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Abstract

The target of this paper is the study of anthocyanin and tannin extraction from red grape during maceration, the formation of
new pigments, and the evolution profiles of anthocyanin derivatives and tannins during the alcoholic and malolactic fermen-
tations and aging in oak barrels and steel vats. 2 anthocyanins, 38 anthocyanin derivatives and 37 tannins were monitored.
Formation of all classes of anthocyanin derivatives starts quickly after anthocyanin extraction from grape. Their maximum
levels are reached a few days after apex of anthocyanins during maceration/alcoholic fermentation. Indirect condensation
derivatives showed less stable behavior than that of the direct flavanol-anthocyanin products during fermentations and aging.
Within pyranoanthocyanins, vitisin B had more instability than vitisin A. Extraction of tannins from grape occurs slower
than that of anthocyanins. Major tannins are procyanidin homodimers with B bond (45% of total tannins after fermenta-
tions), followed by monomers (around 25%) and mixed B dimers (more than 10%). Tannins suffer a general continuous
decrease during aging, with increasing relevance of more oxygenated tannins as aging advances. Fermentations are crucial
stages in the formation of anthocyanin derivatives. In contrast, aging causes a continuous degradation for nearly all classes
of anthocyanin derivatives and tannins, with a more stable behavior for some of them. Thus, establishing with confidence
which enological conditions favor each type of derivative during fermentation is an important goal for future research. This
work studies many individual compounds, involves exhaustive sampling and covers the different winemaking stages at an
industrial winemaking scale, contributing to a more complete vision.
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reaction with small molecules present in wine such as pyru-
vic acid [15-17], acetaldehyde [15], acetoacetic acid [18],
4-vinylphenol [19, 20], 4-vinylcatechol [21], 4-vinylguaicol
[22] and vinylflavanols [23-25].

Tannins extracted from grape also suffer chemical trans-
formations during winemaking processes, contributing to
changes in color through condensation derivatives with
anthocyanins, but also in astringency and bitterness. Mul-
tiple tannin structures have been detected in wine [5, 26]:
direct condensed tannins with type B [27] or A bonds [28];
different degree of polymerization; homo- or hetero-oligom-
ers (also known as mixed oligomers) [29, 30]; indirect con-
densation tannins linked by acetaldehyde [31, 32], glyoxylic
acid [33] or furfurals [34]; galloylated tannins [35]; among
others.

The multiple structures detected for both anthocyanin
derivatives and tannins reflect the high complexity of wine
chemistry. A lot is nowadays known about these different
chemical structures. However, data about the stability and
the evolution of the different classes of anthocyanin deriva-
tives and tannins during the different stages of winemaking
are still scarce [8, 36-38]. This work aims to present a more
complete vision of the extraction of initial anthocyanins
and of different tannin classes during maceration and for-
mation and evolution of new species during fermentations
and aging stages of winemaking processes at an industrial
scale in wineries.

Materials and methods
Reagents and standards

Methanol and acetonitrile (Romil Chemical Ltd, Heidel-
berg, Germany) were of HPLC grade. Water was purified
on a Milli-Q system (Millipore, Bedford, MA, USA). Trif-
luoroacetic acid (TFA) for spectroscopy quality, acetic acid
(HAc) suprapur quality, and concentrated aqueous hydro-
chloric acid solution (32%), L(+)-tartaric acid, ethyl alcohol,
monosodium phosphate, disodium phosphate and sodium
hydroxide of analytical reagent grade were from Merck
(Darmstadt, Germany) or (Fluka, Steinheim, Germany).
NaH,PO,/Na,HPO, 0.1 M solution buffer was adjusted to
pH 6.5 with sodium hydroxide 1 M. All HPLC solvents used
were previously filtered through 0.45 pm nylon membranes
(Lida, Kenosha, WI, USA).

Standards of malvidin-3-0-glucoside (Mv-30-glc) and
(+)-catechin (Cat) were supplied by Extrasynthese (Genay,
France). Stock solutions of standards were prepared in
methanol, with HC1 0.1% m/v in the case of Mv-30-glc in
order to get a better stability. Working calibration dilutions
of standards were prepared in water.
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Samples

