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Reactions of seed and skin proanthocyanidins in the presence or absence of (—)-epicatechin were
followed in winelike solutions over 53 days at 30 °C. Proanthocyanidins were separated from flavanol
monomers by sequential elution from a Sep Pak cartridge, and changes in proanthocyanidin
composition were monitored by thiolysis analysis of the proanthocyanidin fraction. In solutions
containing no free (—)-epicatechin, trace amounts of monomers were released and important losses
of proanthocyanidins were measured, but their average composition and mean degree of polymer-
ization (mDP) were hardly modified. In the presence of (—)-epicatechin, the mDP value decreased
and oligomeric proanthocyanidins accumulated throughout the incubation while losses of total units
were dramatically reduced. Our data indicate that interflavanic bond cleavage of proanthocyanidins
occurred under mild acidic conditions such as encountered in wine and that the resulting carbocation
proceeded to unknown species. The latter reaction did not take place in the presence of
(—)-epicatechin. Epicatechin added to the intermediate carbocation, thus being incorporated as the
end unit of a shorter proanthocyanidin chain. The results of this study are discussed in relation to the
loss of astringency reported during wine aging.
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INTRODUCTION and to decrease beyond this value, as the polymers become

Phenolic compounds are responsible for essential organolepticInSOIUbIe (8).However, the latter assumption has to be ruled

features of red wine. Thus, the color and astringency of young °Ut @ Nigher molecular weight proanthocyanidingQ flavanol

red wines are, respectively, due to anthocyanin pigments (underunits) were soluble in wine and were selectively precipitated

their red flavylium form) and to proanthocyanidins (condensed ©Ut Py addition of fining proteins to win@{-10). This indicates
tannins), extracted from grape during the maceration phase. Boththat they interact readily with proteins, thus suggesting that they
types of compounds are rather unstable species that undergg'® Particularly astringent. Moreover, analysis of red wine
various types of chemical reactions, resulting in color and taste Phenolics by liquid chromatographynass spectrometry (L€
changes, as the wine agek—@3). In particular, the loss of ~MS) showed that a major part of tannin—anthocyanin adducts
astringency occurring during wine storage is usually ascribed in Wine were actually oligomeric rather than polymeric species
to polymerization of proanthocyanidins or to the formation of (11).In particular, dimeric flavanol—anthocyanin adducts (T—
higher molecular weight proanthocyanidianthocyanin ad- ~ A™) were detected in a two year old Cabernet Sauvignon wine
ducts. The mechanism of astringency perception is still poorly by LC—MS and the position of the anthocyanin as the terminal
understood but is believed to involve interactions of astringent unit was confirmed by thiolysisi(). Such compounds presum-
substances with salivary proteind)( eventually leading to  ably arise from the addition of an anthocyanin onto a carbocation
precipitation, reduced saliva viscosity, and hence increasedresulting from cleavage of a proanthocyanidin interflavanic
friction (5—7). Astringency of proanthocyanidins has been linkage. Their occurrence in wine suggests that the acid-
reported to increase with chain length, up to the decamer level, catalyzed C-€ bond-breaking characteristic of proanthocyanidin
chemistry takes place during wine aging, in agreement with

*To whom correspondence should be addressed. Tel.: 33 4 99612298.€arlier findings (12)Reduction rather than an increase of the
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can be replaced with another flavanol unit, as shown earlier in _Fractionation of Monomgric and Polymeric Proanthocyanidins.
other nucleophilic addition processek3(14). In white wine, Aliquots (0.5 mL) of the different samples were taken from each of
reactions of flavanol monomers with proanthocyanidin polymers the six tubes after 0, 21, 32, and 53 days of incubation and loaded
have been reported to yield dimeric proanthocyanidins whereasOnto precpndltloned Sep_Pak tC18 cartrldges (Environmental model,
incubation of polymers alone led to precipitatioh?]. The Waters,Milford, MA). _Elut|on was started with 5 mL of water. After

rpose of our work was to confirm the postulated € bond- the samples were dr_led under a dtream, flavanol monomers were
purpo: . . L eluted with 5 mL of diethyl ether and proanthocyanidin oligomers and
breaking and €C bond-making process in winelike model

" . - . polymers were recovered from the cartridge by eluting with 5 mL of
systems and to monitor changes in proanthocyanidin chain methanol.

