines also contributed to the stability of
these compounds during storage. Prefermentative cold maceration was shown to be influenced by the vintage. Phenolic acids, the
acylated anthocyanin fraction, and total phenolics showed higher values in CFA-added and acetaldehyde-added wines. No
differences were found in color density between the control wines and both the prefermentative and postfermentative CFA-
added wines. However, a higher anthocyanin polymeric fraction and higher acylated anthocyanins, phenolic acids, and total
phenols were observed in the CFA-added wines. The implications of this for the color stability of Tempranillo are also discussed.

KEYWORDS: copigmentation, caffeic acid, dry ice, cold soak, acetaldehyde addition, Tempranillo

B INTRODUCTION

The color of food products is an important quality parameter
that can influence consumer behavior. Anthocyanins are natural
pigments that are distributed widely in nature. Anthocyanins
and their polymeric pigments, flavanols and their polymers, are
phenolic compounds that can have a considerable impact on
the sensory characteristics of a red wine. It is usually accepted
that the color of red wine is mainly due to the anthocyanin
composition of grapes, whereas the color of aged red wines is a
consequence of their instability and reactivity.' These color
changes result from the formation of more stable pigments
during aging. Over the past few years, several groups of
anthocyanin-derived pigments with different colors have been
identified in red wine.>

An important factor in winemaking is that some of the initial
red color of the must is lost during vinification. During the early
stages of winemaking, the copigmentation phenomenon plays
an important role in color stability. During copigmentation,
loose associations are formed between the red compounds
(anthocyanins) of the grape and other, mostly colorless,
polyphenols, leading to hyperchromic and bathochromic
shifts.>* The extent of these effects depends on many
factors.>> % Visually, the wine’s color gets darker, or a change
in color tonality is observed. This phenomenon contributes to
the solubilization and conservation of the red color in young
red wines, serving perhaps as a first step in the formation of
more stable pigments during wine aging.

Caffeic acid (CFA) is a hydroxycinnamic acid product of
caftaric acid hydrolysis, which may be induced by exposure of
the grapes to sunlight.>® Cinnamic acids constitute the main
acyl group in the structure of acylated anthocyanins. Several
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studies have been published in which the effects of CFA
addition, which thereby acts as copigment, in vitro and in vivo
solutions have been investigated. The results show a great
copigmentation effect when CFA interacts with anthocyanins in
model systems” '* and in wine.”"'® Several authors have
mentioned that an increase in temperature or alcohol content
diminishes the effect of coplgmentatlon and that the copig-
ment/plgment molar ratio increases.'””>' Moreover, Kunsagi-
Maté et al.*> suggest that copigmentation complexes become
more stable over a critical alcohol concentration of 8% vol.
Prefermentative cold maceration, also known as cold soaking
or cryomaceration, is increasingly being used by enologists
worldwide to 1mprove certain important quality characteristics
of wines.”*~** During prefermentative extraction, polyphenols
from the skins are extracted in the absence of ethanol.*® The
low temperatures required to obtain this effect can be achieved
in different ways, with the addition of dry ice (solid carbon
dioxide) being a common method.”® When dry ice is added to
the crushed grapes, the grape skin cells are broken and
disorganized through freezing, which facilitates the extraction of
aromatic and phenolic compounds.*”*® A prefermentative
maceration phase can be considered to increase the contact
between the skin phenolic compounds and the aqueous phase
and to enhance copigmentation reactions.”***°
Micro-oxygenation is a winemaking process in which small,
controllable amounts of oxygen are introduced into red wines.
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The benefits claimed with this practice include stabilization of
wine color, a softening of tannins, and a lessening of vegetative
aromas.>?* Acetaldehyde is thought to be formed from the
oxidation of ethanol by peroxide or hydroxyl radicals.
Acetaldehyde derived from ethanol oxidation can link
anthocyanins and flavanols to form unstable (purple) ethyl-
linked pigments, as well as more stable (orange) pyranoantho-
Cyanin pigments.34

The red cultivar Tempranillo is the most widely planted red
grape cultivar in Spain, being present throughout the country.
The aim of this work was to evaluate the effect of CFA addition
on the color and phenolic composition of Tempranillo wines
from Valencia (Spain). The effect of several winemaking
techniques was also tested. Prefermentative cold maceration
techniques, such as cold soak or dry ice addition, the effect of
acetaldehyde addition, and a combination of these techniques
with caffeic acid addition were also performed. Several authors
have mentioned that an increase in copigmentation reactions
takes place when copigments are added before fermenta-
tion.' 121917192130 A f3r a5 we could determine, no
information is available in the literature on the effect of in
vivo postfermentative copigment additions or on the
interaction between prefermentative maceration and micro-
oxygenation techniques.