An industrial scale winemaking process, using Tempra-
nillo grape cultivar and 10,000 L steel vats, performed
in a collaborating Rioja winery, was monitored during
maceration—alcoholic fermentation and malolactic fer-
mentation. A total of twenty-five 3 mL samples were
obtained, from O to 47 days after the start of fermenta-
tion. Samples during maceration—alcoholic fermentation
were taken after daily pumping-over operations made in
Rioja red winemaking, to get more homogeneous sam-
ples. Composition of grape must was 21°Brix, total acid-
ity 6.17 g/L of tartaric acid and pH 3.34. Maceration and
alcoholic fermentation (AF) steel vat was maintained at
26-28 °C and was inoculated with 0.15 g/L of a commer-
cial S. cerevisiae yeast strain (Bayanus, Lamothe-Abiet).
Once the fermentation of sugars was complete (day 12)
and after devatting, spontaneous malolactic fermentation
(MLF) was carried out at 17-18 °C. At the end of MLF
(day 23), wine was transferred into a stainless steel vat
and 50 mg/L of sulfur dioxide was added. For the wine
aging study, another industrial scale Tempranillo red wine
aging process, using 225 L oak barrels and 10,000 L steel
vats, was performed in a collaborating Rioja winery and
was monitored, obtaining a total of twenty (nineteen for
tannin analysis) 3 mL wine samples during aging, from 0
to 614 days. Samples were taken from the barrel using a
very small diameter tube inserted through the barrel stop-
per and provided with a stopcock, to avoid oxidation of
the sample. Composition of wine when entering the barrel
(day 0) was alcoholic degree 13.8°, total acidity 5.46 g/L.
of tartaric acid, pH 3.53, total phenolic index 73 (absorb-
ance at 280 nm of a 1/100 wine dilution multiplied by 100,
measured on a 10 mm optical path cell) and color intensity
14 (sum of absorbances at 420, 520 and 620 nm of undi-
luted wine measured on a 1 mm optical path cell). Barrel
cleaning was done with an automatic barrel washer, using
peristaltic or mono pumps for transferring wine. Transfers
between barrel and steel vat or vice versa were made using
also those types of pumps. Samples from both fermenta-
tions and aging studies were immediately preserved in an
ultrafreezer at — 80 °C until the analysis.

Analysis of anthocyanin derivatives by SPE-HPLC-
DAD-ESI(+)-MS/MS

A solid-phase extraction (SPE) methodology was applied
to each sample as a cleaning treatment to reduce suppres-
sion in the ionization step of further mass spectrometric
analysis. 1 mL of must or wine sample was loaded in a pol-
ymeric SPE cartridge Strata-X 3 cc-60 mg (Phenomenex,
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Torrance, USA), previously preconditioned with 2 mL
methanol, 2 mL water and 2 mL synthetic wine (a 3.5 g/L
water solution of L(+)-tartaric acid, with a 12% ethanol,
adjusted to pH 3.5 with sodium hydroxide). Cartridge was
washed with 1 mL of 0.1 M pH 6.5 phosphate buffer and
1 mL water. Anthocyanin derivatives were eluted with
4 mL of MeOH:HC1 99.9:0.1 (v/v), evaporated to dry-
ness under a nitrogen stream using a Zimark Turbovap-
LV evaporator (Hopkinton, MA, USA) and redissolved in
1 mL of initial mobile phase.
Malvidin-3-0-(6"-p-coumaroyl)-glucoside, instead of the
major one malvidin-3-O-glucoside, was selected as repre-
sentative for the behavior of all original anthocyanins due to
the need for a great amount of solid standard for calibration
and also to droplet saturation effects and lower ionization
efficiency in electrospray at high concentrations if malvi-
din-3-O-glucoside was selected. So, quantification of two
anthocyanins (malvidin-3-O-(6"-p-coumaroyl)-glucoside
trans and cis isomers) and 38 anthocyanin derivatives was
performed by high-performance liquid chromatography
(HPLC) in a Waters Alliance 2695 instrument coupled to a
Diode Array Detector (DAD) model 2996 and a Micromass
Quattro micro triple quadrupole mass spectrometer (MS)
equipped with a Z-spray electrospray (ESI) source and
coupled to the exit of DAD (Waters Corporation, Milford,
Massachusetts, USA). A reversed-phase Phenomenex (Tor-
rance, USA) Onyx Monolithic C18 column (100 X 3.0 mm)
with a precolumn of the same material was used. Eluents
were H,O:TFA 99.5:0.5 (v/v) (phase A) and acetonitrile
(phase B). A gradient program was employed: 0—0.29 min,
isocratic, 12% B; 0.29-4.29 min, linear gradient, 12-15% B;
4.29-9.17 min, linear gradient, 15-25% B; 9.17—12.72 min,
linear gradient, 25-40% B; 12.72-13.17 min, isocratic,
40% B; 13.17-13.63 min, linear gradient, 40-100% B;
13.63-21.63 min, isocratic, 100% B, followed by column
reconditioning. The flow rate and column temperature
were set to 0.3 mL/min and 30 °C, respectively. Vial sam-
ples were kept in the injector at 4 °C. 50 pL of each sam-
ple was injected. Complete UV—vis spectra were collected
in the range 250—600 nm each second. Nitrogen was used
as desolvation gas at 300 °C and 450 L/h for mass spec-
trometer. A potential of 3.2 kV was used on the capillary in
positive ion mode. The source block temperature was held
at 120 °C. The technique used for quantification was the
multiple reaction monitoring (MRM) mode. Collision gas
(argon) pressure was set to 1.5 X 107> mbar. Table 1 col-
lects the cone voltage (CV), the collision energy (CE) and
the MRM transition for each anthocyanin derivative studied.
External calibration with Mv-30-glc was carried out in the
range 0.001-100 mg/L using MRM signals, so concentra-
tions of each derivative are given as equivalent concentra-
tions of the only standard employed (Mv-30-glc). The entire
SPE-HPLC-DAD-ESI(+)-MS/MS method was previously