length that may be responsible for red wine deastringency. Monitoring of Acid-Catalyzed Cleavage of Polymeric Proantho-
cyanidins. Changes in proanthocyanidins composition were monitored
MATERIALS AND METHODS by analysis of the diethyl ether and methanol fractions recovered from

the Sep Pak cartridge. The former fraction was taken to dryness,

Chemicals and Thiolysis StandardsAll organic solvents were  dissolved in methanol, and analyzed directly by HPLC whereas the
high-performance |iquid Chromatography (HPLC) grade (Mer(;kl Darm- latter was submitted to HPLC anaIyS|s before and after thl0|ySIS.

stadt, Germany)-)-Catechin and-¢)-epicatechin were purchased from Direct HPLC analyses were performed using a Waters Millenium
Sigma (St. Louis, MO), and phenylmethanethiol was purchased from HPLC—DAD system (Milford, MA) as described by Souquet et al.
Fluka (Buchs, Switzerland). Other standards such-gsepicatechin- (16). The column consisted of a reversed-phase Lichrospher 100-RP
3-gallate, £)-epigallocatechin, and the benzylthioether derivatives of 18 (Merck, Darmstadt, Germany) (250 mm4 mm i.d.) protected
(+)-catechin, (—)-epicatechin,—)-epicatechin-3-gallate, and—}- with a guard column of the same material and was equilibrated at 1
epigallocatechin were isolated as described previously (15). mL/min in a mixture of solvent A (water/formic acid 95:5 v/v) and

Preparation of Grape Polymeric Proanthocyanidins.Seeds and solv_ent B (acetonitrile/watgr/formic acid'80:1f5:5 VIVIV) i_n a 97_/3 ratic_).
skins fromVitis vinifera cv. Shiraz harvested at the INRA experimental  Elution was performed using the following binary gradient: isocratic
station of Pech-Rouge were manually separated. After the grapes werd©" 7 min with 3% B, from 3 to 40% B in 33 min, and from 40 to 50%
peeled, the skins were immediately frozen in liquid nitrogen. The seeds B 1N > min. After it was washed with 90% of B, the column was
and skins were ground under liquid nitrogen using a Dangoumau reequilibrated in the star_tlng mobile phase. The el_utlon was monitored
blender (Prolabo, France). The resulting powders were then extracted® & Waters 996 photodiode array detector and Millenium 32 software.
with acetone/water (60:40, v/v). The supernatants recovered after  EI€ctrospray ionization (ES)—MS analyses were performed on a
centrifugation were concentrated under vacuum at@@o give the Sciex API 1 plus (Sciex, Thornhill, Ontario, Canada) simple quadrupole
seed and skin crude extracts. Lipophilic compounds were removed from Mass spectrometer operated in negative-ion mode with a needle potential

seed extract by hexane liquid/liquid extraction. Both total proantho- ©f —4 kV and an orifice potential 060 V. Proanthocyanidin fractions
cyanidin extracts were freeze-dried. were analyzed either by direct infusion or by LC/E®S as described

by Souquet et al. (16).

Proanthocyanidins in methanolic solution containing 1% formic acid
were submitted to direct infusion with a constant flow rate oful®
min under the following conditions: spectra were obtained between
m/z500 and 2400 with a step size of 0.2 amu and a dwell time of 1

Each extract was separately fractionated on Toyopearl TSK HW-
50(F) gel from Tosoh Corp. (Tokyo, Japan) packed in a semipreparative
scale column (200 mnx 25 mm), using the chromatographic conditions
previously described (15Monomers and oligomers were eluted with
5 bed volumes of ethanol/water (55:45, v/v) containing 0.05% trifluo-
roacetic acid. The polymeric proanthocyanidins were desorbed from
the column using 3 bed volumes of acetone/water (60:40, v/v). Seed
and skin polymeric fractions were concentrated under vacuum.

