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Schizosaccharomyces pombe 1379 (ATCC 26760) yeast strain in wine substantially increases
acetaldehyde and 1,1-diethoxyethane concentrations and to decreases levo-2,3-butanediol, glycerol,
acetoin, and gluconic acid concentrations. In this study, S. pombe has been used for the first time to
reduce gluconic acid in wine under aerobic conditions. Only acetaldehyde and acetoin exhibited
significantly higher levels in the wines containing gluconic acid. The high in vitro specific activity of
alcohol dehydrogenase observed may be directly related to the high production of acetaldehyde by
the studied fission yeast.
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INTRODUCTION

So-called “common rot” or “gray rot” is a grape disease due
to fungi such asBotrytis cinerea,Penicillium,Aspergillus, and
Mucor and bacteria such asAcetobacterand Gluconobacter.
The disease arises during grape ripening and is influenced by
climatic factors such as moisture and rainfall, as well as by
physiological factors such as vine variety and grape bunch shape
(1). The changes it induces in the composition of white and
red wines include altered color due to an increased activity of
oxidase enzymes such as tyrosinase and laccase, enhanced
volatile acidity, and the production of increased amounts of dry
extract through the formation of glycerol, polysaccharides,
uronic acids, aldonic acids, and particularly gluconic acid (2).

Enzyme activity and bacterial contamination can be reduced
by using appropriate amounts of sulfur dioxide; also, the filtering
problems arising from the presence of polysaccharides can be
lessened by using a suitable technological procedure. On the
other hand, the sensory properties of wines are considerably
altered by the presence of gluconic acid, which decreases the
wine’s microbiological stability and raises long-term storage
problems that can be solved only by reducing its concentration
in the wine.

Deacidifying yeasts such asSchizosaccharomyces pombehave
been used for some time to remove malic acid from musts
obtained in cold regions. Thus, Sousa et al. (3) recommend that
deacidification byS. pombeduring wine fermentation should

take place before, rather than after, the main alcoholic fermenta-
tion by Saccharomyces cereVisiae. However, the alcoholic
fermentation of musts with this fission yeast yields wines with
unpleasant odors that are probably due to the formation of large
amounts of sulfur-containing compounds (4).

S. pombeis able to utilizeD-gluconate as a growth substrate
(5). Specifically,D-gluconate can be used by fission yeast cells
as an alternative carbon and energy source for growth during
glucose starvation or when cultured on glycerol-containing
medium; this utilization is rapidly inhibited by the addition of
D-glucose, as well as by exogenous cAMP (6).

The novelty of this work lies in the fact that, for the first
time,S. pombewas used to remove gluconic acid from wine to
be subsequently subjected to biological aging. In this way, the
effect of gluconic acid consumption by this fission yeast on
the composition in major volatile compounds and polyols of
the resulting wine has been studied.

MATERIALS AND METHODS

Yeast Strain and Inocula.In this study, pure cultures of aS. pombe
1379 (ATCC 26760) strain were used. The inoculum cells were cultured
on YM medium (0.3% yeast extract, 0.3% malt extract, and 0.5%
peptone, pH 6.5) containing 3% gluconic acid as carbon source. The
inocula were incubated at 27( 2 °C with shaking for 72 h. Yeast
cells were collected by centrifugation at 3500gand used to inoculate
the different wines with a population of 107 live cells mL-1.

Wine. Wine from healthy Pedro Ximénez grapes grown in the
Montilla-Moriles region (Córdoba, southern Spain) after malolactic
fermentation was used for control wine versus the same wine supplied
with 5.03 g L-1 gluconic acid (it is the highest quantity of acid reported
in the study area). Both wines were sterilized by passage through Supra
EK filters (Seitz, Germany).
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Culture and Experimental Conditions. All tests were carried out
in 5 L Erlenmeyer flasks containing 4 L ofsterilized wine, stirred
magnetically and thermostated at 23( 2 °C. Changes in the concentra-
tion of gluconic acid and volatile compounds were studied in six flasks.
Three flasks were supplied with the same amount of gluconic acid
mentioned above (wine+ gluconic acid), and the other three had no
gluconic acid, which were used as controls (control wine). Control wines
and wines supplied with gluconic acid were examined at 0, 5, 14, and
20 days.