B MATERIALS AND METHODS

Wine Samples. Tempranillo grapes were obtained from a
commercial vineyard in the Utiel-Requena region of Valencia
(Spain). Three consecutive vintages were harvested at commercial
ripeness: 217 g/L of total sugar content, total acidity of 6.1 g/L (as
tartaric acid measured by potentiometric titration), and potential
alcohol of 12.8 in 2009; 232 g/L of total sugar content, total acidity of
5.9 g/L (as tartaric acid), and potential alcohol of 13.6 in 2010; and
215 g/L of total sugar content, total acidity of 6.3 g/L (as tartaric
acid), and potential alcohol of 12.6 in 2011. The grapes were harvested
manually and packed in 20 kg boxes, and the wines were produced at
the experimental wine production center at the Universitat Politecnica
de Valéncia (UPV). In each year the grapes were destemmed, crushed,
mixed, and divided into closed 50 L stainless steel tanks. Sulfur dioxide
was added at 100 mg/kg of potassium metabisulfite prior to the
fermentation. The wine in all of the tanks was processed using
traditional winemaking methods, with inoculation of commercial
yeasts at 20 g/hL according to the supplier’s recommendations
(Saccharomyces cerevisiae strain EP 841, Agrovin, Spain). The
temperature was controlled at 25 °C during the fermentation process.
Temperature and density were measured daily. Manual punching
down of the skins was carried out twice a day. After the completion of
alcoholic fermentation, the skins were pressed, and the first 5 L of
pressed wine was mixed with 25 L of free-run wine in all of the tanks.
Malolactic fermentation (MLF) was induced by inoculation with
Oenococcus oeni strain OE 104 (Agrovin, Spain) lactic acid bacteria and
conducted at room temperature. Malic acid was measured colori-
metrically by anion exchange column daily. When MLF was
completed, sulfur dioxide was added to all of the wines at 5 g/hL.
All of the vinifications were performed in triplicate. The bottled wines
were then closed under cork.

Three different skin maceration methods were applied: no
prefermentative maceration, known as traditional vinification (T-V);
cold soak at 6—8 °C for 4 days (C-S); and dry ice addition (0—2 °C)
and cold soak at 6—8 °C for 4 days (D-I) followed by traditional
fermentation. Three different CFA treatments were also performed:
control wines with no additions; 90 mg/L CFA added before
fermentation; and 90 mg/L CFA added after fermentation (Fluka,
Milwaukee, WI, USA). The wines were bottled after MLF. To
reproduce the micro-oxygenation effect in the bottle, an acetaldehyde
(ACS reagent >99.5%, Sigma-Aldrich) solution, equivalent to 3 mL of
O,/L of wine and per month was added to the wines through the cork
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with a hypodermic syringe (AA). All treatments were done in
triplicate. Figure 1 shows the experimental design carried out in the
three consecutive years.

Traditional | | Control (C)
Vinification | | = ACF PRE
(rv) L= ACFPOST
AA Cold II_I Control (C)
wines =) soak | | ACFPRE
(c-5) - ACF POST
/ ory | — ™ control(C)
lce [ I ACFPRE
(D-1) — ACF POST
Tempranillo .= =
Traditional | | Ceontrol (C)
Vinification | | = ACFPRE
\ v L= ACFPOST
Cold II-' - | Control (C)
NO AA
“ Soak | |-y  ACFPRE
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Ice [ T ACFPRE
o) L= ACFPOST

Figure 1. Experimental design.

