Must Hyperoxidation: A Review
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When white grape juice is processed without sulfur dioxide, enzymatically induced oxidation occurs and leads
to a precipitation of phenolic compounds as insoluble brown pigments. Wines obtained from oxidized must are
reported to display more resistance against oxidative quality degradation during aging. Hyperoxidation makes
use of deliberate oxidation prior to fermentation in order to improve wines’ shelf-life. Sensory results are
derived basically from the flavonoid removal involved. This review deals with the reactions involved, technical
applications, analytical control, chemical and sensory consequences, and the reasons for conflicting results of

hyperoxidation.
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The very first experiments on must hyperoxidation
were reported in the 1970s [37,38,39]. Traditionally,
careful protection of must against oxidation has been
recommended to avoid browning. Thus, the purpose of
these experiments was to demonstrate that oxidation of
must prior to fermentation was not so detrimental to
white wine quality as expected. In many instances,
however, wines made from oxidized musts were rated
even better than those obtained from non-oxidized or
sulfited musts. Consequently, there was a tendency in
several European countries to reduce or omit the use of
sulfur dioxide during pre-fermentation operations.

The development of mechanical harvesting, associ-
ated with early crushing and longer pomace contact
time, often led to an increase of phenol content and
resulted in bitter, coarse wines. This was when system-
atic studies on hyperoxidation were instigated in order
to precipitate phenols responsible for bitterness, astrin-
gency, and browning during wine aging [22]. The tech-
nique was based on the assumption that oxidation of
must is different from oxidation of wine. When phenols
are eliminated from must by enzymatic oxidation, they
do not affect wine quality when undergoing chemical
oxidation. Must processing with oxygen fastens the
transformation of phenolic precursors to brown, in-
soluble polymers which are easily removed during the
normal clarification process. Thus, although oxidized
musts are very dark, the resulting wines are lighter
and more stable in sensory parameters than those pro-
duced by conventional technology.

Enological interest of flavonoid removal: The
two major classifications of phenolic compounds in
grapes are non-flavonoids and flavonoids. Non-fla-
vonoids are concentrated in the pulp cell vacuoles and
are present in all juices. The flavonoid phenols reside in
the firmer tissues of the skin, seeds, and stems. White
wines are usually made from juices pressed from the
skins quickly and, therefore, contain relatively low lev-
els of total phenols, almost all of which are non-fla-
vonoids in nature. The extent to which the total phenols
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are increased is largely related to the additional extrac-
tion of flavonoids from the firmer tissues. Grinding and
shredding of these tissues by severe mechanical treat-
ments and pomace contact time make flavonoids much
more available to the must. Flavonoid extraction is
further enhanced by temperature and sulfur dioxide
[7,11,59,73,74,75].

The phenolic regime of juices is related to sulfur
dioxide management. When enzymatic activity is in-
hibited by SO,, phenols are protected against oxidation
and stabilized in solution. When white grape musts are
left on their own, phenols undergo oxidative browning
and precipitate. Winemaking practices without SO, are
already fairly aerative. Passive oxidation is only lim-
ited by natural oxygen uptake. It makes the transition
from SO,-protected juice processing to deliberate oxida-
tion.

Hyperoxidation reduces the amounts of all phenolic
compounds investigated [7,8,9,10,11,51], but sensory
results are derived mainly from the removal of fla-
vonoid phenols. Flavonoids have been proven to be
primarily responsible for the development of bitter-
ness, astringency, browning, and aroma alterations
during oxidative aging of white table wines [25,46,
54,59,60,63,70,71]. They reduce shelf-life and typical
cultivar aroma. The non-flavonoid phenol fraction is
unable to generate this kind of deterioration. It does
not contribute to bitterness at concentrations found in
wine [79]. White wines produced in such a way as to
contain no significant amounts of flavonoids resist
browning in absence of SO, when exposed to air. By
introducing flavonoid phenols in such wines, oxidative
aging is induced.