validated [39]. It is important to remark that the response
factor of each compound in the mass spectrometer is quite
different. Thus, comparisons of data for each single deriva-
tive when discussing within a profile are confident. However,
when comparisons are made between different derivatives
these concentration values cannot be taken as absolute val-
ues and these comparisons are not strictly correct, but they
are the only option since standards were not available for
every derivative studied.

Analysis of tannins by SPE-HPLC-DAD-ESI(+)-MS/
MS

The same SPE cleaning procedure as that for anthocyanin
derivatives was used, but using polymeric sorbent Oasis
HLB 60 mg (Waters Corporation, Milford, MA, USA) car-
tridges. Eluted extracts were also evaporated to dryness
under a nitrogen stream and redissolved in 1 mL of the
respective initial mobile phase.

Quantification of thirty-seven tannins was performed
with the same HPLC-DAD-ESI-MS/MS equipment
and column, but using negative polarity in the ESI and
different eluents, H,O:HAc 99:1 (v/v) (phase A) and
MeOH:HAc 99:1 (v/v) (phase B). A gradient program was
employed: 0-1.03 min, isocratic, 0% B; 1.03-7.47 min,
linear gradient, 0-20% B; 7.47-11.25 min, linear gra-
dient, 20-25% B; 11.25-16.03 min, linear gradient,
25-45% B; 16.03-19.92 min, linear gradient, 45-75%
B; 19.92-24.70 min, linear gradient, 75-100% B;
24.70-28.00 min, isocratic, 100% B, followed by the col-
umn reconditioning. The other chromatographic and mass
spectrometric conditions were the same as those for antho-
cyanin derivatives, except capillary voltage (2.6 kV) and
polarity (negative). Table 2 collects the cone voltage (CV),
the collision energy (CE) and the MRM transition for each
of the tannins studied. External calibration with catechin was
carried out in the range 0.01-150 mg/L using MRM signals,
so concentrations of each tannin are given as equivalent con-
centrations of the only standard employed (catechin). The
entire SPE-HPLC-DAD-ESI(+)-MS/MS method was pre-
viously validated [40].

Results and discussion

Formation of anthocyanin derivatives and their
evolution profiles during fermentations

Extraction of anthocyanins from grape to must starts quickly
and continuously in the first moments and days of macera-
tion and alcoholic fermentation (AF), as shown in Fig. 1a
for coumaroylated malvidin, reaching a maximum level at
day 4. Anthocyanin degradation processes (polymerization,
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Table 1 Retention time (1),

e Compound tg (min)  MRM transition CV (V) CE (eV)