Analytical Methods. The phenolic composition of the wines was
determined with UV and visible spectrophotometry, using a UV—
visible JASCO V-530 spectrophotometer, and with high-performance
liquid chromatography (HPLC), using a JASCO MD-2010 Plus
coupled with a diode array detector (DAD) (JASCO LC-Net II/ADC,
Tokyo, Japan). Analytical methods were carried out at three time
points: at the end of MLF (TO) after bottling and at 6 (T6) and 12
(T12) months of aging in bottle. Color intensity and hue were
estimated using the analytical methods described by Glories.*® The
methylcellulose tannin precipitation assay was performed according to
Sarneckis et al.>> The contributions of the copigmented anthocyanins,
noncopigmented free anthocyanins, and polymeric anthocyanins to
the total wine color were determined according to the method of
Boulton.*® Individual phenolic compounds (phenolic acids, 3-
flavanols, flavonols, main anthocyanidins, and acylated anthoc_;ranins)
were determined according to the method of Boido et al.*” Total
anthocyanins were estimated as the sum of anthocyanidins and
acylated anthocyanins, whereas total phenols were calculated as the
sum of the obtained individual phenolic compounds. The wine
samples after centrifugation and filtration were injected directly into
the HPLC (20 uL). Separation was carried out on a Gemini NX
(Phenomenex, Torrance, CA, USA) 5 um, 250 mm X 4.6 mm i.d.
column at 40 °C. The solvents were trifluoroacetic acid at 0.1% (A)
and acetonitrile (B). The elution gradient was as follows: 100% A (min
0); 90% A + 10% B (min S); 85% A + 15% B (min 20); 82% A + 18%
B (min 25); 65% A + 35% B (min 30). Individual chromatograms
were extracted at 280 nm (3-flavanols and phenolic acids), 320 nm
(hydroxycinnamic acids), 360 nm (flavonols), and 520 nm
(anthocyanins). For quantification, calibration curves were obtained
with commercially available standards (gallic acid (Fluka), (+)-cat-
echin (Fluka), caffeic acid (Fluka), rutin (Sigma-Aldrich, St. Louis,
MO, USA), and malvidin-3-glucoside (Sigma-Aldrich).

Statistical Analysis. The data corresponding to the control and
copigmented wines elaborated with different winemaking techniques
were analyzed by analysis of variance (ANOVA) and principal
component analysis (PCA). Statgraphics Plus S.1 software was used
for the statistical treatment of the data.

B RESULTS AND DISCUSSION

Combined Effect of Prefermentative Maceration
Techniques and Caffeic Acid Addition. The dry ice and

cold soak wines often led to higher total anthocyanin
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vinification; C-S, cold soak; D-I, dry ice; CFA, caffeic acid.

concentrations (Table 1). It seems that anthocyanin extraction
took place through the prefermentative phase. In some cases,
CFA addition and prefermentative maceration techniques also
increased the total phenolic concentration. The extraction of
anthocyanin and tannin is influenced by limited solubility, and
this effect is supported by saturation behavior over time.”® The
results obtained showed an increase in the anthocyanins and
total phenol content, although no effect was observed on the
tannin fraction (data not shown). Thus, an increase in the
tannin levels during the prefermentative step would not be
expected, and we suggest that this is due to a lack of extraction
and solubility in the absence of ethanol. As it has been
previously reported, tannins could be extracted during the
prefermentative step,’ although the mentioned increase should
be related to low molecular weight tannins, compounds which
cannot be quantified by the MCP tannin assay because it has
been proven that the methylcellulose polymers do not
precipitate low molecular weight tannin material.>* The
rationale behind the use of these techniques is that aqueous
extraction improves wine color. However, an improved
extraction of anthocyanins would not be anticipated on the
basis of the above-mentioned effects. Even if anthocyanin
extraction increases, an increase in the polymeric pigments,
which are compounds that have a long-term impact on color
stability, will not be expected.

Generally speaking, lower color density values were observed
in wines made with dry ice, whereas higher values correspond
to traditional vinification. Higher prefermentative temperatures
sometimes led to more wine color. Better color density values
were also observed in CFA-added (CFA) wines after MLF in
2009. In the same vintage, lower hue values were observed in
the cold-soaked wines throughout the aging period. Whereas
cold soak appeared to be the technique with the lowest hue in
2009, dry ice and traditional vinification gave rise to similar
values. Several authors have reported better color protection in
prefermentative cold-macerated wines than in nonmacerated
wines when both techniques were applied.**** On the other
hand, lower, but not always significant, values were also
observed in the hue of CFA wines."”