When high amounts of suspended yeast maintain
reducing conditions in young white wines after fermen-
tation, flavonoids are hardly perceptible by mouth. Oxi-
dative alterations occur markedly after bottling when
oxygen diffuses through the cork into the bottle. Under
these conditions, the larger part of absorbed oxygen
reacts with phenols and a minor part with SO, [19].
Increasing free SO, from 30 to 60 mg/L has no signifi-
cant influence on the percentage of oxygen consumed
by phenols [59,60]. From the absorption curves in the
UV- and visible range it could be deduced that only free
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SO, concentrations of more than approximately 500
mg/L were able to completely inhibit phenol oxidation
when oxygen was absorbed [58]. In bottles closed with
screw-caps, white wines containing even high amounts
of flavonoids withstand development of bitterness and
astringency.

Flavonoids undergo regenerative polymerization
when oxygen is consumed [72], and their flavor thresh-
olds are lowered as polymerization progresses [1,14,
26,29,30,31,55]. That is why flavonoids can hardly be
detected by sensorial means in young white wine, but
turn out to develop flavor after a certain aging period.
Thus, hyperoxidation must be seen as a technique to
remove flavonoid phenols using the natural enzymatic
equipment of grape and to contribute to sensory stabil-
ity of white wine. It acts contrarily to seed enhance-
ment techniques {81].

Reactions involved: The oxidation of must is an
enzymically induced reaction. The enzymes involved
are the natural tyrosinase of grapes and, for grapes
infected with molds, laccase. Both kinds of
polyphenoloxidase (PPO) catalyze the oxidation of
phenols to the quinones. Laccase has a broader spec-
trum of possible substrates than tyrosinase [15,16].
Further reactions leading to brown pigments are non-
enzymic.

The most abundant phenolic compounds in white
grapes are hydroxycinnamic acids; their major derivate
is caftaric acid. Furthermore, must contains variable
amounts of the tripeptide glutathione which is involved
in the post-enzymic reactions.

Tyrosinase has a high activity with caftaric acid. In
the first stage of oxidation, it is converted to caftaric
acid quinone. This primary oxidation product is, owing
to its high concentration and reactivity, at the origin of
three further nonenzymic reactions [8,9,11,32,52,
53,76].

(a) It combines with glutathione to a colorless com-
pound initially called Grape Reaction Product (GRP)
and identified as 2-S-glutathionyl caftaric acid.

(b) After glutathione depletion, the excess caftaric
acid quinone can oxidize other must constituents, in-
cluding GRP and flavanols, and be simultaneously re-
duced back to caftaric acid. The partial regeneration of
caftaric acid enables its re-oxidation by PPO and fur-
ther oxygen consumption.

(¢) It polymerizes with its own precursor, caftaric
acid, regenerating the original phenol form able to be
re-oxidized.

All three reactions are interdependent. Particu-
larly, trapping of caftaric acid quinone by glutathione
(a) or reduction with sulfite limits the other reactions.
Oxygen consumption capacity of musts is highly vari-
able and depends on the initial hydroxycinnamic acids
content, whereas the oxidation kinetics are more corre-
lated to the hydroxycinnamic acids to glutathione mo-
lar ratio. This ratio is typical for the grape variety.
Three groups of varieties have been distinguished.

Each group is characterized by the hydroxycinnamic
acids to glutathione ratio, oxygen consumption capacity
and browning capacity [52]. On the other hand, it was
reported for 20 cultivars and two years that an average
level of 50 mg/L of oxygen was absorbed under identical
conditions; 95% of the values ranged from 30 to 65 mg/L
oxygen {13].

When flavanols are oxidized by caftaric acid
quinone (b), the respective quinones polymerize rapidly
and precipitate as brown pigments. The polymerization
reaction is essentially the same as in wine. The main
difference between enzymically induced polymeriza-
tion in must and nonenzymic browning in wine lies in
the faster rate of quinone production by the former.
Furthermore, while the pigments are more or less
soluble in an alcoholic medium, they are insoluble in
must.

Oxygen supply required for flavonoid pre-
cipitation: Oxygen consumption by the PPO system in
must is referred to be generally very fast in absence of
sulfur dioxide, ranging from 30 to 200 mg/L/hr
[4,15,16,27,42,47,48]. On the other hand, there are re-
ports emphasizing that the uptake rate may be as low
as 4 mg/L/hr at ambient temperature though oxygen
supply was not limited [20,63]. Variable hydroxycin-
namic acids contents may account for so different up-
take kinetics, but also partial depletion of the phenolic
substrates by accidental oxygen uptake before starting
the measurements. Important oxidation occurs inside
the presses, depending on the kind of press and press-
ing management. Oxygen uptake during pressing of
whole clusters was estimated at 10 to 15 mg/L [10].
Further consumption by previous crushing is difficult
to estimate. When laccase is present, the uptake rate
does not change significantly, but total oxygen uptake
increases. Adding SO, inhibits tyrosinase activity, and
oxygen consumption is reduced drastically [15].