MRM transition (m/z for

precursor ion— m/z for product  My.3-(6-p-coum)glc trans 154 639331 35 25

L‘glll)l;g:‘;ggs;gfég)vf)of‘tfe My-3-(6-p-coum)gle cis 14.7 639331 35 25

two anthocyanin and the 38 Catechin-Mv-3-glc 4.0 781 —619 35 25

anthocyanin derivatives studied® Epicatechin-Mv-3-glc 5.6 781 —619 35 25
(Epi)Gallocatechin-Mv-3-glc 34 797 — 635 35 25
(Epi)Catechin-(epi)catechin-Mv-3-glc 5.1 1069—619 50 30
Catechin-Mv-3-(6-p-coum)glc 12.9 927—619 35 25
Epicatechin-Mv-3-(6-p-coum)glc 13.2 927 —619 35 25
(Epi)Gallocatechin-Mv-3-(6-p-coum)glc 10.4 943 — 635 35 25
(Epi)Catechin-(epi)catechin-Mv-3-(6-p-coum)glc 14.0 1215—927 45 25
Mv-3-glc-8-ethyl-catechin 1 12.1 809 —519 35 25
Mv-3-glc-8-ethyl-catechin 2 12.6 809 —519 35 25
Myv-3-glc-8-ethyl-epicatechin 12.9 809—519 35 25
Mv-3-glc-8-ethyl-(epi)gallocatechin 1 12.4 825—519 35 15
Mv-3-glc-8-ethyl-(epi)gallocatechin 2 12.7 825—519 35 15
Mv-3-(6-p-coum)glc-8-ethyl-(epi)catechin 1 15.0 955 — 665 35 25
Mv-3-(6-p-coum)glc-8-ethyl-(epi)catechin 2 16.1 955 — 665 35 25
Myv-3-(6-p-coum)glc-8-ethyl-(epi)gallocatechin 15.3 971 — 665 35 15
Vitisin A (Mv-3-glc-pyruvic) 10.5 561 —399 25 25
Vitisin B (Mv-3-glc-acetaldehyde) 11.1 517—355 25 25
Myv-3-glc-acetoacetic 12.5 531—369 25 25
Myv-3-(6-p-coum)glc-pyruvic 13.6 707 —399 35 25
Mv-3-(6-p-coum)glc-acetaldehyde 14.6 663 — 355 35 25
Myv-3-(6-p-coum)glc-acetoacetic 15.4 677 — 369 35 25
Mv-3-glc-vinylphenol 16.1 609 — 447 25 25
Myv-3-glc-vinylguaiacol 16.3 639 —477 35 25
Myv-3-glc-vinylcatechol 15.6 625 —463 35 25
Myv-3-glc-vinylsyringol 16.4 669 — 507 35 25
Myv-3-(6-p-coum)glc-vinylphenol 17.1 755 —447 35 25
Mv-3-(6-p-coum)glc-vinylguaiacol 17.2 785—477 35 35
Myv-3-(6-p-coum)glc-vinylcatechol 16.7 771 —463 35 35
Myv-3-(6-p-coum)glc-vinylsyringol 17.2 815—507 35 35
Myv-3-glc-vinylcatechin 14.7 805 — 643 60 30
Myv-3-glc-vinylepicatechin 15.5 805 — 643 60 30
Myv-3-glc-vinylgallocatechin 13.5 821 —659 40 30
Myv-3-glc-vinylepigallocatechin 14.4 821 —659 40 30
Myv-3-glc-vinyl(epi)catechin-(epi)catechin 12.8 1093 - 931 35 35
Myv-3-(6-p-coum)glc-vinylcatechin 15.6 951 —643 60 30
Myv-3-(6-p-coum)glc-vinylepicatechin 15.8 951 —643 60 30
Mv-3-(6-p-coum)glc-vinyl(epi)catechin-(epi)catechin ~ 15.1 1239 - 931 55 35

“MRM transition 493 — 331, CV=25 V and EC=25 eV were used for the standard Mv-30-glc

oxidation, precipitation/readsorption from pomace, forma-
tion of new pigments) also start immediately, if conditions
were convenient for each kind of process. From day 4, deg-
radation processes exceed the rate of anthocyanin extraction,
so anthocyanin levels begin to decrease. The formation of
both direct (Fig. 1b) and indirect (Fig. 1c) flavanol-antho-
cyanin condensation products starts quickly after anthocya-
nin extraction. These compounds reach their maximum level

@ Springer

during AF at day 6-8, only a few days after anthocyanin
apex: Obviously, the formation of condensation derivatives
requires that anthocyanins and tannins have been previously
extracted from grape to must. Also pyranoanthocyanin for-
mation starts quickly after anthocyanin extraction [36, 41],
as shown in Fig. 1d—f for vitisin B (Mv-3-glc-acetaldehyde,
pyranoanthocyanin derivative of Mv-3-glc with acetalde-
hyde), vitisin A (Mv-3-glc-pyruvic, pyranoanthocyanin
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Table 2 Ret.e.ntion time (fg), Compound tg (min) MRM transition CV (V) CE (eV)