The color that accounted for the copigmented anthocyanins
showed higher values in the prefermentative cold-macerated
wines than in the control wines, to which no CFA was added.
Dry ice additions led to the highest value, although this effect
was observed only in the 2009 wines. Alvarez et al.** found
higher copigmented anthocyanins in wines made from less
mature grapes. However, the positive copigmentation effect
observed in 2009 did not occur in 2010 and 2011, indicating
the important role played by the vintage as well as the grape
characteristics at the time of harvest in relation to the
effectiveness of enological practices for improving wine
color.*'™%

Schwarz et al.** pointed out that the direct reaction between
anthocyanins and hydroxycinnamic acids is the only exper-
imentally verified mechanism leading to the development of 4-
vinylcatechol and 4-vinylsyringol pigments, as free vinylphenols
have not been detected in wines due to the impossibility of
generating these compounds via enzymatic decarboxylation.*
The occurrence of these reactions could explain the inverse
occurrence of the polymeric and free anthocyanin fractions in
CFA-treated wines, in which pyranoanthocyanin formation
during aging leads to a higher polymeric fraction. 4-Vinyl-
guaiacol and 4-vinylcatechol adducts of other anthocyanins
have most likely been generated in several studies on
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Figure 2. Principal component analysis of wines elaborated with prefermentative techniques and with caffeic acid added.

. S 1617 . .46
copigmentation in red wines "’ and in model solutions.

However, the stabilization of color was interpreted solely by
assuming the formation of noncovalent anthocyanin copigment
complexes, so-called intermolecular copigmentation.

Pyranoanthocyanins have different UV—visible spectral
characteristics, showing a hypsochromic shift in the visible
spectrum. The higher total phenol concentration and lower hue
values in CFA-added wines indicate that the presence of 4-
substitutes on the anthocyanin molecule gives them better
resistance to color bleaching by sulfur dioxide*” and to pH
variations,” thereby increasing the stability of these com-
pounds during storage. In accordance with our results, Gauche
et al.*’ suggested that the formation of pyranoanthocyanins
with caffeic and ferulic acids does not lead to an increase in the
color density, but that better color stability is observed.
According to Monagas et al.’® grape anthocyanins in
Tempranillo wines showed 2-fold slower kinetics in anthocya-
nin disappearance than those in Graciano and Cabernet
Sauvignon wines, which emphasizes that the chemical reactivity
of grape anthocyanins is influenced by the grape variety, a
factor that imposes the stability associated with the chemical
structure of the anthocyanin form.

One of the main problems when copigments are added
under in vivo conditions is their solubility. The higher phenolic
acid concentrations observed for CFA and the prefermentative
cooling techniques indicate an initial solubilization and later
integration into the wine matrix. The main anthocyanins
identified in Vitis vinifera spp. grapes and wines are the 3-O-
glucosides, 3-O-acetyl glucosides and 3-O-p-coumaroyl gluco-
sides, as well as the 3-O-caffeoyl glucosides of malvidin and
peonidin.*® Tempranillo grapes have been described by several
authors as being a rich p-coumaroyl glucoside variety.*"*> This
fact, along with caffeic acid addition, possibly increased the
acylated anthocyanin concentrations after MLF in 2009 and
2010 and in the aged wine in 2011. CFA-treated wines showed
higher phenolic acid values for the cold soak and dry ice wines,
which suggests a positive effect when refrigeration techniques
and copigment addition are combined. However, this effect was
observed only in the 2009 and 2011 wines after MLF and after
6 months of bottle aging. An increase in both anthocyanin and

hydroxycinnamic acid derivatives during the prefermentative
step could possibly explain this result. Koyama et al.**> noted
that cold soaking retarded the initial increase in all types of
phenolics except hydroxycinnamates. Moreover, other authors
have observed an increase in the anthocyanins and in the low
molecular weight phenolic fraction in prefermentative cold-
macerated wines.>*>%4°

PCA was performed on the autoscaled data (54 wine samples
and 13 variables), and two principal components accounting for
77.42% of the total variance are presented in Figure 2. The
sample set was composed using samples to which CFA was or
was not added (control), elaborated with the three vinification
techniques (T-V, C-S, and D-I) and from the three vintages
(2009, 2010, and 2011). The evolution of the wines developed
according to sampling stage, with wines after MLF located on
the positive side of PC1, whereas at 6 and 12 months of aging
they are located in the middle and on the negative side of the
graph, respectively. A complete separation of samples into two
groups was found according to vintage in PC2. The first group,
composed of samples from 2010, is located in the positive part
of PC2, whereas the second group, in the negative part, is made
up of samples from 2009 and 2011. Finally, a CFA effect was
also observed. The three consecutive vintages show CFA wines
on the positive side of PC2. In 2010, these wines are located on
the upper side, whereas the control wines are mostly in the
middle. The same effect was observed in the 2009 and 2011
wines, but in this case the CFA treatments are located in the
middle of PC2, whereas the control wines are on the negative
side. These results highlight differences when wines are
supplemented with caffeic acid. PCA showed that the time of
sampling (after MLF, at 6 or 12 months) resulted in a greater
explanation of the variance than prefermentative maceration
techniques or CFA addition.