Uptake rate is higher at the beginning and de-
creases when the phenolic substrate depletes (Fig. 1).
After rapid processing of must by moderate mechanical
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Fig. 1. Oxygen consumption rate of musts from 20 cultivars over two
years [13].

Am. J. Enol. Vitic., Vol. 49, No. 1, 1998



treatment and soft pressing, the substrate may be ex-
hausted as juice leaves the press. Since flavonoids are
located in grape solids, pomace contact and mechanical
treatments like pumping, stirring, and severe pressing
[46,59] enhance their extraction, thus increasing the
phenolic substrate and the oxygen consumption capac-
ity of the juice. For practical reasons, it is important to
know how much oxygen a juice needs to complete fla-
vonoid precipitation after leaving the press and how
much time it requires when oxygen is not limited.

Monitoring oxygen demand of musts from 20 grape
varieties in a manometric device at atmospheric pres-
sure for 180 minutes, showed that half of the oxygen is
consumed during the first hour of contact. Catechin
removal was 83% to 99% after two hours [13]. Correlat-
ing oxygen supply with the decrease of total phenolics
measured by the Folin-Ciocalteu procedure, a satura-
tion level where no further precipitation of phenols
occurs was met after 15 minutes for most of the culti-
vars tested [27].

Based on flavonoid evaluations by the HCl-metha-
nal/Folin-Ciocalteu method [28], it was shown that
with a continuous oxygen supply for two hours under
industrial conditions, flavonoids may be precipitated
completely or partially. When the precipitation is in-
complete, the residual flavonoid content is low enough
to be absorbed by yeast during fermentation. Maximum
flavonoid precipitation took 30 to 60 minutes. Reduc-
tion of total phenolics as assayed by the Folin-Ciocalteu
procedure was consistent with flavonoid removal [63].

Monitoring oxygen consumption of industrially
pressed musts in a manometric device for 2.25 to 13.5
hours, flavonoid precipitation appeared to depend more
on other must specific kinetics than on the amount of
oxygen consumed. Flavonoids precipitated by 1 mg/L
oxygen consumed ranged from 0 to 8.6 mg/L (as cat-
echin). Low initial flavonoid contents were not affected
by precipitation. Incomplete flavonoid precipitation
was not due to decreasing oxygen consumption rate.
Under the same conditions, oxygen consumed initially
produced the most drastic flavonoid precipitation (Fig.
2). As consumption continues, the precipitation rate,
expressed as mg/L flavonoids to mg/Li oxygen, de-
creases. In order to precipitate must flavonoid contents
lower than 100 mg/L (as catechin), one saturation con-
centration (9 mg/L) of oxygen may be sufficient. Higher
contents as they may be obtained by pomace contact
require an oxy consumption of about 30 mg/L, corre-
sponding to approximately three saturation concentra-
tions [63]. There is some evidence that an excessive
oxygen supply may be highly detrimental to wine qual-
ity [4].

The amounts referred to are within the range of
natural oxygen uptake possible during processing of
non-sulfited musts. Additional oxygen supply is a
means to reestablish the flavonoid-oxygen balance
when flavonoid content is too high to be removed by
naturally available oxygen. This means the commonly
used term “hyperoxidation” is not adequate to describe
what really occurs. The oxygen amount that must
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Fig. 2. Decrease in flavonoid phenols during oxygen consumption of five
grape musts [63].

needs for phenol stabilization may be considered as
enzymic oxygen demand and the technique to meet it
as oxygenation.

Technical application: Hyperoxidation may be
performed by various technical means:

(a) Must is pumped from one tank to another or
from the press to a tank, and oxygen is added during
the transfer by means of a diffuser introduced in the
transfer pipe. The oxygen flow rate has to be adjusted
to the must flow rate, for example, 100 g/hr oxygen
have to be added at a flow rate of 10 000 L/hr in order to
dissolve 10 mg/L oxygen in must. The diffuser can be
designed as a carbonating apparatus.