MRM transition (m/z for

precursor ion — m/z for product Catechin 12.1 2895137 25 25

L‘;Il‘l)l:ggzg;l;gfég)vf)ofgch Epicatechin 16.1 289137 25 25

tannin studied Bl 11.6 577—289 25 25
B2 14.0 577—289 25 25
((epi)cat), 1 10.8 577—289 25 25
Cl1 16.7 865 —577 25 25
((epi)cat); 1 7.7 865 —577 25 25
((epi)cat); 2 11.9 865 —577 25 25
Gallocatechin 7.5 305—137 25 35
Epigallocatechin 12.5 305—137 25 35
((epi)gallocat), 1 4.5 609 — 305 25 25
((epi)gallocat), 2 7.4 609 — 305 25 25
((epi)gallocat), 3 11.6 609 — 305 25 25
((epi)cat-(epi)gallocat) 1 8.8 593 —305 35 25
((epi)cat-(epi)gallocat) 2 11.8 593 —-305 35 25
((epi)gallocat)-(epi)cat) 1 8.0 593 —289 35 25
((epi)gallocat)-(epi)cat) 2 10.7 593 —289 35 25
A2 18.5 575—285 15 25
((epi)cat),A 1 11.6 575—1285 15 25
((epi)cat),A 2 24.2 575—285 15 25
((epi)gallocat),A 11.6 607 — 301 25 15
((epi)cat-(epi)gallocat)A 1 11.6 591—-303 55 25
((epi)cat-(epi)gallocat)A 2 13.2 591—-303 55 25
(epi)cat-((epi)cat-(epi)gallocat)A 1 11.1 879 —591 35 25
(epi)cat-((epi)cat-(epi)gallocat)A 2 12.9 879 —591 35 25
(epi)cat-((epi)gallocat),A 11.9 895 — 607 35 25
(epi)gallocat-et-(epi)gallocat 12.0 637—331 25 15
p-vinyl(epi)cat 1 17.7 315—163 55 25
p-vinyl(epi)cat 2 21.6 315—163 55 25
p-vinyl(epi)cat 3 22.9 315—163 55 25
(epi)cat-furfural-(epi)cat 1 5.7 657 —369 55 25
(epi)cat-furfural-(epi)cat 2 10.6 657 —369 55 25
(epi)cat-glc 1 11.6 451—289 55 25
(epi)cat-glc 2 13.6 451—289 55 25
Cat-gallate 18.8 441 —289 25 25
Epicat-gallate 17.9 441 —289 25 25
(epi)cat-gallate 20.6 441 —289 25 25

derivative of Mv-3-glc with pyruvic acid) and pyranoantho-
cyanin derivative with vinylphenol (Mv-3-glc-vinylphenol),
respectively. These compounds reach their maximum levels
during AF at day 5-10. Oxygenation/aeration during this
stage is significant due to daily pumping-over operations (by
pumping must out from the bottom part of vat and over onto
the cap) made in Rioja red winemaking.

After a decreasing tendency for all anthocyanin deriva-
tives in the last days of AF, more pronounced in the case of
vitisin B (both non-acylated and coumaroylated), a new for-
mation impulse is observed for all compounds when malo-
lactic fermentation (MLF) starts. For most derivatives, this

impulse recovers or even increases the maximum levels of
AF, except for vitisin B for which the level throughout MLF
stays way below from the apex of AF. The second part of
MLF produces again a decreasing tendency for all deriva-
tives, except for indirect condensation products, for which
this decrease is delayed until the end of MLF. The next 3
weeks after the end of MLF cause new losses for vitisin
B and direct (less pronounced) and indirect condensation
derivatives, but not for vitisin A and pyranoanthocyanins
with vinylphenols, which preserve their levels.

Two conclusions can be drawn from these observations.
On one hand, indirect condensation derivatives are formed
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Fig. 1 Evolution profiles of the levels of a trans isomer of malvidin-
3-0-(6"-p-coumaroyl)-glucoside (Mv-3-(6-p-coumglc)), b catechin-
malvidin-3-O-glucoside, ¢ malvidin-3-O-glucoside-ethyl-catechin
2, d vitisin B, e vitisin A, and f pyranoanthocyanin derivative with

in a much smaller amount than direct products and are less
stable, losing 50 percent of their level 3 weeks after the end
of the MLF. This more unstable behavior of indirect deriva-
tives has been previously referred [37, 42—44]. On the other
hand, although levels of vitisin B formed were more than
double than those of vitisin A, the more unstable behavior of
the first has as a consequence that the levels of both 3 weeks
after the end of MLF were similar or even greater for vitisin
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vinylphenol; during fermentations of an industrial scale Rioja red
wine winemaking process (concentration values are given as equiva-
lent concentrations in mg/L of Mv-30-glc)

A. This more unstable behavior of vitisin B has also been
previously referred [37, 44, 45].

In an overall view, in the monitored red wine at the end
of fermentations, direct condensation derivatives, vitisin A,
vitisin B and pyranoanthocyanins with vinylphenols, rep-
resent about 10%, 40%, 40% and 10% of total anthocyanin
derivatives (in terms of Mv-30-glc equivalent concentra-
tion levels), respectively. Indirect condensation derivatives
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and pyranoanthocyanins with vinylflavanols are minor
derivatives.