Combined Effect of Acetaldehyde Addition and
Caffeic Acid Addition. In accordance with other au-
thors,®™>° a higher color density was found in micro-
oxygenated wines at 6 months in both the control and CFA
wines, although it was significantly higher only for the CFA
wines at 6 months of aging in 2011 (Table 2). Lower hue
values, although not significant, were observed in the CFA

11905 dx.doi.org/10.1021/jf402713d | J. Agric. Food Chem. 2013, 61, 11900—11912
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Table 2. continued

2011

2010

2009

CFA
4198 £ 4789 a a

control
462.02 + 3753 a a

CFA

504.59 + 41.68 a a

control
52448 +29.84 a a

CFA

51498 + 16.14 a a

control
49443 + 25.16 a

AA

6 months

total anthocyanins (mg/L)

49247 £ 2813 a 518.63 + 44.89 a a 533.63 + 3537 a 455.72 + 46.03 a 42292 +45.59 a

500.82 + 1842 a «

33932 +93laa 37435 £ 1502 a 371.07 + 13.82 a 270.16 + 2488 a a 283.06 + 1142 a a

330.82 + 1626 a

AA

12 months

32155 + 1628 a a 370.54 + 1421 a 37204 £ 1758 a o 271.73 £ 4039 a 28333 £ 10.1l1 a @

32546 + 1414 a a

AA

842.83 + 1682 a 8 84337 £ 3543 aa 865.33 + 28.56 a 691.82 + 20.17 a ¢ 694.6 + 9.74 a a

835.38 + 3834 aa

769.46 + 28.76 a

AA

6 months

total phenols (mg/L)

70925 £ 2219 a 6924 + 3879 a a

907.58 + 41.29 a 8
62437 + 33.16 a a

801.68 + 21.16 a

799.65 + 2243 a a

no AA
AA

47111 £ 2171 a

416.94 + 36.14 a a

61644 + 2378 a

57139 + 17.66 a f8

$737 + 162 a B
“Different Roman (a—c) letters within the same column, time of analysis (6 or 12 months), and year (2009, 2010, or 2011) indicate significant differences (p < 0.05) between acetaldehyde addition

treatments. Different Greek (a, ) letters within the same file, treatment (AA or no AA), and year (2009, 2010, or 2011) indicate significant differences (p < 0.05) between the control and CFA-added

522.65 + 3028 a
wines. AA, acetaldehyde addition; no AA, no acetaldehyde addition; CFA, caffeic acid.

12 months

64173 + 288l a 441.59 + 248 a 466.62 + 1692 a

61446 + 3293 a

5237 £ 2749 a a

AA

wines in 2009, which indicates a positive effect of CFA addition
on wine color. Higher, although not always statistically
significant, noncopigmented free anthocyanin values were
observed in the control wines. At 6 months of aging, non-
acetaldehyde-added wines sometimes showed a higher free
anthocyanin fraction, although this effect was not present at the
end of storage. The polymeric anthocyanin fraction showed
higher values for the acetaldehyde-added wines throughout the
aging period in 2009 and 2010, although these differences were
slightly smaller at 12 months. Higher, but not significant, tannin
concentrations were found in the acetaldehyde-added wines at
6 months, whereas no effect was observed at the end of storage.
Small quantities of oxygen seem to be involved in the formation
of A-type vitisins,*® whereas the acetaldehyde produced by the
effect of oxygen on ethanol®* is involved in the formation of
ethyl-linked anthocyanins and tannin adducts, B-type vitisins,
vinyl-flavanols, or vinyl-pyranoanthocyanins.”” Therefore,
whereas a decrease in the free noncopigmented anthocyanin
fraction was observed, a higher polymeric fraction and tannin
concentration were achieved with the acetaldehyde addition
treatments.