Analytical Methods. The number of living cells was determined
by counting under a light microscope in a Thoma chamber following
staining with Methylene Blue (7).

Ethanol was quantified using the method of Crowell and Ough (8),
and titratable acidity, pH, volatile acidity, residual sugars, and sulfur
dioxide were determined with the EEC recommended methods (9).
Gluconic and malic acids were determined using the Boehringer-
Manheim enzyme test. Absorbances at 280, 420, and 520 nm were
measured on a Beckman DU-640 UV spectrophotometer. Major volatile
compounds and polyols were quantified on a model 6890 gas
chromatograph from Agilent Technologies (Palo Alto, CA), using the
OIV method (10) as modified by Muñoz et al. (11); capillary column
CP-Wax 57 CB (60 m long; 0.25 mm i.d.; 0.4µm film thickness) was
used, and 0.5µL aliquots of 10 mL wine samples previously supplied
with 1 mL of 1 g L-1 4-methyl-2-pentanol as internal standard, were
injected. Tartaric acid in the wine was removed by precipitation with
0.2 g of calcium carbonate, followed by centrifugation at 300g.

Quantification was based on the response factors obtained for
standard solutions of each compound. A split ratio of 30:1, an FID,
and a temperature program involving an initial temperature of 50°C
(15 min), a 4°C min-1 ramp, and a final temperature of 190°C (35
min) were used. The injector and detector temperatures were 270 and
300°C, respectively. The flow rate of carrier gas (helium) was initially
set at 0.7 mL min-1 (16 min) and followed by a 0.2 mL min-1 ramp
to the final value (1.1 mL min-1), which was held for 52 min.

Cell-free extracts were obtained, and the in vitro activities of alcohol
and aldehyde dehydrogenases (ADH and AlDH) were determined
according to the method of Mauricio et al. (12).

Statistical Treatment. To study the effect of the fission yeast (yeast
effect) in wine, a single analysis of variance comparing data from the
initial control wines (0 days) and final control wines (20 days) was
performed. In the same way, the effect of the gluconic acid assimilation
by S. pombe(gluconic acid effect) was studied by means of single-
variance analysis comparing data from the final control wines (20 days)
and final wines supplied with gluconic acid (20 days). The statistical
software package Statgraphics Plus v. 2, from STSC, Inc. (Rockville,
MD), was used to perform the analysis of variance (ANOVA) in order
to identify those compounds exhibiting significant differences.

All experiments were carried out in triplicate.

RESULTS AND DISCUSSION

Continuously stirred wines inoculated with pure cultures of
S. pombepreviously grown on gluconic acid (5.03 g L-1)

exhibited a decrease in the gluconic acid concentration by 465
mg L-1 day-1 during the first 4 days. On the other hand,
unstirred wines exhibited a decrease of only 166 mg L-1 day-1

over the same period (data not shown). After 5 days, the
gluconic acid concentration decreased virtually negligibly, so
the stirred method was chosen for the next tests.

Table 1 shows the winemaking variables and gluconic acid
values of control wines and those supplemented with gluconic
acid. Only pH and titratable and volatile acidity values were
affected in initial wines by the addition of gluconic acid. The
effect on volatile acidity was a result of the commercially
available gluconic acid used containing 1% acetic acid. All other
compounds determined in initial wines exhibited no detectable
changes by the effect of the addition of gluconic acid; their
concentrations remained at the same levels as those in the wine
without gluconic acid addition (control wines).

At the end of the tests (20 days), an overall 2.13 g L-1

gluconic acid (42% from the total amount added to the wines)
was assimilated by the fission yeast. The wines supplied with
gluconic acid also exhibited significant differences at the 95%
confidence level in titratable acidity and pH that might be
ascribed to the effect of the gluconic acid consumption by yeast.
In addition, the wines supplied with gluconic acid exhibited a
more marked diminution in volatile acidity (from 0.5 to 0.42 g
L-1) than the control wines (from 0.36 to 0.32 g L-1).