Evolution profiles of other anthocyanin derivatives dur-
ing fermentations are shown in Figure ESM1 of Online
Resource, confirming conclusions previously explained. A
stable behavior for pyranoanthocyanins with vinylphenol
after MLF is also observed for derivatives with vinylguai-
acol and vinylcatechol. Pyranoanthocyanin derivatives with
acetoacetic acid show low levels and have a stable behavior
after MLF, similar to vitisin A. Very low levels of pyrano-
anthocyanin derivatives with vinylflavanols were observed
throughout fermentations in this study, despite the relatively
high levels of vinyl-tannins during fermentations as shown
below.

Evolution profiles of anthocyanin derivatives
during aging

Table 3 collects percentage variation of levels of some major
anthocyanin derivatives throughout different stages of a red
wine aging in stainless steel vats and oak barrels. Aging
profiles for Mv-3-(6-p-coum)-glc (Fig. 2a) show big changes
when processes such as vat transfers are made to the wine,
in contrast to quiet periods in barrel or in stainless steel
vat. This is a general behavior in most of the cases and for
most anthocyanin derivatives. However, when interpreting
the results an important fact should be considered: transfer
from barrel (225 L) to steel vat (10,000 L) also involves the
mixture of wine from the studied barrel with wine of other
barrels from the same lot, but perhaps somewhat different
in terms of their phenolic contents. For this reason, changes
after those barrel to steel vat transfers do not necessarily
correspond to the studied wine. In any case, since the wine
belongs to the same lot some probable conclusions could be
attained. For steel vat to barrel transfers, this problem does
not exist. Also the cleaning barrel process, which involves a
transitory wine transfer to a steel vat while barrel is cleaned,
implies some wine mixture. However, the main cause for
these big changes in the levels of anthocyanin derivatives
during transfers is probably due to the great oxygenation of
the wine that those transfer operations cause. They increase
dissolved oxygen in wine and change concentrations of most
derivatives, some being favored and others degraded by oxi-
dative conditions.

When the cleaning of the barrel is performed losses of
66% are experienced for Mv-3-(6-p-coum)-glc. This great
decrease during the cleaning barrel process is also observed
for direct (— 40% to — 65%) and ethylidene-bridged (losses
of 18-66%) condensation derivatives, and for pyranoantho-
cyanin derivatives with vinylphenols (— 46%) and vinyl-
flavanols (— 35%), but not for vitisin B (+ 59%), vitisin A
(+ 75%) or acetoacetic acid derivatives (+ 54%).

The period in barrel after the oak barrel cleaning produces
a slight decrease for direct flavanol-anthocyanin (F-A™)
condensation derivatives (— 2% to — 14%, see Fig. 2b for
Catechin-Mv-3-glc, the major one). A similar behavior is
observed for ethylidene-bridged derivatives (— 35%, see
Fig. 2c for Mv-3-glc-8-ethyl-cat 2, the major one) and
pyranoanthocyanins (from — 8 to — 34%, see Figs. 2d—f for
vitisin B, vitisin A and derivative with vinylphenol, respec-
tively). On the other hand, the second barrel period consti-
tutes a more stable stage with nearly no losses for vitisin A
(+ 0%) and pyranoanthocyanin derivatives with acetoacetic
acid (+ 0%), slight losses for ethylidene-bridged derivatives
(— 6% to — 12%) and for pyranoanthocyanin derivatives with
vinylflavanols (— 8%) or vitisin B (— 16%), and increases for
pyranoanthocyanin derivatives with vinylphenols (+ 2% to
+ 17%) and for direct condensation derivatives (+ 21%).

Periods within stainless steel vat in the case of F-A™*
direct condensation derivatives show two opposite behav-
iors: the first steel period implies a slight decrease (+ 2%
to — 10%), and the second implies an increasing tendency
(+ 27% to + 35%). The cause of the great changes in the
last period within steel vat before bottling is unknown, but
is probably due to mixtures of wines made at winery before
bottling. So, no significant consequences should be consid-
ered from the second steel period (the same applies for all
derivatives).

Comparing the levels between the start of the first barrel
period and the end of the second barrel period, direct F-A™*
condensation derivatives suffered an increase of 6-39%
(— 10% to — 52% from the start of aging, =0 days), whereas
ethylidene-bridged derivatives had losses of 44—46% (— 85
to — 89%, from t=0 days). This shows the more unstable
behavior of indirect condensation derivatives as previously
reported [37, 42-44]. Concerning pyranoanthocyanins, dif-
ferences in the levels between the start of the first and the
end of the second barrel periods are + 9% (+ 38%, from
t=0days), + 9% (+ 21%, from t=0 days), + 14% (- 13%,
from r=0 days), — 34% (— 77%, from t=0 days) and — 41%
(— 29%, from =0 days) for vitisin A, derivatives with ace-
toacetic acid, vinylflavanols, vinylphenol, and vitisin B,
respectively. This order could be regarded as the stability
order of pyranoanthocyanins, being vitisin A and derivatives
with acetoacetic acid more stable than those with vinylfla-
vanols, vinylphenols and vitisin B.