(b) Must is circulated through the full tank, leaving
at the bottom and entering at the top, while oxygen is
added by a diffuser introduced in the circulation pipe.
At constant flow rates for oxygen and must, oxygen
supply is controlled by varying the circulation duration.

(c¢) A diffuser connected directly to the gas hose is
submerged in a tank while stirring the must. Gas sup-
ply may be controlled and adapted to the batch volume.
Working on small volumes, gas uptake is somewhat
difficult to control. However, after charging the must
with gas during some minutes in a way to produce a
visible degassing at the surface, it is saturated with
oxygen (9 mg/L O, at 15°C) or slightly supersaturated.
Excessive oxygen is not dissolved and escapes without
any further effects. If one oxygen saturation is consid-
ered not sufficient, the process can be repeated half an
hour or so later when dissolved oxygen has been used
up in the oxidation [62].

(d) Pumping into top-filled tanks is not effective to
supply more than 3 to 4 mg/L oxygen to must.

(e) If flotation is used for must clarification, oxygen
or air may be used instead of nitrogen. As the liquid is
pressured by the gas, oxygen uptake is several times
the saturation concentration at normal pressure. Maxi-
mal flavonoid precipitation is achieved during the time
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must remains in the flotation unit. The precipitate is
discarded with other must solids. Thus, must
hyperoxidation and clarification are performed simul-
taneously [18,64,78].

Instead of pure oxygen stored in steel tanks, com-
pressed air may be used when it is not contaminated by
oil and volatile products obtained from lubricants used
in some compressors. Since it contains only 21% oxy-
gen, the gas flow rate has to be five-fold. Occasionally,
foaming creates a problem owing to escaping of the
nitrogen contained in the air.

The time injected oxygen needs to dissolve in the
juice depends on the bubble size as determined by the
porosity of the diffuser [49]. Pore size of the diffuser
medium should not exceed 0.003 mm. Organic deposit
from must on the diffuser surface has to be removed
periodically since it increases bubble size. Sintered
stainless steel diffusers are preferred because they
withstand frequent mechanical cleaning [62].

Oxygen enzymatically combined in must under in-
dustrial conditions may be less than the quantity sup-
plied when not all oxygen injected is dissolved. Fur-
thermore, although it is possible by in-line injection to
achieve a temporary supersaturation, oxygen dissolved
in this way tends to decrease slowly by desorption
through the liquid surface in tanks at atmospheric
pressure. This is one of the causes of conflicting recom-
mendations for oxygen need in hyperoxidation. Unlike
oxygen consumption monitoring in hermetically closed
experimental devices, there are no reliable means to
predict how much of the supplied oxygen must really is
combining on an industrial scale. It is known empiri-
cally that in-line injection of about 20 to 30 mg/L oxy-
gen, or charging the must twice with oxygen using the
batch procedure (c), is sufficient to make sure maximal
flavonoid precipitation [63].

Further technical parameters: As must oxida-
tion kinetics require the presence of PPQO, all technical
means of lowering enzymatic activity have to be
avoided before the hyperoxidation procedure is accom-
plished. Natural tyrosinase activity found in grape
must is not limiting flavonoid removal when technical
parameters are adequate. Press juice has more tyrosi-
nase activity than free-run juice. A major part of the
enzyme is associated with the particulate matter of
grape must, another part is present in soluble form.
Activity of particulate bound tyrosinase is 8 to 50% of
total activity. When juice is racked or centrifuged,
bound activity is largely removed. Oxidation products
include polymer flavonoids that inactivate and precipi-
tate PPO and other proteins. Tyrosinase activity loss is
about 20% per saturation concentration of oxygen con-
sumed. Bentonite-fining by 100 g/hL leads to a loss of
30% of the initial activity, eliminating soluble enzyme
[15]. Flavonoid precipitation is not affected when PPO
activity is reduced by bentonite because glutathione is
removed simultaneously. Since excessive glutathione is
competitive to flavonoid oxidation in must, its partial
removal may compensate for loss of PPO activity [66].

Sulfur dioxide acts in three different ways to inacti-
vate the mechanism of flavonoid precipitation in must.
It inhibits and destroys tyrosinase; total activity de-
crease is 75% to 90 % when 50 mg/L SO, are added [15].
Caftaric acid quinone, primary oxidation product of
PPO and directly responsible for flavonoid oxidation, is
reduced back by SO, [36]. Solubility of all phenolic
compounds is enhanced in sulfite containing medium
[59]. It thus appears that even if not all oxidation is
cancelled [57], the flavonoid precipitation is reduced to
zero or a few percent when must is sulfited.