Thiolysis. Fractions to be analyzed were dissolved in methanol

LC/ESI-MS analyses were performed under the following condi-
tions: the masses were scanned betwe&?80 and 1200 in steps of
0.3 amu and with a dwell time of 0.9 ms. Chromatographic separation
' was performed on a C18 Nucleosil column (250 mn2 mm, 3um,

mixed with an equal volume of thiolytic reagent (5% solution of \;4-herey-Nagel, Hoerdt, Germany) protected by a guard column filled
phenylmethanethiol in methanol containing 0.2 M HCI), and heated i, the same material. Elution was monitored at 280 nm on a 785A

for 2 min at 90°C. The released units were analyzed by HPLC under |;y; qetector. A binary gradient was carried out at 280min with

the conditions previously describetH]. Quantification of each terminal g4 ent A (water/formic acid 98:2 viv) and solvent B (acetonitrile/water/

and extension unit was based on peak areas at 280 nm and calibratiof,mic acid 80:18:2 viviv). The elution patterns were as follows:

with external standards purified in our laboratory (15). isocratic for 10 min with 10% B, 10 to 15% B in 11 min, and from 15
The mean degree of polymerization (mDP), galloylation rate, and to 40% in 25 min. After it was washed, the column was reequilibrated

percentage of epigallocatechin units were calculated as the molar ratiojn the starting mobile phase. The eluant was split between the mass
of total units to terminal units, molar ratio of galloylated units to total getector and the UV detector in a 1/3 ratio.

units, and molar ratio of epigallocatechin units to total units, respec-
tively. RESULTS AND DISCUSSION

Preparation of the Reaction Media.The winelike model solution ) o )
consisted of ethanol/water (12:88 v/v), adjusted to pH 3.2 by adding  Preparation and Characterization of Grape Polymeric
concentrated formic acid, and containing 0.5 g/L.$@s to prevent Proanthocyanidins. Proanthocyanidin fractions devoid of mon-
oxidation reactions. omeric phenols were obtained from grape seed and skin extracts

Four solutions were prepared by dissolving, respectively, seed by means of low-pressure chromatography on Toyopearl TSK
proanthocyanidins (so as to obtain a final concentration of 3.7-mM  HW-50(F).
0.4 of constitutive units), seed proanthocyanidins (3.7 taid.4) plus Thiolysis of the seed proanthocyanidin fraction released (
(-)-epicatechin (6.1 mMt 0.3), skin proanthocyanidins (2.8 m catechin, (—)-epicatechin, (—)-epicatechin-3-gallate, and the
0.1), and skin proanthocyanidins (2.7 m#0.1) plus ¢-)-epicatechin corresponding benzylthioethers, a result in accordance with
(2.5 mM £ 0.1) in the winelike solution. Proanthocyanidin concentra- -, o in s studies on seed tanniag¢19).A mDP (molar ratio
tions, determined by thiolysis, are expressed in millimolar of constitutive f total units t d units) of 9.5 0.3 and lloviati ¢
units. The ratio of {)-epicatechin to upper proanthocyanidin units ot tota ur!l S to end units) o o - an .a galloylation rate

¢ (molar ratio of galloylated units to total units) of 21490.25%

equalled roughly one in the case of skin proanthocyanidins whereas i . . | .
was about two in the case of seed proanthocyanidins. were calculated for this polymeric fraction. These values are in

The four solutions were prepared in triplicate and maintained at 30 the range of already published data concerning seed proantho-
°C throughout the incubation in sealed tubes. Two additional sets of Cyanidin features (17—19).
seed procyanidin control solutions were prepared as described above Thiolysis of the skin proanthocyanidin extract released the
except that Ng&,0s was omitted in one of them. benzylthioether derivative of (—)-epigallocatechin in addition
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to the above-listed units. This observation is in agreement with 457
the fact that skin proanthocyanidins are composed of both
procyanidin and prodelphinidin units (180). The polymeric ‘
fraction of skin proanthocyanidins was characterized by a mDP 35°
of 36 £ 1.0, a molar galloylation rate of 5% 0.17%, and a

percentage of epigallocatechin units of 25:®.15%, which is = 30 1
in accordance with previous results (18). g 25|
The concentrations of proanthocyanidin units determined by 20 }

thiolysis of the seed and skin extracts representee-691%

and 57+ 0.4%, respectively, of the weighed material. These 157
thiolysis vyields are similar to those obtained for isolated
compounds (around 70%21), indicating that both fractions ;
were reasonably pure. 5

Direct HPLC-DAD analysis of both extracts confirmed the 0" : : .
absence of flavanol monomers. Furthermore, this analysis 0 21 32 53
revealed that the skin proanthocyanidin extract contained less Days

than 0.5% of anthocyanins (expressed as malvidin-3-O-glucoside _
equivalents). _. seed proanthocyanidins