During the period inside the steel vat ethylidene-bridged
derivatives significantly decrease (— 62%, Fig. 2c), in
contrast to direct F-A™ condensation derivatives (+ 2%
to — 10%, Fig. 2b). This shows again the more unstable
behavior above mentioned, also during steel vat periods.
Moreover, the levels of ethylidene-bridged derivatives
throughout the second barrel period are very low, twenty
times lower than those of direct condensation derivatives.
They sligthly decrease (— 6% to — 12%) during this period,
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3-0-(6"-p-coumaroyl)-glucoside, b catechin-malvidin-3-O-glucoside,
¢ malvidin-3-O-glucoside-ethyl-catechin 2, d vitisin B, e vitisin A,
and f pyranoanthocyanin derivative with vinylphenol; during aging in
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whereas the amounts of direct condensation derivatives
suffer a significant increase (+ 6% to + 21%), confirming
instability of ethylidine-bridged derivatives against direct
condensation ones even when aging process is advanced.

Evolution profiles of other anthocyanin derivatives dur-
ing aging are given in Figure ESM2 of Online Resource,
confirming the conclusions previously exposed.

Levels of derivatives with vinylphenol and vinylguaiacol
are much higher than those of derivatives with vinylcat-
echol and vinylsyringol during first years of aging and also
throughout fermentations. This is a consequence of their
quick formation during the first stages of winemaking from
enzymatic decarboxylation of hydroxycinnamic acids, which
is specific for p-coumaric and ferulic acids [6, 46].

Within direct F-A™* condensation derivatives, those con-
taining (epi)catechin were more abundant than those formed
from (epi)gallocatechin. Also, those originated from the
epi-isomers were less abundant throughout aging (and also
during fermentations), as found by Alcalde-Eon et al. [37].
Figure ESM2 of Online Resource shows that the more unsta-
ble behavior of coumaroylated vitisin A against non-acylated
vitisin A during aging [47] is also observed for other classes
of pyranoanthocyanins.

Evolution profiles of tannins during fermentations

In general, extraction of tannins from grape occurs slower
than that of anthocyanins and their contents in must increase
during maceration—alcoholic fermentation: tannins start to
be extracted from day 3 to 4 (Fig. 3), whereas grape antho-
cyanins start to be extracted from day O to 1 and at day 4
have already reached their maximum levels (Fig. 1a).

In the case of flavan-3-ol monomers, concentrations
increase in the first days of maceration and AF, remain-
ing quite stable or even showing a slight increase from
the middle toward the end of AF. During the first part of
MLF, monomers remain quite stable, showing a significant
increase from the middle toward the end of MLF, as shown
in Fig. 3a for catechin, the major monomer. This increase
is not so pronounced for gallocatechin and epigallocatechin
(Fig. ESM3 of Online Resource). After the end of MLF,
monomer levels remain quite stable or even show a slight

increasing tendency. This profile during fermentations is
observed for most tannins within this study, with the only
exception that the significant increase from the middle to
the end of MLF (e.g., procyanidin B2, Fig. 3c) is advanced
in some cases such as procyanidin B1 (Fig. 3b), the major
B dimer, reaching a maximum level at the middle of MLF
and showing also an intense decrease until the end of MLF.

Kinetics of extraction of prodelphinidin B homodimers
and mixed B dimers are similar to those of procyanidin B
homodimers (Fig. ESM3 of Online Resource). Of more
interest is the fact that kinetics of A dimers are also similar
to those of B dimers (Fig. 3d, e). The extraction starts at days
3—4 and shows high increases until day 6-8. This indicates
that A dimers are extracted to must from grape and are not
formed from B dimers by oxidation, at least in those first
days of AF. Thus, A dimers are also present in grape, as
stated by some authors [48].