Despite the effects observed, the effectiveness of the micro-
oxygenation technique depends on several factors, the most
important being the moment of application, the dose of oxygen
introduced into the wine, and the phenolic characteristics of the
wine. Typical dosage rates are relatively small, ranging from 2
to 90 mg O,/L wine/month.*® Micro-oxygenation requires
relatively low concentrations of SO, to be effective.”” Phenolic
compounds are the main consumers of oxygen,® and it is clear
that the initial phenol content of the wine must be important.*!
Because the dosage rates and the phenolic content seem to be
in accordance with the literature, the moment of application
could be the key factor that explains the decrease in the micro-
oxygenation effects observed at the end of storage. Geldenhuys
et al.%" also found that the effects of micro-oxygenation on
certain color and phenolic parameters in Pinotage red wine
decrease over time.

Phenolic acids had higher values in the CFA-treated wines.
CFA and acetaldehyde addition also showed a positive, but not
always significant, effect on the acylated anthocyanin fraction.
The results suggest the greater likelihood of these compounds
to participate in complexation and polymerization reactions
with other phenols through ethyl-linked products. Some
authors have reported acylated anthocyanin—flavanol com-
pounds in red wines.>"> However, the ability of different
anthocyanin molecules to react with other compounds via
acetaldehyde-mediated reactions has not yet been reported, and
further research would be needed. Although no differences
were found for the total anthocyanins, increases in total phenols
were sometimes observed in CFA-treated wines.

The PCA plot (68.70% of the total variability) in Figure 3
shows sample separation into two groups according to the
aging period (6 or 12 months). The sample set was constructed
using samples to which CFA was added or not (control) as well
as where acetaldehyde was added or not (AA and no AA,
respectively) from the three vintages (2009, 2010, and 2011).
The 2010 wines are located in the higher part of the graph, in
contrast to the 2009 and 2011 wines, which are positioned on
the negative side. Even though there was not a complete
separation between the acetaldehyde-added wines, a higher
position was observed when each sample was compared to its
non-acetaldehyde-added pair. This distribution of the data
suggests differences when the technique was applied. On the

dx.doi.org/10.1021/jf402713d | J. Agric. Food Chem. 2013, 61, 11900—11912
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Figure 3. Principal component analysis of wines elaborated with AA and caffeic acid.

other hand, no special behavior was observed between the CFA
and control wines. As we reported in Figure 2, the time of
sampling (after 6 or 12 months) contributed more to the
variance than the treatment (acetaldehyde and CFA addition).

Effect of Prefermentative and Postfermentative
Addition. No significant differences were found for color
density, although color values were higher in both the
prefermentative and postfermentative CFA-added wines
(Table 3). Lower hue values were found in the CFA-treated
wines in 2010 and 2011. Postfermentative CFA-added wines
showed nonsignificant higher copigmented fraction values
regarding prefermentative addition at the end of storage
(intermolecular copigmentation), even though at this point the
control wines showed the highest copigmented percentage,
although only significantly different from prefermentative CFA-
added wines. Whereas several authors have mentioned that an
increase in alcohol content diminishes the effect of
copigmentation, Kunsigi-Maté et al*> suggest that much
more stable copigmentation complexes form over a critical
alcohol concentration. The 2010 and 2011 CFA-treated wines
showed lower free anthocyanin fractions over the whole aging
period. A higher polymeric pigment fraction was also observed
in these wines. The results suggest that higher complexation
and polymerization reactions occurred when CFA was added.
Postfermentative CFA addition did not produce an increase in
the intermolecular copigmentation reactions (% copigmented
anthocyanins). The increased formation of new polymeric
pigments during storage would explain the values observed in
the wines to which CFA was added prefermentatively and
postfermentatively. However, contrary to the results reported
by several authors, no effect on copigmentation reactions was
observed in this study when CFA was added. The previous
rationale suggests that the Tempranillo variety can be classified
as a rich anthocyanin-cofactor variety,">>>%* because an
increase in copigmentation reactions would not be anticipated.

The control wines had the lowest phenolic acid concen-
trations, and this trend was maintained throughout the 12
months’ aging period. These compounds also occurred at
higher concentrations when CFA was added before and after
fermentation. No differences were noted in total anthocyanins,
higher acylated anthocyanins, and total phenols when CFA was

added prefermentatively and postfermentatively. The results
obtained (color density, hue, free and polymerized anthocya-
nins and phenolic acids) suggest that the effect of CFA addition
is mainly due to intramolecular copigmentation reactions, in
which diverse molecules are covalently linked to an
anthocyanin chromophore, instead of intermolecular copig-
mentation reactions (% copigmented anthocyanins), in which
compounds react through weak hydrophobic forces with
anthocyanins.