Temperature effects have been shown to have no
significant effect on flavonoid precipitation, though
PPO activity increases when temperature rises to 45°C.
Enhancing PPO activity by laccase addition leads to
lower total phenolics in the wine, but there seems to be
no advantage for specific flavonoid precipitation [4,33].
Previous pasteurization excludes hyperoxidation since
PPO destruction occurs at 65°C.

The combined effect of SO,, bentonite, and clarifica-
tion on PPO activity explains why must hyperoxidation
has to be carried out directly after pressing and before
any further juice processing. Spontaneous sedimenta-
tion of oxidized must is delayed if compared to the
sulfited reference. When flavonoid precipitation is ac-
complished, or at least two hours after oxygen supply,
juice treatment may be performed following standard
methods. Clarification by racking or centrifugation is
an important step and has to reduce suspended solids
to less than 1% by weight in order to eliminate the
major part of the phenolic precipitate. The precipitate
is subject to dissolution when the medium contains
alcohol and/or SO, [66]. Thus, the effect of hyperoxida-
tion is cancelled when unclarified or poorly clarified
juice is fermented. Sulfur dioxide may be added to juice
after clarification and is sometimes applied for micro-
biological reasons, though fermentation without previ-
ous sulfiting is current practice in many wineries using
hyperoxidation. Poor juice clarification techniques ac-
count for many contradictory results obtained by hy-
peroxidation. Residual flavonoid content, analytical
and sensory properties of wine depend largely on clari-
fication quality and residual turbidity [3,66].

Clarified juice continues to display a brown color.
The reducing conditions during fermentation and ab-
sorption by yeast neutralize the oxidation effects.
Wines obtained from oxidized musts show the normal
bright color after fermentation. Furthermore, if an oxi-
dized must is clarified by filtration, the filtrate is
bright. This observation demonstrates that the com-
pounds responsible for dark color are precipitated sol-
ids since they can be removed mechanically.

Analytical control: As outlined above, sensory
benefits of hyperoxidation result from the removal of
flavonoid phenols. Therefore, analytical techniques to
control flavonoid content are of interest in order to
judge effectiveness of the hyperoxidation procedure ap-
plied, to predict flavor stability of the resulting wine,
and to decide if hyperoxidation may improve wine qual-
ity lowering flavonoid levels considered too high.
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HPLC equipment is not common and usually too
time consuming for routine quality control. Ultraviolet
absorption measurements [77] are difficult to correlate
with concentration units. T'otal phenol content as deter-
mined by the Folin-Ciocalteu procedure shows no close
correlation to flavonoid content [59,60]. The flavonoid
assay as carried out by the HCl-methanal/ Folin-Ciocal-
teu method described by Kramling and Singleton [28] is
useful when color development is performed under
carefully controlled pH conditions [65]. However, re-
producibility and sensitivity are poor for the low con-
centration range [68]. Accelerated browning tests are
run under conditions not comparable to real aging con-
ditions, although they allow for a rough estimation of
relative flavonoid content [65]. The vanillin assay for
flavanols leads to a high overestimation [61]. The 4-
(dimethylamino)-cinnamaldehyde assay outlined by
Zironi, Buiatti, and Celotti [82] displays high photo-
metric revelation, good reproducibility, and simple ex-
ecution in routine control of the low concentration
range [68].

Hyperoxidation is considered giving satisfactory
results when residual flavonoids in the wine are ap-
proximately 0 mg/L by the HCl-methanal/Folin-Ciocal-
teu method, less than 20 mg/L by the vanillin assay,
and less than 5 mg/L by the 4-(dimethylamino)-
cinnamaldehyde assay (values as catechin or gallic
acid) [65,68]. Under these conditions, sterile-filtered
white wines without SO, do not display color increase
at 420 nm when exposeé to air over a 15-hour period
(Fig. 3) [63]. When screening flavonoid content of
musts, samples have to be stabilized with SO, to pre-
vent flavonoid precipitation before the assay is run.