Major tannins are procyanidin homodimers with B bond
(45% of total tannins after fermentations), followed by mon-
omers (near 25%) and mixed B dimers (more than 10%).
Within dimers with B bond, mixed ones have higher levels
than those of prodelphinidin B homodimers (Fig. ESM3 of
Online Resource). In a similar fashion, mixed dimers with
A bond are more abundant than prodelphinidin homodimers
with A bond (Fig. 3e, d). Interestingly, mixed B dimers
with (epi)gallocatechin as upper unit show a more unstable
behavior than those with (epi)catechin as upper unit during
MLF (Fig. ESM3 of Online Resource), suggesting a favored
breakage of interflavonoid linkage during MLF when (epi)
gallocatechin is the upper unit. However, this more unstable
behavior during MLF is confirmed for only two of the three
prodelphinidin dimers and this different behavior is also
observed between procyanidins B1 against B2 and procya-
nidins B1 against ((epi)cat), 1 (probably B3). This suggests
that this more unstable behavior during MLF should have a
more complex origin.

In contrast to dimers with B bond, levels of procyanidin
A homodimers are much lower than those of prodelphinidin
homodimers and mixed dimers with A bond (Fig. ESM3 of
Online Resource). This suggests a favored formation of addi-
tional A bond when an (epi)gallocatechin unit is involved.
In fact, within A trimers those with A bond implying one or
two (epi)gallocatechin units are easily detected (Fig. ESM3
of Online Resource) unlike those with A bond between two
units of (epi)catechin (data not shown). Moreover, mixed A
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«Fig. 3 Evolution profiles of the levels of a catechin, b procyanidin
B1, ¢ procyanidin B2, d ((epi)gallocat),A, the major prodelphinidin
homodimer with A bond, e ((epi)cat-(epi)gallocat)A 2, the major
mixed dimer with A bond, f sums of homo and heterodimers A and
B, g ((epi)cat), 1, a procyanidin homodimer B, and h (epi)gallocat-
(epi)cat 2, a prodelphinidin heterodimer B; during fermentations of
an industrial scale Rioja red wine winemaking process (concentration
values are given as equivalent concentrations in mg/L of catechin)

dimers with (epi)gallocatechin as the lower unit are more
easily detected when compared to those with (epi)gallocat-
echin as upper unit (data not shown).

In contrast to ethylidene-bridged tannins, vinyl-tannins
were present at very high levels (Fig. ESM3 of Online
Resource), suggesting that depolymerization of the former
to produce the last is favored throughout fermentations for
the studied tempranillo wine.

As previously referred [38, 49], skin tannins have larger
proportion of (epi)gallocatechin units than seed tannins.
Thus, extraction of tannins from the skin exceeds that from
the seed during the early stages of maceration/AF, while
extraction of seed tannins predominates in the later stages
of maceration. So, as maceration advances the ratio of the
levels of tannins with (epi)gallocatechin units to those with
(epi)catechin units should decrease, as shown in Fig. 3f
for sums of homo and heterodimers A and B. The same
decreasing tendency is also observed for sums of mono-
mers (excluding galloylated units) and sums of monomers,
dimers and trimers (Fig. ESM3 of Online Resource). As
stated [38, 50, 51], skin tannins, mainly extracted in the firsts
maceration stages, appear to follow a Boltzmann sigmoid
extraction model reaching a plateau, while extraction of seed
tannins, predominating in the latter stages when hydration
of seeds is complete and ethanol content is higher, follows a
linear model. These two stages can be seen for most of the
analyzed tannins, as shown in Fig. 3g, h for a procyanidin
homodimer B and a prodelphinidin heterodimer B. However,

lower extraction rates were observed in this industrial fer-
mentation for other tannins in the latter stages, maintaining
nearly plateau behaviors (Fig. ESM3 of Online Resource),
and indicating little seed tannin extraction.

Evolution profiles of tannins during aging

Tannins suffer a general continuous decrease throughout
aging (Fig. ESM4 of Online Resource and Table 4). How-
ever, some major contribution of mixed trimers with A bond
can be observed as aging process advances, which is also
produced for mixed dimers with B bond. Both facts seem
to point out an increasing relevance of more oxygenated
tannins as aging advances. Moreover, although the level of
furfuryl bridged tannins during fermentations is very low,
some higher levels were found for the studied wine during
aging due to oak contact. However, a much higher content of
furfuryl bridged tannins has been found in other aged Rioja
wines (data not shown).

Conclusions

Fermentations are essential stages in the formation of antho-
cyanin derivatives. In contrast, aging causes a continuous
degradation for nearly all classes of anthocyanin derivatives
and tannins, with more stable behavior for some of them,
such as non-acylated pyranoanthocyanin derivatives with
pyruvic acid (vitisin A), vinylflavanols and vinylphenols and
non-epi-isomers of direct F-A* condensation derivatives.
Thus, establishing with confidence which enological condi-
tions during fermentation favors each type of derivative is
an important goal for future research.
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