A PC plot of these data can be seen in Figure 4. The two first
principal components represent 78.27% of the total variability.
The sample set was constructed using samples to which caffeic
acid was added before (PRE) and after (POST) fermentation
as well as those to which no addition was made (control) from
the three vintages (2009, 2010, and 2011). A complete
separation of samples into two groups was observed according
to time in the bottle. The same vintage effect as reported
previously was also found here. However, PCA did not allow
for a separation between the CFA-added wines and the control
wines. Each control wine shows a pair of wines (prefermenta-
tively and postfermentatively added) with a slightly different
position in the graph, which suggests some differences. The pair
composed of prefermentative and postfermentative CFA-added
wines has almost the same position, which indicates no
differences between CFA addition before or after fermentation.

The addition of caffeic acid to Tempranillo red grapes or
wine led to higher phenolic acid concentrations, which,
together with the high p-coumaroyl glucosides presence in
these grapes, increased the acylated anthocyanin fraction. This
could have favored pyranoanthocyanin formation through the
direct reaction of anthocyanins with free phenolic acids, thereby
increasing the anthocyanin polymeric fraction, with an increase
in color stability during storage. The results reported here
indicate intramolecular copigmentation reactions via covalent
linkages, which increase the stability of the new molecules
during the aging period and thus have an impact on wine color.
The higher total phenol concentration and lower hue values in
the wines to which caffeic acid had been added also contributed
to increasing the stability of these compounds during storage.
Subsequent work could entail assessing the pyranoanthocyanin

dx.doi.org/10.1021/jf402713d | J. Agric. Food Chem. 2013, 61, 11900—11912
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Table 3. Effect of Prefermentative and Postfermentative Caffeic Acid Addition on the Color and Phenolic Profile of
Tempranillo Wines from Three Vintages, with Mean and Standard Deviation Values of the Phenolic Parameters®

color density

hue

% copigmented anthocyanins

% free anthocyanins

% polymeric anthocyanins

tannins (g/L)

phenolic acids (mg/L)

acylated anthocyanins (mg/L)

6 months

12 months

6 months

12 months

6 months

12 months

6 months

12 months

6 months

12 months

6 months

12 months

6 months

12 months

6 months

12 months

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST

control
PRE
POST
control
PRE
POST
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2009

10.74 + 1.17 a
10.84 £ 1.75 a
11 £ 1.02 a
11.14 £ 1.24 a
11.19 £ 0.6 a
10.59 + 143 a

70.95 + 2.88 a
683 +2.58 a

69.18 + 2.06 a
75.16 + 4.85 a
72.78 £ 3.92 a
71.89 + 1.7 a

11.51 £ §.71 a
12.06 + 5.62 a
1275 £ 813 a
837 +4.68 b
S.1S £341 a
6.15 + 3.34 ab

S1.77 £ 7.34 b
449 + 752 a
49.75 + 8.65 ab
4195 + 2.38 ab
442 £327b
39.09 £ 47 a

36.72 + 3.06 a
43.03 + 598 a
37.5 £ 429 a
49.68 + 6.67 a
50.65 + 5.12 ab
54.77 + 415 b

1.78 £ 0.14 b
1.64 £ 0.15 a
1.76 + 0.09 b
2.03 + 0.18 ab
213 £ 026 b
195 £ 022 a

98.32 + 3.62 a
107.4 + 10.14 b
13326 £ 893 ¢
72.85 + S.12 a
8181 +£ 595b
95.88 + 948 ¢

9231 + 1463 a
96.28 + 721 a
97.81 + 3.85 a
6837 £ 3.16 a
7543 £ 538 b
79.29 + 0.86 b

2010

1234 + 1.22 a
1274 £ 1.1 a

12.73 £ 127 a
11.36 £ 0.63 a
12.08 £ 0.87 a
12.18 £ 0.75 a

70.5 + 1.54 b
69.22 + 2.08 ab
67.65 + 1.09 a
7839 + 247 ¢
75.11 + 2.66 b
71.18 £ 0.7 a