Changes in Proanthocyanidin Composition in the Presence
or Absence of EpicatechinWinelike model solutions of skin
and seed proanthocyanidins containing)4picatechin were
prepared so that the ratio of flavanol monomer to the extension
subunits was, respectively, equimolar and 2-fold equimolar.
Proanthocyanidin solutions, without addition of monomeric
species, were used as control solutions. Separation of monomeridigure 1. Changes in the mDP of seed and skin proanthocyanidins in
and polymeric species was a prerequisite to study changes inwinelike solutions in the presence or absence of (—)-epicatechin over the
proanthocyanidin composition under both conditions. Conse- reaction time. Error bars represent + standard deviation around the mean
quently, a quick separation method was adapted from that of three replicates.
described by Sun et ak?). The ability of this method to resolve
monomeric and polymeric forms of proanthocyanidins by In both control solutions, after 53 days of incubation,
sequential elution with diethyl ether and methanol was checked approximately 50% loss of proanthocyanidin units was observed.
by HPLC-DAD analysis of the eluted fractions obtained from The observed losses are unlikely to be due to oxidative reactions,
freshly prepared solutions of proanthocyanidins anré)- ( which should have been prevented by the presence £8,0a
epicatechin. in the solutions. However, the ESMS spectra obtained by
Thiolysis of the diethyl ether fraction yielded some catechin, diréctinjection showed, together with the masses corresponding
due to epimerization of{)-epicatechin, but no benzylthioether 10 oligomeric proanthocyanidins, the presence of species dif-
derivatives, confirming that this fraction contained no proan- fering from proanthocyanidins by an excess of 80 or 40 amu,
thocyanidins. None of the monomers could be distinguished on 'eSpectively, corresponding to mono and doubly charged

the HPLG-DAD profile of the methanol fraction, meaning that  Sulfitt—proanthocyanidin adducts. The formation of these
they were mostly recovered in the diethyl ether fraction. adducts is probably through the interflavanic bond cleavage

. . . followed by a nucleophilic addition of S8 on the resulting
Th.e Sep Pak fractionation method was thus appll_ed t_o all carbocation as described by Foo and co-workedy.(Thus,
solutions to separate free flavanol monomers, eluted with diethyl

other. from proanthocvanidins. which were recovered with these adducts also represent diagnostic molecules of the
' P y ’ . - - interflavanic bond-breaking process. To evaluate the importance
methanol. No monomer was detected in the diethyl fraction from

X T o . . of those adducts in the losses observed, another series of control
the control solut|on§ gt initial time, confirming their absence in solutions without Ng&,0s were prepared and analyzed over
both proanthocyanidin extracts. the course of the time. The losses observed in this series were

Changes in the mDP of the proanthocyanidins present in eachthe same as in control solutions containingS®s. Further-
solution are presented ffigure 1. more, analysis of the HPLC chromatograms obtained after
In the control solution containing seed proanthocyanidins, a thiolysis of the solutions containing sulfite adducts did not reveal
slight decrease of the mDP (from 9 to 8 after a 53 day reaction) the presence of any additional peaks, suggesting that they did
was observed. Low amounts of free monomers were detectednot resist thiolysis under our experimental conditions.
in the diethyl ether fractions obtained from this solution after =~ Consequently, the observed losses are more likely to result
incubation, suggesting that some cleavage of interflavari€C  from conversion of products of interflavanic bond cleavage to
bonds had taken place. A larger decrease of mDP (from DP 36 poorly defined species, usually referred to as phlobaph@%es
to 25 after a 53 day reaction) was observed in the case of skin26) since our experimental conditions (i.e., aqueous media, low
proanthocyanidins. No monomers were detected in the solutions,temperature, and protection from oxidation) are known to
probably due to the much lower concentration of end units in facilitate these reactions (25).
these polymers. In the solutions containirg{epicatechin, the As the same general trends are observed for seed and skin
mDP values decreased to approximately 4, irrespective of proanthocyanidins solutions, changes in the concentrations of
proanthocyanidin origin. This may arise from cleavage of the free monomers, extension units, and end units are illustrated
interflavanic bonds followed by nucleophilic addition of ) only for the grape skin proanthocyanidin solutions (Figure 2).
epicatechin to the resulting carbocations as proposed eddier ( In the control solutions, the concentration of terminal subunits
23). remained constant throughout the incubation whereas that of