No significant changes in the ethanol concentration of the
control wines or those supplied with gluconic acid were
observed during the 20 days of testing; this is consistent with
the results of Jong-Gubbels et al. (13), which found ethanol to
be a poor substrate forS. pombeseven as the sole carbon source
due to the absence of the glyoxylate cycle.

Sherry wines are characterized by a yellow pale color;
therefore, the increase in the absorbance values at 420 and 520
nm gives information about browning reactions in wine. By
contrast, the absorbance at 280 nm measures the total poly-
phenols. In all the cases of this study, no significant differences
were observed in the absorbances at 280, 420, and 520 nm,
which reveals that any browning reactions occurred to a
negligible extent over the studied period.

As can be seen under Materials and Methods, the effect of
the two factors (yeast and gluconic acid) on volatile compounds
was studied by means of single ANOVA statistical analyses.
The major volatile compounds, methanol, propanol, isobutanol,
isoamyl alcohols, ethyl lactate, ethyl acetate, and diethyl
succinate, exhibited no significant differences in their final
concentration between the control wines and those supplied with
gluconic acid. In the same way, no significant differences have
been observed for these compounds between control wines at

Table 1. Winemaking Variables in the Control Wines and Those Supplied with Gluconic Acid (GA) Stirred and Inoculated with S. pombe

0 daysa 20 days

compound control wine wine + GA control wine wine + GA

ethanol (% v/v) 14.8 ± 0.1 14.8 ± 0.1 14.6 ± 0.1 14.6 ± 0.2
volatile acidity (g L-1) 0.36 ± 0.01 0.50 ± 0.02 0.32 ± 0.01 0.42 ± 0.01
pH 3.19 ± 0.01 3.10 ± 0.01 3.18 ± 0.01 3.23 ± 0.01
titratable acidity (mequiv L-1) 67.3 ± 0.3 85.0 ± 0.5 68.7 ± 0.3 81.3 ± 0.3
GA (g L-1) 0.0 ± 0.0 5.03 ± 0.1 0.0 ± 0.0 2.9 ± 0.08
malic acid (g L-1) NDb ND ND ND
SO2 total (mg L-1) 102 ± 7 102 ± 7 99 ± 6 100 ± 5
residual sugar (g L-1) 3.2 ± 0.2 3.2 ± 0.2 3.2 ± 0.2 3.1 ± 0.1
absorbance at 280 nm 8.1 ± 0.2 8.1 ± 0.2 8.2 ± 0.2 8.2 ± 0.2
absorbance at 420 nm 0.151 ± 0.001 0.151 ± 0.001 0.156 ± 0.006 0.155 ± 0.004
absorbance at 520 nm 0.033 ± 0.002 0.033 ± 0.002 0.032 ± 0.001 0.031 ± 0.001

a Data at time 0 were obtained without yeast. b Not detected.
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0 and 20 days (Table 2). Only acetaldehyde and the related
compounds 1,1-diethoxyethane, acetoin, and 2,3-butanediol
change concentrations during the tests. 1,1-Diethoxyethane
exhibited significant differences between the control wines (p
e 0.001). These differences are related to acetaldehyde and
ethanol levels through the formation constant (14); on the other
hand, the differences observed in acetoin concentrations at 20
days (pe 0.05) may be related especially to the gluconic acid
assimilation. The levels in acetaldehyde depend of both factors
(yeast and gluconic acid), because significant differences have
been observed between control wines (p e 0.001) and between
control wines and those supplemented with gluconic acid in
both cases at the end of the experiments (p e 0.05).

The acetaldehyde concentration increased to an even greater
extent in the wines supplied with gluconic acidsprobably due
to the acid’s being assimilatedspart of which may be incor-
porated into the pentose phosphate cycle (5, 15) and the rest
into the Embden-Meyerhof glycolytic pathway, by the presence
of glucose dehydrogenase in this yeast (16); this is also the case
with other yeasts such asSaccharomyces bulderi(17). The slight
increase in the acetoin concentration arose from the presence
of acetaldehyde, which is a precursor for this compound (18).