For monitoring oxygen consumption kinetics in
must, the classical oxygen measurement with the
Clarke membrane electrode is not the best way. It only
allows the monitoring of the amount of consumption of
oxygen previously dissolved in the sample. Oxygen ab-
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Fig. 3. Browning behavior of non-sulfited young white wines exposed to
air [63]. F = flavonoids as mg/L catechin.
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sorption can be measured continuously with a mano-
metric method, using glass flasks containing defined
volumes of must and air. A well, filled with NaOH, is
inserted in order to absorb CO, released from grape
tissue respiration. During constant stirring, oxygen is
absorbed from the headspace. The pressure decrease
produced is converted in mg/L O, consumed [20].

Microbiological consequences: Molecular oxy-
gen has been proven to enhance yeast activity and
fermentation rate. Under identical fermentation condi-
tions, oxygen supply to fermenting must improves vi-
tality and fermentation rate per yeast cell all over the
fermentation. Of particular technical interest, how-
ever, is its action as a survival factor for yeast during
the declining phase of fermentation, leading to less
residual sugar. These phenomena are explained by par-
tial removal of toxic medium length (C8-C12) fatty acid
chains and accelerated synthesis of long chain (C16-
(C18) fatty acids and sterols, both factors contributing to
a better sugar uptake through the cell membrane. Fur-
thermore, proline, not assimilable under anaerobic con-
ditions, can be used as a supplementary nitrogen
source in presence of molecular oxygen. These effects
seem to be more pronounced upon indigenous yeast
than on active dry yeast multiplied under aerobic con-
ditions [24,50].

There seems to be general agreement that oxygen
supply to must has the most influence on fermentation
kinetics when carried out during exponential growth or
stationary phase of yeast. Under absolutely anaerobic
conditions, yeast activity breaks down soon after start-
ing, explaining thus that alcoholic fermentation actu-
ally does need some oxygen. Yeast’s oxygen consump-
tion was roughly estimated at 10 to 20 mg/L under
optimal conditions [56].

It is quite evident that oxygen can only act as a
survival factor on yeast cells which already exist in the
medium. On the other hand, oxygen supplied to must
by means of hyperoxidation is consumed enzymatically
within a short period of time or, at least, before the
start of yeast multiplication. Thus, hyperoxidation has
no influence upon fermentation kinetics. The formation
of acetaldehyde, a main secondary product of yeast
metabolism and which is responsible for SO, combina-
tion, is not subject to any alteration by must hyperoxi-
dation when compared to traditional vinification with-
out the addition of SO, to must. To take advantage of
oxygen for fermentation purposes, the oxygen supply
has to be renewed after the beginning of yeast activity.

Bacterial activity like that of acetobacter has never
been observed to be enhanced by must hyperoxidation
[4]. Apparently, there is enough oxygen dissolved in
juice to allow bacterial growth when all other environ-
mental factors are favorable to its growth. Additional
oxygen quantities cannot be used by bacteria. Forma-
tion of volatile acidity and ethylacetate prior to fermen-
tation seems to be controlled mainly by the time be-
tween crushing and beginning of CO, production re-
gardless of any supplementary oxygen uptake. Thus,
when vinification is carried out using hyperoxidation,
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bacterial activity is usually repressed by inducing a
rapid start of alcoholic fermentation, or by sulfiting
after removal of the phenolic precipitate by juice clarifi-
cation.

Sensory results: There is general agreement
upon improved color stability of wines produced by
hyperoxidation [2,4,5,7,11,37,38,39,40,43,45,60,63]. Al-
though initial color intensity determined as A, is often
slightly higher than in the reference obtained by con-
ventional winemaking practices, browning capacity
during oxidative aging is significantly reduced or elimi-
nated. Browning is highly correlated to flavanols.
Based on enzymic oxidation of individual phenolic com-
pounds at equal molar concentrations, catechin, epicat-
echin, procyanidin B2, and procyanidin B3 have a
browning potential about 10-fold higher than hydroxy-
cinnamic acid derivates [32]. When browning capacity
was correlated to flavonoid content, filtered young
wines exposed to air without SO, resisted browning
when flavonoids had been reduced to zero as assayed by
the HCl-methanal/Folin-Ciocalteu method (Fig. 3). Un-
der the same conditions, the non-hyperoxidized wines
containing flavonoids browned. Laccase activity carried
over into the wine did not induce browning when fla-
vonoids were absent [63].