[ sced proanthocyanidins + epicatechin
i skin proanthocyanidins

% skin proanthocyanidins + epicatechin
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Figure 2. Changes in free flavanol monomers (2), proanthocyanidin end Figure 3. Comparison of the UV chromatograms (280 nm) of the methanol
units (@), and proanthocyanidin extension and upper units (M) in winelike fractions obtained from control seed proanthocyanidin solutions (bold trace)
solutions containing skin proanthocyanidins. (A) Control solutions; (B) and solutions containing seed proanthocyanidin and (-)-epicatechin, after
solutions containing (-)-epicatechin. Error bars represent + standard 53 days of incubation. B2 stands for (epicatechin (43-8) epicatechin),
deviation around the mean of three repetitions. B2-3-gallate stands for (epicatechin 3-gallate (43-8) epicatechin), B4 stands

for (catechin (453-8) epicatechin), B2-3'-O-gallate stands for (epicatechin
extension units dropped. Preferential involvement of the latter (443-8) epicatechin 3-gallate), C1 stands for (epicatechin (45-8) epicatechin
in the observed proanthocyanidin losses is in agreement with (48-8) epicatechin), and ‘“trimer 13" stands for (epicatechin (43-6)
the postulated phlobaphene formation process. epicatechin (4/3-8) epicatechin).

In solutions containing £)-epicatechin, the total flavanol
content decreased only slightly (less than 10% loss) over the(4ﬂ-8) epicatechin 3-gallate), which is one of the main grape
time course of the reaction. The concentration of extension units seed procyanidins26), was present in equivalent amounts in
remained almost stable, indicating that trapping of the carboca-both types of solutions. Concerning trimers, C1, (epicatechin
tion intermediates by the available flavanol monomer prevented (45-8) epicatechin (4-8) epicatechin), appeared to be the
them from proceeding to sulfite adducts or degradation products.dominant molecule. Another trimer eluting at around Wés
Formation of phlobaphenes has been reported to be similarlytentatively identified on the basis of its retention time, as
prevented via the addition of other nucleophiles such as epicatechin (8-6) epicatechin (4-8) epicatechin referred to as
phloroglucinol (27) or sulfhydryl groups of proteins (26). “trimer 13” in earlier studies (28).

Sulfite—proanthocyanidin adducts were present only in trace

amounts in epicatechin-containing solutions, indicating that ( DISCUSSION

epicatechin reacted preferentially with the formed carbocations.

The amount of free £)-epicatechin declined throughout the The above results clearly demonstrate that under mild acidic
incubation (from 6.1+ 0.3 to 4.39+ 0.4 and from 2.8+ 0.1 conditions such as encountered in wine, proanthocyanidins
to 1.85 4 0.03, respectively, in the seed and in the skin undergo spontaneous cleavage of their interflavanic bonds
proanthocyanidin solutions), but this was compensated by an(Figure 4; 1), in agreement with earlier finding4Z, 23). The
equivalent increase in the concentration of end units, confirming resulting carbocations are subjected to nucleophilic addition of
that (—)-epicatechin was gradually incorporated in proantho- another flavanol moleculd={gure 4; 2a,b) or proceed to poorly
cyanidins as the terminal unit. Although only free-)¢ defined molecules, often referred to as phlobaphenes in the
epicatechin was initally present, the concentration of catechin literature (Figure 4;3). Evidence of the addition of flavanol
end units also increased, peaking at 0.34 and 0.18 mM, monomers onto the intermediate carbocatiigyre 4; 2b) is
respectively, for seed and skin polymers after 53 days of brought by the decline of free monomers and concomitant
reaction. The total increase of terminal subunits concentration increase of terminal units in solutions containing free (—)-
was due~75% to ()-epicatechin and for the remaining 25% epicatechin. This process results in a reduction of the average
to catechin. This proportion corresponds to the rate of epimer- proanthocyanidin chain length and ultimately in the accumula-
ization of (~)-epicatechin to catechin measured under our tion of oligomeric proanthocyanidins. The rate of the-C
thiolysis conditions, so that it can be reasonably assumed thatbond-breaking process is primarily determined by @8, ¢6).

the increase of terminal units arises from the added- (  The kinetics of subsequent reactions are expected to depend on
epicatechin. the ratio of polymers to monomeric species.