10.53 + 2.16 a
112 £ 323 a
999 + 249 a
7.55 +216 b
348 £ 1.75 a
5.28 + 3.68 ab

4327 +3.19b
399+ 172 a

3899 £ 3.75 a
3516 +2.72b
2997 +£ 457 a
26.65 + 427 a

51.14 £ 6.67 a
539 + 4.65a
54.85 £ 5.51 a
5639 + 33 a
66.54 + 419 b
6824 +278b

212 £ 015 a
2.06 £ 0.19 a
2.07 £ 0.18 a
257 £ 021 a
2.69 +0.18 a
2.58 + 021 a

128.02 + 18.73 a
200.2 +£ 2197 b
177.92 + 22.16 b
119.03 + S.19 a
13741 £ 743 b
1458 + 11.82 b

10442 + 492 a
107.5 + 8.56 ab
11744 + 11.63 b
83.34 + 473 a
85.87 + 4.08 a
85.1 &+ 6.06 a

2011

1145 + 0.52 a
1201 £ 032 a
12.15 £ 0.62 a
1141 £ 0.75 a
1223 + 03 a

1225 + 1.02 a

76.75 £ 0.77 b
68.05 + 225 a
69.5 + 0.66 a
7999 £ 1.7 b
7047 + 2.17 a
7326 + 5.69 a

1679 + 1.78 a
1524 £ 291 a
18.77 £ 2.28 a
1479 + 2.67 b
10.77 £ 393 a
13.77 + 2.58 ab

40.72 + 4.38 b
332 +£2.06 a
36.82 + 4.35 ab
371 +£193b
2873 £ 4.63 a
27.13 £ 1.56 a

42.5 +£ 499 a
S1.57 + 1.34 b
4742 + 489 b
48.11 £ 0.89 a
60.5 + 1.31 ¢
591 +£129b

135+ 035a
142 £ 0.18 a
146 £ 0.1 a

173 £ 021 a
172 £ 0.16 a
1.72 £ 0.08 a

7994 £ 43 a
105.26 + 6.98 b
107.36 + 3.06 b
50.74 + 442 a
64.17 £ 293 b
7738 £ 2.57 ¢

85.12 + 8.99 a
8221 £ 035 a
89 + 641 a
61.7 £ 547 a
73.05 £ 0.77 b
724 + 294 b
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Table 3. continued

6 months control
PRE
POST

12 months control
PRE
POST

total anthocyanins (mg/L)

6 months control
PRE
POST

12 months control
PRE
POST

total phenols (mg/L)

2009

51849 + 3842 a
512.64 + 29.71 a
512.05 + 2883 a
378.28 + 19.54 a
374.56 + 16.49 a
390.05 + 12.94 a

782.78 + 36.28 a
794.77 + 35.16 a
816.65 + 22.87 a
563.62 + 21.82 a
574.68 + 1623 a
605.23 +£ 746 b

2010

601.56 + 44.24 a
592.61 + 42.52 a
607.85 + 37.53 a
4319 £ 1473 a
433.81 +9.61 a
4293 £ 199 a

895.02 + 28.19 a
97593 + 41.76 b
960.81 + 17.94 b
67425 + 26.77 a
696.99 + 12.36 a
691.11 + 23.87 a

2011

458.87 + 3448 b
384.42 + 3.39 a
4583 + 2698 b
27095 + 274 a
281.12 + 5.56 a
28527 + 13.79 a

700.52 +£ 937 b
650.45 + 28.62 a
736.53 £ 4.16 b
429.26 + 14.98 a
459.19 + 7.08 b
478.55 + 26.19 b

“Different Roman (a—c) letters within the same column indicate significant differences (p < 0.05). PRE, CFA added prefermentatively; POST, CFA

added postfermentatively.
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Figure 4. Principal component analysis of wines with caffeic acid added prefermentatively or postfermentatively.

development in Tempranillo wines under similar conditions
using HPLC techniques.

Prefermentative maceration techniques did not show a
significant effect, indicating the important role played by
grape characteristics at the moment of harvest in the
effectiveness of enological practices for improving wine color.
In the case of Tempranillo, prefermentative techniques should
not be considered by winemakers for color stabilization. On the
other hand, acetaldehyde addition resulted in a positive effect
on wine color. However, the combined effect when
acetaldehyde and CFA were added was not very significant.
Although few differences were observed between prefermenta-
tive and postfermentative caffeic acid additions, these treat-
ments did lead to differences compared to the control
treatments. The results suggest an increase in the copigmenta-
tion reactions when wines are supplemented with caffeic acid.
However, the intramolecular copigmentation effect favored by
caffeic acid addition does not allow for the establishment of the

effect of alcohol content on copigmentation reactions.
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