Browning under accelerating conditions is only the
visual indication of further profound flavor and odor
alterations to expect during oxidative aging. Develop-
ment of bitterness and astringency can be avoided or at
least drastically reduced by must hyperoxidation. They
were rated significantly lower in hyperoxidized lots
when compared to a flavonoid-containing reference,
and the differences increased with the chemical age of
the reference [60,63]. This is logical since flavonoid
precursors of polymeric tannic compounds are elimi-
nated, but there are other reports [7,9,21,41] stressing
no difference in sensory preference.

The oxidation of juice is much more complex than
the simple elimination of readily oxidizable phenols.
Oxidation can affect other wine constituents. However,
reports on olfactory changes generated by hyperoxida-
tion are conflicting.

For Chardonnay, Mauzac, and Chenin blanc from
France, hyperoxidation induced no aroma degradation,
being Chardonnay treated with oxygen even rated
higher in aroma quality and aroma frankness than the
sulfited control [9]. For Chardonnay, Parellada, and
Muscat from Spain, higher ratings of aroma intensity
and frankness were reported for several of the
hyperoxidized lots and explained by an increase of ac-
etates of higher alcohols, fatty acids, and their esters,
and free volatile terpenes as measured by GC [2]. For
Faberrebe from Germany made by skin contact, hyper-
oxidation increased aroma intensity, but did not affect
aroma in the lots made without skin contact [67].

Evaluated by Quantitative Descriptive Analysis
(QDA), Riesling from Germany [69] displayed an in-
crease in lemon, a decrease in peach, and similar rat-
ings for apple and pear attributes when juice without

pomace contact time was hyperoxidized. Aroma was
slightly modified, but not less fruity. An increase of
aroma intensity obtained by pomace contact was can-
celled by hyperoxidation. After further aging of one
year, the lots made without skin contact showed no
differences as induced by hyperoxidation, whereas the
skin contact lots had higher ratings for all fruity at-
tributes when made by hyperoxidation. No lot dis-
played oxidative off-flavor since initial flavonoid con-
tent was very low.

Some reports [6,17,21,44,75] refer to less aroma
intensity and less varietal aroma in the hyperoxidized
lots, depending on cultivar. Several European grape
varieties showed an increase of acetates and higher
aldehydes (C3-C10), and a decrease in higher alcohol
after hyperoxidation. Increase of higher aldehydes ac-
counted for slightly higher vegetative flavor ratings
[21]. Formation of C6-aldehydes and alcohols has been
shown to increase under oxidative pre-fermentation
conditions [12,23].

There seems to be a tendency towards lower con-
tents of volatile phenols [17,43] and sulfur compounds
[21,37,38,39] in wines made with hyperoxidation.

Other experiments [7,9,34,41,43], however, did not
show significant preference differences of
hyperoxidized lots when compared to sulfited or pas-
sively oxidized references. These conflicting results
may be explained by several hypothesis:

(a) The natural oxygen uptake by must may be
sufficient to exhaust flavonoid content when phenol
extraction is reduced by absence of pomace contact
time, gentle must processing and soft pressing [9,62].
Consequently, further oxygen supply cannot improve
wine’s resistance to develop bitterness and astringency.

(b) Bitterness and astringency do not exist a priori
in white wine containing flavonoids, but turn out to be
perceptible as flavonoid polymerization [72] occurs dur-
ing oxidative aging. Perceived intensity is not corre-
lated to concentration; it depends on the chemical age
and the timing of sensory evaluation [60].

(¢) Flavonoid removal by hyperoxidation can be
cancelled by dissolution of the precipitate due to poor
clarification prior to fermentation [66].

(d) When quality evaluation is run as a preference
test, results are hedonic. Therefore, sensory perception
of flavonoids can be judged according to the type of
wine one is accustomed to. Tasting panels are split in
preference tests. Compared to a flavonoid-containing
control, wine made by hyperoxidation displays less
body and mouth-feel. That may make a wine delicate,
in one case, or thin in another. A high flavonoid content
wine may be a rich, luscious one to one person while to
another, it is harsh, heavy, and unsuitable for aging.
Quantitative descriptive analysis is a useful tool to
specify sensory data when unequivocally defined terms
are used.