Identification of the Main Species Formed.Further analysis Besides, it is now well-established that anthocyanins, under
of the oligomeric proanthocyanidins formed under the conditions their hemiketal form which is prominent at wine pH, can act as
described above was carried out by LC—ESI—-MS. The com- nucleophiles and compete with flavanols in various reactions
parison of UV chromatograms (Figure 3) of the methanol (14,29), such as addition to-quinones (30) and acetaldehyde-
fractions obtained from both control and-)-epicatechin- induced condensation proces$g3 31). A mechanism involv-
containing solutions permitted us to screen the main speciesing nucleophilic addition of anthocyanins to the carbocations
formed under the reaction conditions. On the basis of their released by proanthocyanidin-€ bond cleavage can similarly
retention time and on the mass signals, the main dimeric andbe postulated to explain the formation of the lower molecular
trimeric forms were identified. B2 (epicatechin3®) epicat- weight T—A" pigments recently shown to occur in winkl).
echin) and B2-3-gallate (epicatechin 3-gallat$-@) epicat- In the absence of flavanol monomers and anthocyanins,
echin) were identified as the major dimers formed in the solution important losses of proanthocyanidins were measured. These
containing grape seed procyanidins ang-épicatechin after involve mostly upper and extension units, suggesting that the
53 days of incubation. B4 (cateching<B) epicatechin) was = C—C bond cleavage took place but some of the intermediate
also formed but to a lower extent. B2-Q®-gallate (epicatechin  carbocations released proceeded to unknown phlobaphene
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tannin (carbocation) : DPn
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Figure 4. Scheme of the different routes of evolution of the proanthocyanidins in the presence or absence of free flavanol monomers.

molecules, in agreement with earlier findin@§). No increase selves. Selective precipitation of higher molecular weight
of the mean DP was observed. However, the possibility that proanthocyanidins in the presence of proteins has been dem-
the original proanthocyanidins have proceeded to both higher onstrated$—210). A mechanism involving nucleophilic addition
and lower molecular weight species cannot be ruled out. In fact, of proteins to the intermediate carbocation has also been related
it is likely that all proanthocyanidins present randomly added to the formation of haze and precipitatesy.

to the cleavage reaction products, yielding both higher and lower  Reactions of proanthocyanidins in the absence of monomeric
molecular weight species. Nevertheless, proanthocyanidins Weregpecies are also likely to influence astringency. On one hand,
much less reactive than flavanol monomers in the nucleophilic 55 the resulting products may form insoluble complexes with
addition process since, in solutions containing excess9f ( other wine macromolecules, they probably also interact with
epicatechin, the terminal chain composition of the proantho- sajivary proteins, mediating an increase in overall astringency.
cyanidins gradually changed to be predominanty-gpicat-  on the other hand, their elimination through spontaneous

echin. This may be related to the smaller number of nucleophilic e cipitation may contribute to the astringency decline observed
sites per constitutive unit in the polymers or possibly due to during wine aging.

steric hindrance. . . .
The significance of the three types of reactions (i.e., formation Finally, the_ .C_C bond-breakmg_ and €C bond-making
of lower molecular weight procyanidins, formation of proan- process specific of pr_oanthocyanldm chemistry can be l_Jsed as
thocyanidin—anthocyanin adducts, and conversion to phlobap-a tool tp produce °"99'T‘er.s from polymerg. Preparation of
epolymerlc proanthocyanidins is rather easy using Toyopearl TSK

henes), with respect to astringency changes, remains to b - . ) 2
investigated. Although the relationships between the structure H_V\_/'5O(F) _gel Wh'l_e ohgqmenc_ proanthocyanldlr_ls are more
difficult to isolate, in particular in the case of skin and wine

and the way proanthocyanidins are perceived are only partly h idins. b h | ith oth Voh
understood, the increase of astringency with the chain length Proanthocyanidins, because they coelute with other polyphe-
nolics (such as anthocyanins and flavonols). By using this

of procyanidin oligomers is well-documente®P{-34). Besides, ' . . . e
smaller molecular weight procyanidins have been reported to chemical reaction, oligomeric proanthocyanidins free from other
contaminating phenolics can be obtained from polymeric

contribute more bitterness than larger oligomérkerefore, ‘
conversion of proanthocyanidins to lower molecular weight fractions.
species can be reasonably expected to result in lower astringency
and possibly also in increased bitterness. Conversion of proan-ACKNOWLEDGMENT
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