With regard to polyols, themeso form of 2,3-butanediol
exhibited no significant changes in their levels by gluconic acid
or yeast effect, whereas itsleVo form and glycerol decreased
significantly (p e 0.05 andp e 0.001, respectively) by the action
of the yeast cells and exhibited no significant dependence on
the gluconic acid in the wine (Table 2). However, it seems that
glycerol uptake byS. pombewas less in the presence than in
the absence of gluconic acid (pe 0.06). This difference can be
ascribed to both being used as carbon source.

Figure 1 shows the changes of the concentrations in gluconic
acid, glycerol, and the compounds related to gluconic acid in
the wine (acetaldehyde and acetoin) according toTable 2. As
can be seen, gluconic acid was partially consumed within the
first 5 days, in parallel with glycerol. This was also the period
during which the acetaldehyde concentration increased maxi-
mally, the wines containing gluconic acid exhibiting higher
concentrations of this aldehyde than the control wines.

In addition to partial consumption of gluconic acid by the
yeast,Figure 1 reveals a high production of acetaldehydesthe
main metabolite produced by the yeast cellssduring the first 5
days after the inoculation. Acetaldehyde is an intermediate in
the yeast metabolic pathway from the pyruvic acid, mediated
by the enzymes of glycolysis, and a precursor of acetate, acetoin,
and ethanol. Accumulation of acetaldehyde by yeasts has been
found to depend on the balance between alcohol dehydrogenase
and aldehyde dehydrogenase enzymes (19). Acetaldehyde is
known to be an inhibitor for a wide range of metabolic activities
and more toxic than ethanol (20-23). However, Stanley et al.
(24) and other authors (25,26) have described a stimulation of
yeast growth by low acetaldehyde concentrations in the presence
of ethanol. By contrast, in the present study, both metabolites
are present in high levels in the medium (Tables 1and2); this
suggests that probably is the cause of low cellular viability
observed at 5 days, and as consequence concentrations in the
studied compounds of the wines varied very little throughout
the remainder of the tests (20 days).

To carefully examine this interesting finding, as is the high
increase of acetaldehyde released by this fission yeast, the in
vitro specific activities of the two enzymes influencing the
acetaldehyde level, namely, alcohol dehydrogenase (ADH) and
aldehyde dehydrogenase (AlDH), were determined. The results
were as follows: the specific activity of ADH remained at high
levels (3.2( 0.3 U mg-1 of protein) during the first 72 h and
decayed subsequently, whereas that of AlDH was very low or
even negligible over the same period of time in the stirred wine.
According to Tsai et al. (27), ethanol stimulates ADH and
exposes the possible presence of alcohol dehydrogenase iso-
enzymes in the fission yeast, even though only one ADH has
so far been reported forS. pombe. For this reason, and on the
basis of the fact that the isoenzymes ADH I and ADH II inS.
cereVisiaecan be differentiated by thermal denaturation of the
former (61 °C for 15 min) from crude extracts (28, 29), the
same procedure was used for yeast cells in the present study
without the presence of glucose (dry wine), and 100% of
thermostable ADH activity was always obtained inS. pombe.
The thermostable isoenzyme inS. cereVisiaeis the ADH II
isoenzyme, which is regulated by catabolite repression (30).
Therefore, the in vitro specific activity of ADH inS. pombe
was analyzed during the first 24 h of a fermentation on YM
medium containing 85 g L-1 glucose obtaining also an activity
100% thermostable ADH (1.9( 0.2 U mg-1 of protein).

The obtained findings are consistent with the slightly
increased sequence identity (percent) between the ADH II
isoenzyme inS. cereVisiaeand the ADH enzyme inS. pombe

Table 2. Major Volatile Compounds (mg L-1) and Polyols (mg L-1) in
Control Wines and Those Supplied with 5.03 g L-1 Gluconic Acid
(GA) Stirred and Inoculated with S. pombea