Flavonoids have been proven to induce odor degra-
dation, although they are not volatile themselves.
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When a low flavonoid wine was enriched with catechin
or flavonoids extracted from grape seeds, negative
aroma attributes like mushroom, earth, straw, and
black tea as rated by QDA increased strongly within
five months under normal bottle-storage conditions,
whereas the reference had higher ratings for fruity
attributes. Free acetaldehyde was not involved. During
accelerated oxygen consumption in a manometric de-
vice, the flavonoid enhanced lot consumed more oxy-
gen, lost more sulfur dioxide, and produced more ac-
etaldehyde than the reference [70]. The more oxygen
must absorbs, the less oxygen is consumed by wine, and
a lower percentage of oxygen consumed by wine reacts
with phenols [4]. Since oxidation of flavonoids in wine
vields peroxide oxidizing ethanol to acetaldehyde [80],
it is assumed that this mechanism of coupled oxidation
also produces off-flavor by oxidation of unknown pre-
cursors. This reaction may explain how nonvolatile fla-
vonoid compounds participate in oifactory alterations
during aging [70]. The behavior of flavonoids as a cata-
lyst for odor degradation accounts for the remarkable
flavor stability of hyperoxidized wines reported in the
literature [25,59,60,63]. It also explains why aroma
intensity enhanced by pomace contact may be very
short-lived if simultaneously extracted flavonoids are
not removed.

Conclusions

Hyperoxidation is a more recent technique in pre-
fermentation processing of white grape musts. Many
psychological factors have been involved in discussion
of its benefits or disadvantages, since traditional rec-
ommendations have advocated careful protection of
must against oxidation. In fact, it is hard to believe that
wines made from strongly browned juices are usually of
the same and more stable color than their counterparts
treated with SO, prior to fermentation. Yet, oxidation
of must reduces oxidation capacity of wine. Phenols are
the major oxygen-consuming substrate. When they are
allowed to oxidize in must, they precipitate. When they
oxidize in wine, they may induce drastic flavor alter-
ations during aging.

There is no doubt about elimination of bitterness
and astringency producing capacity since monomeric
precursors of tannin are largely removed. This original
goal of hyperoxidation is unequivocally met. Sensory
data correlate well with flavonoid phenols content, but
not with total phenolics. More systematic and specific
flavonoid assaying would explain why some wines do
not respond in this way. In fact, if flavonoid release is
minimal due to soft must processing, there is no senso-
rially relevant substrate to eliminate by hyperoxida-
tion. There is need of more sensory research upon long-
time behavior of hyperoxidized wines. Most experimen-
tations were carried out over a reduced period of time,
but sensory differences are insignificant or neither ob-
served in young wines. Comparing a hyperoxidized lot
with a flavonoid-containing reference, sensory differ-
ences increase during oxidative aging. The flavonoid-
containing reference undergoes a more dynamic evolu-
tion which the hyperoxidized lot does not display.

MUST HYPEROXIDATION — 71

Oxidation of must involves more constituents than
phenols. Olfactory changes may be induced. Aroma
intensity and quality were observed to improve or to
decrease depending on grape variety. More information
is needed about the specific olfactory response of culti-
vars. Oxygen supply must be restricted to the amount
required for flavonoid removal. Data are given. Exces-
sive oxygen consumption has been shown to generate
aroma losses.

Flavonoids catalyze the production of unidentified
volatile compounds responsible for the occurrence of
oxidative off-flavor in white wines in which free acetal-
dehyde is not involved. This phenomena accounts for
improved flavor stability of hyperoxidized wines. When
aroma intensity is observed to be reduced in a
hyperoxidized lot at an early stage of aging, this assess-
ment may not be true after some aging due to aroma
degradation of the flavonoid containing reference.

One feature which has been stressed is the diffi-
culty in defining quality. Preference tests are based on
hedonics and not able to identify unequivocally sensory
differences generated by hyperoxidation. An additional
problem is that the sense one tasting panel may have of
wine quality does not transfer to another panel. Quan-
titative descriptive analysis is useful to describe how
hyperoxidation really changes the wine.

Current winemaking practices like malolactic fer-
mentation, sur lie, aging in oak, etc. are used deliber-
ately to modify wine style. From a more practical point
of view, hyperoxidation is an additional mean to differ-
entiate wines. We trust that this paper will stimulate
winemakers and scientists to devote more attention to
the management of the phenolic regime by must oxida-
tion.
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