0 daysb 20 days

compound
control
wine

control
wine

wine +
GA

yeast
effectc

GA
effectc

acetaldehyde 252 ± 11 428 ± 11 452 ± 9 *** *
ethyl acetate 59 ± 2 57.4 ± 3.8 61 ± 3
1,1-diethoxyethane 4.7 ± 0.2 15 ± 1 14.3 ± 0.8 ***
methanol 67 ± 1 65 ± 4 66 ± 2
propanol-1 62 ± 1 59 ± 2 59.0 ± 0.8
isobutanol 69.5 ± 0.5 71 ± 1 69 ± 1
isoamyl alcohols 401 ± 5 393 ± 7 396 ± 6
acetoin 30 ± 2 25 ± 2 31 ± 2 *
ethyl lactate 453 ± 31 447 ± 26 454 ± 23
2,3-butanediol, levo 990 ± 66 817 ± 48 810 ± 56 *
2,3-butanediol, meso 243 ± 34 234 ± 19 234 ± 13
diethyl succinate 34 ± 3 30 ± 2 28 ± 4
phenethyl alcohol 70 ± 2 70 ± 6 69 ± 5
glycerol 4000 ± 100 2900 ± 200 3130 ± 60 ***

a Analysis of variance to study yeast effect and gluconic acid effect. b Data at
time 0 were obtained without yeast. Results of wine + gluconic acid at time 0 are
not shown because no detectable change by gluconic acid addition was observed
in the studied compounds at 0 days. c p values obtained by ANOVA for yeast
effect and gluconic acid effect (*, p e 0.05; **, p e 0.01; ***, p e 0.001).

Figure 1. Temporal variation of the gluconic acid, glycerol, acetaldehyde,
and acetoin concentrations in wines inoculated with S. pombe: wines
containing (s) and not containing (- - -) gluconic acid. The right axis shows
changes in the concentrations of acetaldehyde (9) and the left axis
changes in glycerol (2), acetoin (b; for better visualization the acetoin
concentrations has been multiplied by 40), and gluconic acid (×) .
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(31) suggest that the ancestor cytoplasmic protein shared by
both yeasts (32) must be more similar to the thermostable
isoenzyme and that ADH II must be the oldest ADH isoenzyme
among the seven identified to date inS. cereVisiae(33).
Accordingly, the accumulation of acetaldehyde in the wine must
result from the high ADH activity under the working conditions
used, whereS. pombemay convert part of the ethanol into
acetaldehyde and NADH. Such an accumulation is also con-
sistent with the little or no activity of AlDH under these
conditions and with the results of Jong-Gubbels et al. (13) for
S. pombegrown in a chemostat: they found that activities of
gluconeogenic and glyoxylate-cycle enzymes were not detected
in cell-free extracts of any of the cultures and that activities of
acetaldehyde dehydrogenase and acetyl-CoA synthetase were
low and of the same order of magnitude as the in vivo rates of
acetate activation to acetyl-CoA.

The results show that ethanol is a poor substrate forS. pombe,
even as an auxiliary energy source. For this reason, the yeast’s
inability to convert acetaldehyde into acetic acid at a high rate
leads to the release of excess acetaldehyde as a detoxification
mechanism.

Acetaldehyde, 1,1-diethoxyethane, and acetoin are typically
encountered in wines under biological aging with flor yeasts;
their concentrations are measures of the aging time of Sherry
wines (34). These compounds are major contributors to the
flavor of such wines (35).

Recently, we have put in evidence (36) that a flor yeast strain
assimilates part of gluconic acid during the biological aging
process of sherry wines and exerts significant changes on the
final volatile compounds of wines. In the present work,S. pombe
was used for the first time to remove gluconic acid from wines
to be subsequently subjected to biological aging.S. pombeis
known to produce off-flavor during must fermentation (4);
however, in the present study no evident off-flavor in the wine
inoculated with this fission yeast was detected. In principle, the
effects observed may be beneficial for the subsequent biological
aging of wines with a high concentration in gluconic acid
because the major compounds produced byS. pombe, in wines,
are essentially identical with those produced by flor yeasts
during the biological aging of white dry sherry wines (35-37).
This fission yeast might therefore be used to remove gluconic
acid from wines obtained from rotten grapes and to increase
their acetaldehyde level; this may help shorten the aging time
for wine under flor yeasts (35). To confirm the result obtained
in the previous study, the minor volatile compounds are being
analyzed and also organoleptic characterizations by means of
odorant series are being carried out.
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